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Editorial on the Research Topic

Novel methods to advance diagnostic and treatment value of medical

imaging for cardiovascular disease

The use of medical imaging has substantially increased over the past decade,

thanks to the technological advancements evident from the dramatic improvement in

the sensitivity and spatial resolution of imaging modalities. Cardiovascular imaging

has been at a crossroads regarding technological advances, with a shift in focus from

single-modality diagnosis to an integrated multimodality approach that can provide

comprehensive assessments of morphology, pathophysiology, and disease biology to

stratify the patient risk and guide therapies. The wide inter-subject variability in

cardiovascular anatomy and pathophysiology urges the design of personalized patient

management, which can highly benefit from clinical imaging technologies. The

remarkable advances in medical imaging have sparked the development of new

image processing algorithms and image-based simulation tools. In addition to

providing comprehensive diagnostic information, some tools can even predict

intervention outcomes, thereby enabling personalized intervention planning. This

Research Topic, Novel Methods to Advance Diagnostic and Treatment Value of

Medical Imaging for Cardiovascular Disease, focuses on tools that augment the

power of medical imaging to provide detailed quantification of cardiovascular

disease. Here, we present a Research Topic of 21 research articles that provide the
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reader with information regarding recent advancements in

medical imaging improving diagnosis, prediction,

monitoring, and treatment of cardiovascular disease.

Coronary disease

Accurate coronary blood flow quantification is crucial in the

proper diagnosis and treatment planning in patients with

coronary artery disease. Swine animal models are invaluable

to study coronary flow and develop predictive tools for

disease initiation and progression. Coronary hemodynamics

play a fundamental role in these processes but the

correspondence between human and swine coronary flow has

not been previously demonstrated. De Nisco et al. confirmed the

validity of swine-specific computational models to characterize

coronary hemodynamics parameters and diseases such as

atherosclerosis and their translation to human vascular

disease. This validation was performed using a comparative

computational fluid dynamics analysis (CFD) between swine-

specific and human-specific models. The analysis involved

several flow and anatomical features obtained through

intravascular ultrasound and coronary computed tomography

angiography.

A study by Hair et al. investigated the importance of using

both patient-specific anatomic and flow information from

magnetic resonance angiography in order to accurately assess

the functional significance of coronary lesions. The purpose of

the study was to investigate the effects of varying coronary flow

reserve values on the calculation of fractional flow reserve. State-

of-the-art CFD analyses of coronary flow are performed on high-

resolution patient-specific coronary anatomies from CT but use

flow rates obtained from population statistics and allosteric

scaling as inlet boundary conditions. The authors

demonstrated that this approach provides fractional flow

reserve values that differ from those calculated by CFD with

patient-specific flow rates derived from magnetic resonance

angiography data, demonstrating the importance of patient-

specific features on coronary disease evaluation.

Several studies have been performed which build upon

current diagnostic imaging modalities. Blanken et al.

developed a framework which quantifies coronary flow using

accelerated 4D flow MRI with respiratory motion correction

compressed sensing image reconstruction. The developed

framework improves upon the current use of 2D flow MRI

which is limited in clinical applicability. The proposed

framework allows for diastolic quantification of left coronary

flow which agrees with 2D flow MRI. Current intravascular

ultrasound (IVUS) parameters cannot accurately diagnose

intermediate coronary stenosis. By integrating IVUS

parameters with lesion length, Li et al. demonstrated the

potential for accurate diagnosis of intermediate coronary

stenosis using IVUS parameters.

Dang et al. investigated the correlation between the quality of

pericoronary adipose tissue (PCAT) derived from dual-layer

spectral detector CT (SDCT) and the severity of coronary

artery disease. PCAT is a known contributor to the

development of atherosclerosis and the authors of this study

suggest that the use of SDCT for PCAT may be an important

feature to monitor in the development of coronary artery disease.

Valvular disease

Due to the wide range of differences in cardiovascular

anatomy and pathophysiology, treatment planning for patients

requiring valve repair or replacement calls for patient-specific

approaches. Baiocchi et al. explored the effects of different

imaging modalities, namely Doppler echocardiography and

computed tomography, on a previously developed framework

which diagnoses and monitors complex ventricular, vascular,

and valvular disease for patients who undergo transcatheter

aortic valve replacement (TAVR). Both of the mentioned

imaging modalities along with the developed framework were

compared against cardiac catheterization for patients with

complex valvular, vascular, and ventricular disease who

undergo TAVR in both pre and post-intervention. Schmid

et al. investigated whether global indices of ventricular

function measured by cardiac MRI pre-TAVR predict post-

implantation outcomes. Magnetic resonance was right

performed pre-TAVR to quantify volumetric function and

global longitudinal and circumferential strain of both

ventricles. The results of this study demonstrated that right

ventricular function may play a role in predicting

intermediate-term mortality in TAVR patients.

Dabiri et al. developed a near real-time, machine learning

framework to predict the outcomes of MitraClip (MC)

intervention for mitral regurgitation. Currently, fluid structure

interaction simulations are used to predict outcomes of MC

interventions, however, the high computational cost of these

simulations make them unpractical in clinical settings. The

machine learning method proposed in this study leverages

patient-specific image data including 3D echocardiographic

images, which are augmented using tools like principal

component analysis to ultimately obtain stress maps and

mitral regurgitation through the valve, enabling to predict the

outcome of MC interventions in near real time.

Tetralogy of Fallot is a congenital heart defect which

involves ventricular septal defect, pulmonary valve stenosis,

aorta overriding, and right ventricular hypertrophy.

Currently, this congenital disease is often surgically treated

with pulmonary valve replacement (PVR) which carries risk as

an open-heart operation. Yu et al. adapted computational

biomechanical models to study the impact of PVR with five

band insertions. Using CMR images, 147 computational bi-

ventricle models were constructed to simulate right ventricle
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cardiac functions and identify optimal band treatment

options. The results from this study showed great potential

of using active contraction bands to improve ventricular

function in patients with Tetralogy of Fallot.

Vascular disease

Vascular disease in general is often onset due to abnormal

interactions between vessel morphology and hemodynamics. De

Marinis and Obrist developed a data assimilation methodology

which can be used to improve spatial and temporal resolution of

voxel-based flow data as obtained from biomedical imaging

modalities. Combined with a CFD solver, this framework can

be enhance the resolution of fine-scale flow features of

cardiovascular flows.

Salmasi et al. investigated the impacts of blood flow

patterns on the material properties of ascending thoracic

aortic aneurysms from vascular remodeling. This was

achieved by using image-based computational modelling to

determine wall shear stresses along with ex-vivo

measurements of tissue-derived mechanical and

microstructural properties using segmental analysis.

An additional study by Saitta et al. explored the interactions

between aortic morphology and hemodynamics in the

development of type B aortic dissection (TBAD). Four

patients with varying type B aortic dissection morphologies

underwent both CT and 4D flow MRI imaging to perform

flow visualization and quantitative analysis in the true and

false lumens of the dissected aorta. This study demonstrated

the clinical feasibility of 4D flow MRI in TBAD patients and its

importance in assessing the hemodynamic footprint of this

condition.

Lekavich et al. studied the effects of aerobic training

compared to resistance training on cardiac and peripheral

arterial capacity on cardiopulmonary and peripheral vascular

function. Several parameters including strain-based variables,

brachial artery flow-mediated dilation, as well as peak VO2

and peak O2 pulse were analyzed in sedentary and obese

adults. The results of this study can lead to optimal choice

of exercise modality to achieve specific clinical endpoints.

A crucial portion of the vascular system lies within the

cranium to supply the brain with adequate oxygen. Image-

based CFD analysis provides precise predictions of cerebral

flow when supplied with inflow-outflow boundary conditions.

However, the redundancy of flow paths offered by the circle of

Willis makes it difficult to establish accurate patient-specific

boundary conditions from anatomical images alone.

Schollenberger et al. used arterial spin labeling MRI to solve

this challenge in order to simulate cerebral hemodynamics in a

patient-specific manner for patients suffering from

cerebrovascular stenoses.

Myocardial/ventricular disease

Myocardial and ventricular disease have major implications

on the entire cardiovascular system and must be treated

promptly and properly in order to provide the best outcome

for each patient. Huang et al. investigated alterations in left

ventricular myocardial workload using the left ventricular

pressure-strain loops in patients with type 2 diabetes mellitus.

In this study, various biomechanical features including global

longitudinal strain, global work index, global constructive work,

and left ventricular ejection fraction were evaluated. Patient

specific parameters were measured using echocardiography, 2-

D speckle tracking echocardiography (STE), and LV pressure

strain-loop (LVPSL) technology.

Myocardial infarction (MI) is caused by a lack of oxygen

supplied to the myocardial cells and is a major cause of death and

disability worldwide Kotronias et al. investigated the use of

angiography-derived index of microcirculatory resistance to

predict microvascular injury in patients with ST-segment-

elevation MI. Current use of pressure-wire based methods to

predict microvascular injury remain costly and procedurally

complex. Peng et al. reviewed magnetic resonance texture

analysis in MI, summarizing the outstanding challenges and

clinical applications and illustrating how image-based metrics

are increasingly used as biomarkers in the diagnosis and

prognosis of cardiovascular diseases.

Medical imaging of myocardial fibrosis, which is associated

with impaired contractility, increased stiffness, and

electrophysiological alterations, is receiving increasing

attention in recent years. A study performed by Sun et al.

used both 2-D and 3-D STE to evaluate myocardial strain as

well as determine which method is a more robust predictor of

myocardial fibrosis in heart transplant recipients. This was

accomplished by evaluating myocardial fibrosis by CMR

extracellular volume fraction and its association with

myocardial strain, measured using the methods originally

mentioned. The results of this study demonstrated the

potential of both 2-D and 3-D STE to monitor the

development of fibrotic remodeling following heart transplant.

An additional study performed by Cui et al. used the non-

invasive LVPSL method to measure global myocardial work

indices in patients with dilated cardiomyopathy. The results of

the study demonstrated that the parameters measured by non-

invasive LVPSL can be significant predictors of myocardial

fibrosis in patients with dilated cardiomyopathy.

The idea of LV flow as a biomarker was explored using 4-D

flow MRI by Kim et al., who studied patients with paroxysmal

atrial fibrillation (PAF) and normal LV function imaged in sinus

rhythm. The authors found LV blood particles take longer to

transit the LV in PAF patients when compared to controls,

suggesting that LV flow could be a sensitive biomarker that

can detect subtle phenotypic differences.
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Cardiomyopathy, as shown by Morita et al., can be heavily

influenced based on genetic testing. Genetic testing carries

socioeconomical and psychological burdens and it is therefore

important to identify patients with cardiomyopathy who are more

likely to have a positive genotype. The model developed in this study

demonstrates superior accuracy to predict positive genotypes in

patients with cardiomyopathy compared to standard methods.

The developed framework involves a deep convolutional neural

network algorithm to analyze echocardiographic images.

Conclusion and future directions

In the past 2 decades, the use of medical imaging has

drastically increased, and medical imaging had astonishing

advancements. Due to the increasing focus on personalized

healthcare and the devastating effect of cardiovascular

diseases, there has been rising interest in the field of patient-

specific image-based cardiovascular in silico modelling. Such

models have assisted researchers in gaining a deeper and

more complete understanding of cardiovascular diseases and

are beginning to assist clinicians in determining personalized

and optimal treatments. Moving forward, one of the major

challenges in cardiovascular modelling, covering not only fluid

dynamics but also electrophysiological modelling for long term

patient specific predictions. As the technology develops,

researchers and physicians should envision the ultimate

objective of a personalized cardiovascular model that

incorporates personalized genomics, cellular behavior, tissue

structure integrated with cardiovascular mechanics and fluid

dynamics. We hope that our readers find the work published

here both informative and stimulating in the endeavor to

progress the therapy of cardiovascular disease.
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Cris A. Slentz 1, Gregory P. Samsa 1, Aarti A. Kenjale 1, Brian D. Duscha 1,
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Medicine, Department of Kinesiology, University of Virginia, Charlottesville, VA, United States, 3Cone Health and Vascular

Center, Greensboro, NC, United States, 4Department of Biostatistics, University of North Carolina at Chapel Hill, Chapel Hill,

NC, United States, 5Duke Clinical Research Institute, Durham, NC, United States, 6Duke Molecular Physiology Institute,

Durham, NC, United States

Background: The goal was studying the differential effects of aerobic training (AT) vs.

resistance training (RT) on cardiac and peripheral arterial capacity on cardiopulmonary

(CP) and peripheral vascular (PV) function in sedentary and obese adults.

Methods: In a prospective randomized controlled trial, we studied the effects

of 6 months of AT vs. RT in 21 subjects. Testing included cardiac and vascular

ultrasoundography and serial CP for ventricular-arterial coupling (Ees/Ea), strain-based

variables, brachial artery flow-mediated dilation (BAFMD), and peak VO2 (pVO2;

mL/kg/min) and peak O2-pulse (O2p; mL/beat).

Results: Within the AT group (n = 11), there were significant increases in rVO2 of 4.2

mL/kg/min (SD 0.93) (p = 0.001); O2p of 1.9 mL/beat (SD 1.3) (p = 0.008) and the

brachial artery post-hyperemia peak diameter 0.18mm (SD 0.08) (p = 0.05). Within

the RT group (n = 10) there was a significant increase in left ventricular end diastolic

volume 7.0mL (SD 9.8; p = 0.05) and percent flow-mediated dilation (1.8%) (SD 0.47)

(p = 0.004). Comparing the AT and RT groups, post exercise, rVO2 2.97, (SD 1.22),

(p = 0.03), O2p 0.01 (SD 1.3), (p = 0.01), peak hyperemic blood flow volume (1.77mL)

(SD 140.69) (p = 0.009), were higher in AT, but LVEDP 115mL (SD 7.0) (p = 0.05) and

Ees/Ea 0.68 mmHg/ml (SD 0.60) p = 0.03 were higher in RT.

Discussion: The differential effects of AT and RT in this hypothesis generating study

have important implications for exercise modality and clinical endpoints.

Keywords: heart failure with preserved ejection fraction, ventricular-arterial coupling, brachial artery flow

mediated dilatation, echocardiographic imaging, aerobic vs. resistance exercise training, ventricular-vascular

coupling
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HIGHLIGHTS

• The peripheral vascular and ventricular-arterial coupling
interaction needs further exploration when considering
targeted AT and RT exercise interventions.

• This prospective randomized control trial identified
differential effects on structural adaptations relative to
exercise type which may have significant implications when
considering exercise prescriptions.

INTRODUCTION

Regular physical activity (PA) reduces the risk of cardiovascular
disease, as well as cardiovascular and all-cause mortality (1–3).
However, the central cardiac and peripheral vascularmechanisms
whereby these significant health benefits are achieved, and how
they differ with different modes of exercise remain unclear.

The effects of exercise training on left ventricular (LV) systolic
function has been studied; but, the data are conflicting. Some
studies show detectable improvements in LV function while
others have failed to demonstrate changes (4–9). In addition,
the exercise-induced effects on ventricular-arterial coupling and
vascular physiology in exercise intervention clinical trials has
been understudied, especially in training studies as long as 6
months (2, 9–13). Both aerobic and resistance exercise improve
cardiac function; decrease arterial intima-medial thickness; and
improve endothelial function, all of which are independently
associated with risk of cardiovascular events and death (14–
18). However, the relative effects of chronic aerobic exercise
training (AT) and resistance exercise training (RT) on cardiac
structural and functional, ventricular-arterial, and peripheral
vascular adaptations to moderate term exercise training are
not well-characterized.

As such, the purpose of this hypothesis generating sub-study
of the Studies of a Targeted Risk Reduction Intervention through
Defined Exercise (STRRIDE) Aerobic Training/Resistance
Training (AT/RT study) (19, 20) was to compare the effects of
long-term, 6 months of AT or RT (4 month control period, 2
month ramp up, 6 month training on changes in measures of
cardiac and peripheral vascular morphology and function in
those at elevated risk: sedentary, overweight and obese adults.

METHODS

Study Design
More details of the study design discussed below can be obtained
in published form (21).

Subject Population
Subjects in the overall study were overweight, dyslipidemic,
and sedentary men and women (exercising <1 time per

Abbreviations: Ea, Arterial elastance (mmHg/ml); BAFMD, Brachial artery
flow-mediated dilation (mm); CPET, Cardiopulmonary Exercise Testing; HFpEF,
Heart failure with preserved ejection fraction; LVEDV, Left ventricular
end diastolic volume; O2p, Oxygen pulse; pVO2, Peak oxygen uptake
(L/min); STRRIDE, Studies of a Targeted Risk Reduction Intervention through
Defined Exercise; Ees/Ea, Ventricular-arterial coupling; Ees, Ventricular elastance
(mmHg/ml).

week). Inclusion criteria were: age 18–70 years, body mass
index 25–35 kg/m2, LDL-C 130–190 mg/dL or HDL-C <45
mg/dL for women <40 mg/dL for men, fasting glucose <126
mg/dL (on no medications), resting BP <160/90 mm/Hg
(on no medications), and sedentary (exercise <once/week).
Exclusion criteria were overt presence of cardiovascular disease,
current or planned use of weight loss diet regimens, use of
potentially confounding medications (e.g., hypoglycemics, anti-
hypertensives), pregnancy, other metabolic or musculoskeletal
diseases, unwillingness or contra-indication to undergo exercise
training or study testing.

Study Arms/Exercise Interventions
After completion of a 4-month control run-in period, subjects
were randomized to one of two exercise training arms. All
subjects provided verbal and written informed consent approved
by the Duke University Institutional Review Board prior
to participation.

Subjects were randomly assigned to either AT or RT groups
using a block design for gender and race as described (22). For
the AT group, subjects expended 2,000 kcal/week at 65–80% peak
VO2 using at least two of three modalities: stationary cycling,
treadmill walking or stair climbing/elliptical training. For the RT
group, subjects trained using a full-body RT regimen consisting
of three sessions/week of three sets of 12–15 repetitions of nine
resistance exercises at 70–85% 1RM. Both AT and RT required
2 months of ramp-up, followed by 6 months of training. Repeat
CPET and vascular testing was performed within 48 h following
the 6months of training. All the participants were required not to
participate in any exercise outside of that prescribed in the study.

For the AT group, at each session participants wore a Polar
heart rate monitor with downloadable data, to verify that the
intensity and duration fell within the guidelines of the program.
Aerobic compliance was calculated as percentage of completed
sessions over the number of prescribed sessions per week.

For the RT group, training was prescribed as three sessions per
week of three sets of 8–12 repetitions on eight Cybex machines.
This consisted of four upper body and four lower body exercises,
designed to target major muscle groups. Throughout the training
intervention, the amount of weight lifted on each machine
was increased by five pounds when the participant performed
12 repetitions with proper form on all three sets during two
consecutive workout sessions. All RT sessions were verified by
use of the FitLinxx Strength Training PartnerTM, a touch screen
“training-partner” computer system designed to monitor and
track workouts electronically. RT compliance was calculated as
percentage of completed sessions over the number of prescribed
sessions per week.

All post-exercise training assessments for this study—
CPET testing, vascular and echocardiographic measures—were
performed within 24 h after a bout of exercise and before
conclusion of the 6-month training program.

Cardiopulmonary Exercise Testing (CPET) with a 12-lead
electrocardiogram and expired gas analysis was performed on
a treadmill using a TrueMax 2400 Metabolic Card. The CPET
protocol consisted of 2-min stages, increasing the workload
by approximately one metabolic equivalent per stage. The two
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greatest, consecutive, 15-s readings from each test were averaged
to determine absolute VO2peak (L/min).

Standard Echocardiography
Resting transthoracic echocardiograms (TTE) were obtained at
two time points: (1) after a 4-month control period but prior
to the initiation of a 2 month ramp-up that preceded the 6-
month exercise training program and (2) at the completion
of the exercise training period. Echocardiographic studies were
performed on a commercially available machine with a 2.5 MHz
probe and digital storage capacity (GE Vivid 7). A complete
study was performed in 2-D and tissue Doppler (TDI) modes.
All TDI images were obtained at a frame rate of at least 100
frames/s. 2-D measurements included LV end diastolic and
end systolic volumes with calculation of LV ejection fraction
(biplane Simpson’s rule). Pulsed Doppler imaging was used to
interrogate trans-tricuspid, trans-mitral, pulmonary venous and
LV outflow tract flows. The mitral inflow E and A wave velocities,
pulmonary vein systolic (S) and diastolic (D) velocities and the
mitral E wave deceleration time were measured. From these, the
E/A and S/D ratios were calculated. Isovolumic relaxation time
(IVRT) was also determined from the mitral inflow pattern. Tei
index, a measure of the combined diastolic and systolic function
was also calculated with the formula (ICT + IRT)/ET where
ICT represents isovolumic contraction time, IRT represents
isovolumic relaxation time, and ET represents ejection time (23).
For all 2D and Doppler variables, three beats were measured
and the average reported. For mitral annular velocities (mitral
annular peak early (Ea), late (Aa), and systolic velocities (Sa), the
sample volume (6 × 6 pixels) was placed at the septal and lateral
mitral annulus.

Ventricular-Arterial Coupling
Arterial elastance (Ea), the measure of arterial elastance, was
calculated as the ratio of end-systolic pressure to stroke volume
(Ea = ESP/SV) (24). ESP was estimated as 0.90 multiplied times
systolic blood pressure (SBP) by manual cuff at the time of
echocardiogram as recommended (24). Stroke volume (SV, cm3)
was measured from the left ventricular outflow tract (LVOT)
diameter at the pulse wave (PW) from the echo Doppler signal.
Ees (ventricular elastance) was calculated using the single-beat
method outlined by Chen et al. (24).

Ees(sb)= [DBP–(Endest∗ESP)]/(SV∗Endest)
Endest = 0.0275 – (0.165∗EF) + 0.3656∗(DBP/ESP)

+ (0.515∗Endavg)
Endavg = 0.35695 + (−7.2266∗tn) + (74.249∗tn²) +

(−307.39∗tn3) + (684.54∗tn4) + (−856.92∗tn5) + (571.95∗tn6)
+ (−159.1∗tn7)

tn (ms) = R wave to flow onset time/R wave to flow end time;
determined non-invasively from the echo Doppler signal in the
LV outflow tract by pulse wave (24).

Tissue Doppler Strain Imaging
Measurements
Analysis of myocardial wall velocities, strain and strain rate
in the apical 4-chamber view was performed offline using
customized computer software (EchoPac, Version 6.3, GE).

Two-dimensional speckle tracking methods were used to
extract left ventricular global longitudinal strain throughout
the cardiac cycle, which was analyzed for measures of systolic
and diastolic function. Peak global longitudinal, circumferential
and radial strains and time to peak longitudinal strain were
calculated. For an evaluation of diastology, we calculated
peak early and late diastolic strain rate (SREmax and SRAmax,
respectively). In addition, peak diastolic strain rate deceleration
time was calculated. See Figure 1. The echocardiograms and
their analysis were performed before the current guidelines
were in place and so provided somewhat limited stain
information. Nevertheless, the strain derived from the 4ch view
only approximates the global strain derived from the three
views, especially in this instance in which each participant’s
compared to his or her own baseline data, acquired in the
same way.

Brachial Artery Flow Mediated Dilation
Vascular testing occurred between 7 and 10 a.m. following
an overnight fast and withholding all vasoactive medications.
Additionally, no exercise was performed and no alcohol or
tobacco products were consumed the day before or on the
morning of testing. The BAFMD technique used a high-
resolution ultrasound and an 8 MHz linear array transducer
(Acuson Sequoia 512) to obtain images of the artery at baseline,
during and following 5min of forearm occlusion. Ultrasound
brachial artery images were obtained in longitudinal view,
just proximal to the olecranon process of the elbow. With
the image depth set at 3 cm, zoom and gain setting were
adjusted to provide an optimal view of the center of the
vessel and the anterior and posterior walls of the artery.
Once the settings were optimized, they were kept constant
throughout the test and the probe was stabilized with a
mechanical arm. In addition, to assure maximum laminar
flow, Doppler flow velocity measurements were obtained by
means of range gating focused on the center of the vessel
using an angle of incidence of 60 degrees. All measurements
were performed using the left arm with the subject in the
supine position and the forearm extended and slightly supinated.
All images were recorded on a magneto-optical disk for
subsequent analysis.

The forearm occlusion condition consisted of inflation of
a blood pressure cuff to 50 mmHg above systolic blood
pressure for a period of 5min. The cuff was positioned ∼2–
3 centimeter (cm) distal to the olecranon process. Images
of the brachial artery were obtained 1min prior to inflation
(baseline), during the 3rd min of inflation, and continuously for
2–3min after cuff deflation. Throughout the brachial imaging
procedure, heart rate and blood pressure were measured in
order to account for any variation in central cardiovascular
responses to the testing protocol. Arterial diameter and blood
flow were measured from the digital recordings. Arterial
diameters were determined from the anterior to posterior
interface between the medial and adventitia (the “m” line),
rather than between intimal layers. In addition, all diameters
were end diastolic, as defined by the onset of the r-wave
over at least three to four consecutive cardiac cycles using
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FIGURE 1 | Representative Strain Curve showing time to peak longitudinal strain, peak longitudinal strain, peak early and late diastolic strain rate (SREmax and SRAmax,

respectively), and peak diastolic strain rate deceleration time (1T).

specialized imaging software (Medical Imaging Applications).
The reproducibility of this technique for our group has been
reported previously (25).

The nitroglycerin (NTG)-stimulated brachial artery
reactivity response was tested 10min after performing
the standard BAFMD testing. Participants were given a
dose of 0.4mg of NTG sublingually and images were
obtained at 5min post-NTG administration. Participants
were monitored for up to 20min before leaving; blood
pressure was continuously monitored until BP returned to pre
NTG values.

Doppler forearm blood flow velocities (peak and mean)
were recorded during each experiment. Brachial artery blood
flow (mL/min) was estimated by multiplying the velocity-
time integral of the Doppler flow signal (corrected for
angle) by heart rate and the vessel cross-sectional area. The
percent change in brachial artery diameter, Doppler flow
velocities, and blood flow was calculated by dividing the
difference from baseline values by the baseline value prior to
each condition.

Statistical Analysis
Baseline characteristics were described using mean and median
for continuous variables and percentages for categorical
variables. For between AT and RT groups comparisons, unpaired
T-tests were used. For within group pre and post exercise
training comparisons, paired T-tests were used. The across
time mean vascular and physical performance measures for
both AT and RT groups were analyzed using a t-test. Changes
in strain derived variables were compared to conventional
Doppler measures including the ratio of peak early (E) and late
(A) diastolic mitral inflow velocities; early inflow to annular
velocity ratio (E/e’); and isovolumic relaxation time (IVRT)
using paired T-tests. To identify the association between baseline
echocardiographic variables and exercise capacity, we performed
univariable linear regression analyses with echocardiographic
parameters as predictive variables and peak VO2 (pVO2) and
peak O2−pulse (O2p) defined as peak absolute VO2/peak heart
rate as the outcome variables. A p-value of 0.05 was considered
significant and all statistical tests were two-sided. Statistics were
done using SPSS Statistics version 22, SAS version 9.4 or JMP
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version 13.0. This study was conducted under the approval of the
Duke Institutional Review Board.

RESULTS

Baseline Characteristics
Demographics
Twenty-one subjects were enrolled and completed the STRRIDE-
AT/RT echocardiography/peripheral vascular sub-study. For the
entire cohort, the mean age was 50.0 years; 48% were men and
86% were white, the percent of participants that were male did
not differ by group X² (1, 7)= 0.12, p > 0.05, and the percentage
of participants that are White did not differ by group X²(1, 9)
= 0.59, p > 0.05, mean body mass index (BMI) was 30.4 kg/m2

and mean waist circumference was 104.3 cm. Mean systolic and
diastolic blood pressures were 122.1 (SD 13.8) and 79.8 (SD
10.8) mmHg, respectively. There were no statistically significant
differences between AT and RT group demographics (Table 1,
AT/RT Demographics).

Baseline Echo and Exercise Capacity
Study Population Composition
Of the 21 subjects enrolled in the study, 11 were randomized to
the AT group and 10 were randomized to the RT group. All AT
and RT echocardiographic, pulsed Doppler imaging including
trans tricuspid, trans mitral, pulmonary venous and LV outflow
tract and vascular measures are presented in Table 2A (AT
group) and Table 2B (RT group).

Correlation of Baseline Characteristics With Exercise

Capacity
Since variables of baseline cardiac structure, systolic function,
and diastolic function were similar in both groups, the
data were combined and evaluated across both groups for
correlation with baseline exercise capacity. No measures of
baseline cardiac structure or diastolic function were significantly
correlated with baseline exercise capacity measured as absolute
(VO2peak (L/min).

Exercise Effects, Changes in Cardiac and
Peripheral Vascular Structure/Function
Within the AT Group
A significant exercise training effect was noted, with an increase
in aVO2 335 mL/min (SD 74.1) (p= 0.001), relative VO2 (rVO2)

of 4.2mL/kg/min (SD 0.93) (p= 0.001), andO2p 1.9mL/beat (SD
1.3) (p= 0.008). Of the peripheral vascular measures, the brachial
artery post-hyperemia peak diameter increased 0.18mm, (SD
0.08), (p= 0.05), but due to increased resting caliber of the vessel
(0.13mm, ns) there were no changes in flow-mediated dilation
0.09%, (SD) 1.0) (p = 0 94). These structural changes showed
a trend for post-training increased calculated peak blood flow
volumes during reactive hyperemia by 104.5 ml/min (SD 168.3),
(p= 0.06) (see Table 2A).

There was a consistent, significant correlation of time-to-
peak longitudinal strain with peak VO2 in the AT group both
pre and post training (r = −0.610, p = 0.020; r = −0.660,
p = 0.010; respectively). Other measures of ventricular-arterial

coupling, myocardial and chamber systolic function such as
circumferential, and radial strains did not show significant
changes with exercise training. There were no significant changes
in traditional or strain measures of diastolic function with
exercise training (seeTable 2A). ATGroup Pre and Post Training
Results and AT/RT pre/post training group comparisons.

Within the RT Group
No significant exercise training effects were observed in the RT
group on pVO2 or O2p but there was a significant increase in
LV end diastolic volume (LVEDP) 7.0mL (SD 9.8) (p= 0.05)
and modest but not significant increase in LV end systolic
volume (LVESV) 3.5mL (SD 5.2) (p = 0.06). There were no
significant changes in brachial artery resting average diameter
(−0.2mm, p = 0.51), however, percentage flow-mediated
dilation increased 1.8mm (SD 0.47) (p = 0.004). Calculated
resting and peak hyperemic blood flow volumes and resting and
peak brachial artery shear rates were not different from baseline
following exercise training. Other measures of ventricular-
arterial coupling, myocardial and chamber systolic function did
not show significant changes with exercise (See Table 2B).

Differential Responses in the AT and RT Groups
Measures of post-training cardiac structure, systolic function,
and diastolic function, peripheral vascular and ventricular-
arterial coupling were analyzed for correlation with post-training
exercise capacity. When comparing the post exercise mean
differences between AT and RT, the mean change in the AT group
was significantly higher in rVO2 2.97, (SD 1.22), (p = 0.03),
O2p 0.01 (SD 1.3), (p = 0.01), Ees/Ea 0.68 mmHg/ml (SD 0.60)
p = 0.03 and the post-training LVEDP was higher in the RT
group 7mL (SD 3.1) (p = 0.05). There were no between group
differences for brachial artery diameters in response to flow.
However, peak hyperemic blood flow volume for the AT group
was significantly greater than that of the RT group (177.8mL)
(SD 140.69) (p = 0.009) without any differences in shear rate.
Nether group showed a significant brachial reactivity response to
NTG (AT 26.2%, RT 21.8%, p= 0.48).

DISCUSSION

The unique aspects of this study illustrate significant central
(cardiac) and peripheral vascular adaptations to AT and RT after
6 months of training in sedentary middle aged adults. However,
the pattern of change is different. By intensively studying the
coupling effects of central and peripheral vascular adaptations to
moderate-length exercise training in at-risk humans, for the first
time, relations among cardiorespiratory, cardiac and peripheral
vascular measures have been integrated within the same study.
Important new observations from this study are: (a) resistance
and endurance exercise training have different but potentially
congruent adaptations at the central (cardiac) and peripheral
vascular levels resulting in differences in cardiorespiratory
capacity, (b) with RT there was no increase in structural artery
caliber or peak hyperemic blood flow or artery shear rates but
there was an increase in flow mediated dilation coupled with
increases in the ratio of ventricular-to-arterial elastance with
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TABLE 1 | Aerobic Training (AT) and Resistance Training (RT) demographics.

AT (Baseline) RT (Baseline) AT (Post-training) RT (Post-training)

(n = 11) (n = 10) p-value (n = 11) (n = 10) p-value

Age (years) 53.1 (6.4) 47.0 (12.3) 0.07

Race (% white) 81.8 90.0 0.59

Sex (%male) 64.3 30.0 0.12

Height (cm) 169.7 (6.8) 171.2 (9.0) 0.65

Weight (kg) 90.5 (10.4) 86.5 (12.7) 0.41 88.9 (10.6) 86.8 (13.2) 0.68

Waist circumference cm 105.7 (8.6) 102.8 (10.1) 0.46 105.0 (8.7) 101.9 (9.0) 0.40

BMI 31.7 (3.4) 29.3 (2.3) 0.07 31.1 (3.5) 29.3 (2.2) 0.12

SBP, mmHg 122.6 (9.5) 115.4 (15.9) 0.23 124.1 (8.7) 127.1 (9.5) 0.53

DBP, mmHg 83.3 (10.1) 79.7 (10.9) 0.44 82.8 (9.5) 79.7 (10.9 0.52

HR, bpm 60.0 (9.0) 66.6 (13.0) 0.20 60.0 (9.0) 66.6 (13.0) 0.20

All data presented as mean (SD), unless otherwise noted.

no concomitant increase in cardiorespiratory capacity, (c) with
AT there was an increase in peak peripheral arterial structural
caliber and blood flow with no increases in shear rate of the flow-
mediated dilation. This increase in arterial caliber was matched
with an increase in ventricular-arterial coupling and significant
increases in cardiorespiratory capacity.

This study specifically links type of exercise intervention to
cardiac and vascular responses that may contribute to improved
cardiopulmonary performance in middle-aged, sedentary
subjects and in fact, may be synergistic, as documented by
Santoro et al. (26). As expected, the study showed improvements
in peak aVO2, peak rVO2, and O2p with AT, but not RT. Unique
to this study, we observed that AT induced significant brachial
artery absolute diameter and blood flow during hyperemia
whereas, RT induced changes in vascular reactivity. These
findings suggest harmonious adaptations to different exercise
modes: AT changes vessel architecture and capacitance, whereas
RT induces a stress response to exercise (vasodilation), without
changing the vessel architecture (diameter).

Previous cross-sectional AT studies comparing both male (27)
and female athletes (28) with healthy age-matched sedentary
counterparts, report similar increases in artery caliber (29–31).
Both animal and human studies, which tend to be aerobic-
type trying, also demonstrate a transient increase in endothelial-
mediated vasoreactivity followed by arteriogenesis in response
to aerobic conditioning (25, 32, 33). However, these studies
assessed changes in response to a relatively short-term training
stimuli. To our knowledge, this is the first study of a longitudinal
training design to observe changes in arterial structure in humans
with intensive AT lasting 6 months and importantly this study
included randomization to AT or RT after completion of a
4-month control run-in period.

If we consider the contrasting demands and mechanisms of
blood flow delivery among AT vs. RT, this differential response
is logical. Typically, RT subjects spent ∼1–2min on each set of a
specific lift with a rest period between sets. This created a short
period of increased blood flow and shear stress on the arterial
wall. In contrast, during AT, subjects performed less intense
muscular contractions for up to 40min per session; creating an

increased blood flow demand by skeletal muscle for the entire
exercise bout.

When linking the vascular and cardiac measures to exercise
type, we found that the LVEDP increased significantly with
RT and significantly higher post-training compared to AT and
the post-training mean difference in Ees/Ea was higher in RT.
Given that Ees/Ea measures LV volume, force and loading effects
during contraction, it reflects the ventricular-arterial interaction
(24). With AT, where the resting caliber of the vessel increased
and architecture changed, Ees/Ea remained balanced reflecting a
central and peripheral vascular physiologic balance. This finding
suggests that RT affects the ventricular-vascular balance.

In addition, unique to this study, with AT, there was a
significant negative correlation between peak rVO2 and time-
to-peak longitudinal strain (p = 0.001), a finding not previously
reported. A shorter time to peak strain represents a more forceful
myocardial contraction. There were no similar adaptations
observed in the RT group. This may indicate that AT contributes
to the balance of ventricular-arterial coupling while also having
a training effect on myocardial contractility. Given that we
observed substantive differences in the effects of AT and
RT on cardiovascular structure and function, this may have
important clinical implications for the use of exercise training
in individuals with impaired cardiac relaxation finding, such as
when considering an exercise prescription for patients with heart
failure with preserved ejection fraction (HFpEF). Importantly, as
physical activity interventions are tested, future studies should
consider the myocardial and peripheral vascular interaction in
human performance and cardiovascular health in middle-aged
and elderly populations and the effects such changes may have
on long-term cardiovascular health.

Strengths and Limitations
This study has unique strengths. To the best of our knowledge,
this is the first study to compare two different modes of
exercise of a 6-month training program in assessments of cardiac
morphology, vascular function and cardiorespiratory fitness in
adults of any age or cardiovascular risk. This provides the
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TABLE 2A | AT group pre- and post-training results and AT/RT pre/post-training group comparisons.

Baseline Post-training 1Training p-value for AT

pre- and

post-training

Exercise capacity

pVO2 mL/min 2,448 (484.9) 2,784 (483.3) 335 (74.1) 0.001*

mL/kg/min 26.85 (4.3) 31.09 (5.0) 4.2 (0.93) 0.001*

O2p mL/beat 14.40 (2.52) 16.34 (2.6) 1.9 (1.3) 0.008*

mL/kg/beat 0.16 (0.02) 0.18 (0.02) 0.02 (0.02) 0.0001*

Ve/VCO2 slope 30.09 (4.5) 30.55 (3.5) 0.46 (0.78) 0.56

Vascular structure

BaseAve (mm) 3.47 (0.49) 3.63 (0.47) 0.16 (0.09) 0.11

MaxDia (mm) 3.69 (0.47) 3.86 (0.47) 0.18 (0.08) 0.05

%ChgMax (%) 6.45 (2.89) 6.53 (2.31) 0.09 (1.1) 0.94

TimeToMax (ms) 44.45 (14.26)64

(24.6)

45.63 (18.56) 1.18 (7.10) 0.87

Rel Ave Shear Rate (s−1) 0.20 (0.08) 0.19 (0.04) −0.01 (0.09) 0.62

Rel Peak Shear Rate (s−1) 0.34 (0.12) 0.34 (0.11) 0.00 (0014) 0.95

NTG mediated (%) 26.2 (11.2) 23.7 (8.9) −1.15 (11.0) 0.93

Cardiac structure

Heart Rate, bpm 6.0 (9.0) 60.0 (9.0) 0 (0.0) 1.0

LVEDV, mL 95.6 (18.7) 98.8 (14.5) 4.2 (3.0) 0.20*

LVESV, mL 34.5 (7.4) 39.0 (8.8) 4.5(2.1) 0.06

Systolic function

LVEF (%) 63.7 (4.5) 60.6 (5.4) −3.1 (1.2) 0.62*

Ea (mmHg/mL) 1.6 (0.1) 1.8 (0.3) 0.2 (0.1) 0.42

Ees (mmHg/mL) 1.9 (1.2) 2.5 (1.2) 0.67 (1.2) 0.68

Ees/Ea (ratio) 1.1 (0.8) 1.3 (0.4) 0.2 (0.6) 0.77*

Tei Index 0.52 (0.07) 0.50 (0.07) −0.02 (0.05) 0.14

Strain Indices

Longitudinal global Peak Strain −19.6 (0.64) −17.3 (4.3) −0.75 (5.0) 0.59

Time to peak longitudinal strain 0.40 (0.05) 0.38 (0.05) −0.02 (0.04) 0.06

Strain rate (SR) (seconds)−1 −83.6 (17.6) −82.9 (26.1) 0.71 (33.7) 0.94

Time to peak SR 0.22 (0.05) 0.18 (0.05) −0.04 (0.07) 0.06

Circumferential peak global strain −19.3 (6.1) −19.2 (5.6) 0.21 (6.7) 0.91

Radial peak global strain −26.8 (14.7) −37.2 (22.4) −9.84 (24.5) 0.17

Diastolic function

E 0.62 (0.09) 0.66 (0.11) 0.04 (0.13) 0.31

A 0.60 (0.12) 0.62 (0.14) 0.02 (0.11) 0.58

e’ 0.11 (0.02) 0.10 (0.03) −0.004 (0.02) 0.39

E/A 1.1 (0.33) 1.1 (0.24) 0.03 (0.27) 0.72

E/e’ 5.8 (1.4) 6.8 (1.7) 0.71 (1.6) 0.11

MV Dec T 196.5 (28.0) 207.0 (31.1) 10.5 (43.5) 0.38

IVRT 95.7 (11.6) 89.3 (8.4) −6.4 (13.6) 0.10

Peak early diastolic longitudinal strain

(max)

0.32 (0.08) 0.31 (0.09) −0.001 (0.10) 0.97

Time to peak early longitudinal strain

(seconds)(max)

0.16 (0.04) 0.16 (0.04) 0.002 (0.06) 0.92

SRE Max 92.8 (22.7) 101.1 (27.4) 8.2 (23.3) 0.21

SRA Max 77.4 (21.0) 78.7 (34.0) 1.3 (34.6) 0.90

*Indicates training effect is significantly different between AT and RT.

pVO2, absolute peak VO2; pO2 pulse, absolute peak O2 pulse; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; E, early trans-mitral LV filling

(meters/second); A, late transmitral LV filling (meters/second); e’, average tissue Doppler velocity of the septal and mitral annulus (meters/second); MV Dec T, Deceleration time of mitral

inflow Doppler; IVRT, isovolumic relaxation time; SRE Max, strain rate diastolic E maximum; SRA Max, strain rate diastolic A maximum.

All data presented as mean (SD), unless otherwise noted. The bold values have significant p-values.
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TABLE 2B | Characteristics pre- and post-training – RT group only.

Baseline Post-training 1Training p-value pre-

and

post-exercise

Exercise capacity

pVO2 mL/min 2,444 (480.3) 2,561(651.3) 117.5 (67.1) 0.11

mL/kg/min 28.3 (4.3) 29.6 (5.8) 1.3 (0.79) 0.14

O2p mL/beat 13.7 (3.4) 14.3 (3.9) 0.65 (1.2) 0.12

mL/kg/beat 0.16 (0.03) 0.17 (0.03) 0.01 (0.01) 0.10

Ve/VCO2 slope 31.1 (5.7) 32.7 (7.5) 1.6 (2.8) 0.11

Vascular structure

BaseAve (mm) 3.28 (0.58) 3.33 (0.67) 0.06 (0.09) 0.54

MaxDia (mm) 3.48 (0.57) 3.59 (0.67) 0.11 (0.10) 0.30

%ChangeMax (%) 6.43 (2.16) 8.20 (2.30) 1.8 (0.47) 0.004

TimeToMax (ms) 40.80 (10.99) 38.20 (7.76) −2.60 (3.49) 0.47

Rel Ave Shear Rate (s−1) 0.20 (0.09) 0.19 (0.08) −0.01 (0.05) 0.54

Rel Peak Shear Rate (s−1) 0.35 (0.13) 0.31 (0.11) −0.04 (0.12) 0.35

NTG mediated (%) 21.8 (7.6) 22.9 (9.0) 1.1 (2.2) 0.64

Cardiac structure

Heart Rate, bpm 64.8 (10.1) 66.6 (13.0) 1.8 (7.3) 0.45

LVEDV, mL 108.9 (16.2) 115.9 (15.9) 7.0 (9.8) 0.05

LVESV, mL 38.7 (7.5) 42.2 (6.7) 3.5 (1.6) 0.06

Systolic function

LVEF (%) 64.6 (3.6) 63.6 (4.4) −1.0 (1.3) 0.47

Tei Index 0.50 (0.07) 0.52 (0.05) 0.01 (0.04) 0.43

Ea (mmHg/mL) 1.9 (0.5) 1.7 (0.3) −0.2 (0.2) 0.26

Ees (mmHg/mL) 3.4 (1.2) 4.1 (1.2) 0.7 (0.9) 0.68

Ees/Ea (ratio) 1.7 (0.5) 2.3 (0.6) 0.6 (0.4) 0.29

Strain Indices

Longitudinal global Peak Strain −18.2 (2.9) −18.8 (4.0) −0.7 (5.4) 0.71

Time to peak longitudinal strain 0.41 (0.04) 0.40 (0.05) −0.01 (0.06) 0.61

Strain rate (SR) (seconds) −1
−88.3 (15.0) −94.3 (16.1) −5.9 (17.4) 0.31

Time to peak SR 0.22 (0.05) 0.21 (0.05) −0.02 (0.09) 0.54

Circumferential peak global strain −21.5 (5.2) −20.0 (5.1) 1.6 (4.9) 0.33

Radial peak global strain −40.6 (22.1) −38.5 (20.3) 2.2 (23.1) 0.77

Diastolic function

E 0.73 (0.14) 0.74 (0.13) 0.01 (0.04) 0.56

A 0.61 (0.17) 0.58 (0.18) −0.03 (0.09) 0.39

e’ 0.13 (0.04) 0.13 (0.03) −0.002 (0.02) 0.76

E/A 1.37 (0.77) 1.40 (0.59) 0.03 (0.3) 0.79

E/e’ 5.97 (1.27) 6.04 (1.15) 0.07 (0.98) 0.83

MV Dec T 186.3 (31.0) 198.4 (32.7) 12.1 (30.3) 0.24

IVRT 90.4 (16.2) 92.3 (15.6) 1.9 (11.0) 0.60

Peak early diastolic longitudinal strain

(max)

0.26 (0.07) 0.26 (0.08) −0.001 (0.08) 0.98

Time to peak early longitudinal strain

(seconds)(max)

0.18 (0.03) 0.15 (0.04) −0.03 (0.04) 0.04

SRE Max 115.6 (27.4) 118.6 (26.9) 3.0 (31.5) 0.77

SRA Max 68.9 (20.2) 71.6 (28.6) 2.7 (36.2) 0.82

pVO2, absolute peak VO2; pO2, pulse, absolute peak O2 pulse; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; E, early trans-mitral LV filling

(meters/second); A, late transmitral LV filling (meters/second); e’, average tissue Doppler velocity of the septal and mitral annulus (meters/second); MV Dec T, Deceleration time of mitral

inflow Doppler; IVRT, isovolumic relaxation time; SRE Max, strain rate diastolic E maximum; SRA Max, strain rate diastolic A maximum.

All data presented as mean (SD), unless otherwise noted. The bold values have significant p-values.
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unique opportunity to study the coupling of these components of
cardiorespiratory health to two very different exercise exposures.

However, there exist also some limitations. While our older
sedentary population was unique and the sample size was
adequate to detect changes in cardiorespiratory physiology and
fitness, in the future a larger sample size may be necessary to
detect more subtle changes in vascular-arterial coupling and
a more diverse study sample may provide unique phenotypic
data. Our findings are thus hypothesis generating rather than
definitive. In addition, all echocardiogram measurements were
taken at rest as opposed to during an active state; therefore, we
may havemissed important dynamicmyocardial adaptations that
occur during submaximal and maximal exercise capacity that
may include changes in ventricular-arterial coupling. Further,
it is possible that, by assessing vascular changes only before
and after the 6-month training program, we may have missed a
critical period of physiologic and morphologic adaptation in the
vascular reactivity change with AT, but captured the longer-term
structural adaptations. That is, there may be a vascular reactivity
change with AT, similar to that observed with 6 months of RT.
This will require further investigation with measures taken at
more intermediate time points.

Implications for Clinical Practice
This study addresses differences in physiologic adaptations to
endurance (AT) and resistance exercise (RT). With AT, there
were significant adaptive training effects in aerobic exercise
capacity, and in peripheral arterial remodeling. Furthermore, the
interaction of ventricular-arterial coupling remained balanced
(adaptive) with AT; but demonstrated a significant increase
post exercise for the RT group. These differential findings have

important implications for the use of exercise training of various
modalities to achieve specific clinical endpoints.
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Background: Right ventricular (RV) function predicts survival in numerous cardiac

conditions, including left heart disease. The reference standard for non-invasive

assessment of RV function is cardiac magnetic resonance imaging (CMR). The aim of

this study was to investigate the association between pre-procedural CMR-derived RV

functional parameters and mortality in patients undergoing transcatheter aortic valve

implantation (TAVI).

Methods: Patients scheduled for TAVI were recruited to undergo pre-procedural CMR.

Volumetric function and global longitudinal and circumferential strain (GLS and GCS) of

the RV and left ventricle (LV) were measured. The association with the primary endpoint

(1-year all-cause mortality) was analyzed with Cox regression.

Results: Of 133 patients undergoing CMR, 113 patients were included in the analysis.

Mean age was 81.8 ± 5.8 years, and 65% were female. Median follow-up was 3.9 [IQR

2.3–4.7] years. All-cause and cardiovascular mortality was 14 and 12% at 1 year, and 28

and 20% at 3 years, respectively. One-year all-cause mortality was significantly predicted

by RV GLS [HR = 1.109 (95% CI: 1.023–1.203); p = 0.012], RV ejection fraction [HR =

0.956 (95% CI: 0.929–0.985); p = 0.003], RV end-diastolic volume index [HR = 1.009

(95% CI: 1.001–1.018); p = 0.025], and RV end-systolic volume index [HR = 1.010

(95% CI: 1.003–1.017); p = 0.005]. In receiver operating characteristic (ROC) analysis

for 1-year all-causemortality, the area under the curve was 0.705 (RVGLS) and 0.673 (RV

EF). Associations decreased in strength at longer follow-up. None of the LV parameters

was associated with mortality.

Conclusions: RV function predicts intermediate-term mortality in TAVI patients while LV

parameters were not associated with outcomes. Inclusion of easily obtainable RV GLS

may improve future risk scores.

Keywords: transcatheter aortic valve implantation, aortic valve stenosis, magnetic resonance imaging, MRI, right

ventricular function, strain, survival analysis, mortality
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INTRODUCTION

Transcatheter aortic valve implantation (TAVI) is a minimally
invasive treatment for patients suffering from severe aortic
stenosis and is now available for more than a decade. Since
then, procedure numbers are steadily increasing and are expected
to rise further (1). While initially reserved for patients with a
high-risk profile for surgical valve replacement, indications have
been extended to intermediate-risk patients and trials already
showed promising intermediate-term results in low-risk groups
(2, 3). Predicting the outcome of patients undergoing TAVI is
challenging as the commonly applied clinical risk scores perform
only moderately (4, 5). Thus, adequate surrogate markers to
improve outcome prediction are needed.

Until recently, the right ventricle (RV) has not received
much attention in this respect. However, emerging evidence
shows that the RV plays a key role in many cardiac conditions,
including primary left heart disease (6). A prognostic value of
RV function has not only been demonstrated in pulmonary
hypertension (7) but also in heart failure with preserved and
reduced ejection fraction (EF) (8, 9), dilated cardiomyopathy
(10), or myocardial infarction (11). Echocardiographic studies
indicate that RV dysfunction is frequent in patients with severe
aortic stenosis and is associated with mortality (12–15).

FIGURE 1 | Flow chart of included patients.

Due to the complex shape of the RV, standard
echocardiography relies on tricuspid annular systolic excursion,
fractional area change, or more recently strain as surrogates
for RV function. Unlike echocardiography, cardiac magnetic
resonance imaging (CMR) not only is capable of myocardial
tissue characterization but also allows for more accurate
measurement of cardiac chamber volumes. Measures of
myocardial deformation derived from CMR feature tracking
predict cardiovascular events (16). CMR is therefore regarded the
reference standard for non-invasive assessment of RV volumes
and function (17).

This study aims to elucidate the association between pre-
procedural RV functional parameters derived from CMR and
mortality in patients undergoing TAVI.

MATERIALS AND METHODS

In this single-center cohort study, patients with severe aortic
stenosis scheduled for TAVI at the Division of Cardiology,
Medical University of Graz were prospectively recruited to
undergo pre-procedural CMR between May 2011 and March
2015, in the absence of CMR contraindications (incompatible
metal implants such as pacemakers, severely reduced kidney
function, claustrophobia). Patients who underwent a successful
transfemoral TAVI procedure with a CoreValve (Medtronic)
prosthesis were included in the study. Cases with a CMR image
quality insufficient to allow reliable analysis were excluded.

The primary endpoint was all-cause mortality (18) at 1
year, which corresponds to the recommended minimum life
expectancy for patients eligible for TAVI (19). Additionally,
cardiovascular mortality was defined according to VARC-2
criteria (20) and served as a secondary endpoint. After a follow-
up of at least 3 years, mortality data were gathered via review of
medical records, via phone contact, or by request at the national
death register. All patients gave written informed consent. The
study was approved by the ethics committee of the Medical
University of Graz (No. 25-437ex12/13) and complies with the
Declaration of Helsinki.

Cardiac Magnetic Resonance Imaging
CMR was performed on a 1.5-Tesla scanner (Magnetom Sonata,
Siemens Healthcare). Steady-state free precession cine sequences
with retrospective electrocardiographic gating were acquired
during free breathing in two-, three-, and four-chamber views
and a stack of gapless slices in short-axis view to cover the
entire left and right ventricle. Typical protocol parameters
were: echo time 1.2ms; measured temporal resolution 37–51ms
reconstructed to 30 phases; resolution 1.4 × 1.7–2.0 × 6 mm3

for long axes and 1.4 × 2.2 × 8 mm3 for short-axis views.
To compensate for breathing artifacts, threefold averaging was
used. Using dedicated software (cvi42, Version 5.6.5, Circle
Cardiovascular Imaging), right and left ventricular (LV) end-
diastolic and end-systolic volumes (EDV, ESV) were determined
from a short-axis stack according to recommendations (21) and
indexed to body surface area. Papillary muscles were included
in the volumes. Global longitudinal and circumferential strains
(GLS and GCS) were measured in both ventricles by means
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TABLE 1 | Baseline characteristics according to 1-year mortality.

All patients (n = 113) Survived 1st year (n = 97) Died in 1st year (n = 16) p-value

Age, years 81.8 ± 5.8 81.4 ± 5.9 84.2 ± 5.0 0.071

Female sex 65% (73) 64.9% (63) 62.5% (10) 0.529

Body mass index 26.0 ± 4.8 26.3 ± 4.3 24.3 ± 6.9 0.280

CAD 78% (88) 75% (73) 94% (15) 0.117

CABG or PCI 38% (43) 38% (37) 38% (6) 0.961

PAD 27% (31) 25% (24) 44% (7) 0.114

Diabetes 26% (29) 25% (24) 31% (5) 0.552

Hypertension 83% (94) 84% (81) 81% (13) 0.731

Atrial fibrillation 41% (46) 38% (37) 56% (9) 0.172

NT-proBNP, ng/L 1,722 [654–3,515] 1,583 [624–3,515] 2,701 [2,152–3,871] 0.025*

Troponin T, ng/L 22 [12–38] 21 [12–38] 25 [16–65] 0.218

eGFR, ml/min/1.73 m2 56.4 ± 16.9 57.1 ± 17.6 52.2 ± 11.0 0.280

AVA, cm2 0.67 ± 0.17 0.67 ± 0.16 0.68 ± 0.19 0.832

STS score (%) 3.30 [2.55–5.33] 3.14 [2.48–5.18] 5.15 [3.83–6.65] 0.002*

EUROscore II (%) 4.77 [3.11–8.05] 4.77 [3.05–7.52] 5.94 [4.27–10.54] 0.096

mPAP, mmHg 29.4 ± 11.2 29.6 ± 11.7 28.5 ± 7.9 0.747

mPAP >25 mmHg 56.0% (51/91) 54.5% (42/77) 64.3% (9/14) 0.354

PCWP, mmHg 18.0 ± 8.3 18.1 ± 8.5 17.1 ± 7.4 0.679

CMR parameters

RV-EF, % 54.7 ± 12.8 56.2 ± 11.1 45.5 ± 18.4 0.007*

RV-EDV, ml 131.5 [107.3–161.1] 131.5 [105.3–159.7] 134.0 [113.4–171.3] 0.168

RV-EDV index, ml/m2 74.6 [63.3–92.5] 73.0 [62.0–91.8] 80.3 [65.8–97.6] 0.042*

RV-ESV, ml 59.6 [43.0–72.8] 55.7 [42.5–71.44] 67.2 [46.8–106.6] 0.023*

RV-ESV index, ml/m2 33.2 [24.5–42.3] 32.1 [23.8–40.5] 40.1 [28.7–62.4] 0.059

RV-GLS, % −21.3 ± 5.8 −21.9 ± 5.6 −17.7 ± 5.8 0.007*

RV-GCS, % −13.5 ± 3.6 13.7 ± 3.5 −12.3 ± 4.5 0.158

LV-EF, % 52.5 ± 13.0 53.0 ± 11.9 49.5 ± 18.3 0.588

LV-EDV, ml 154.2 [117.1–198.3] 155.2 [118.6–198.1] 146.2 [114.8–214.8] 0.827

LV-EDV index, ml/m2 88.7 [70.6–107.8] 90.0 [69.9–105.22] 81.1 [73.4–123.6] 0.446

LV-ESV, ml 69.7 [45.3–101.1] 69.8 [45.3–100.4] 60.1 [44.7–131.1] 0.726

LV-ESV index, ml/m2 39.6 [27.4–54.1] 39.6 [27.4–54.0] 35.6 [28.2–71.7] 0.441

LV-GLS, % −13.2 ± 3.9 −13.4 ± 3.8 −12.1 ± 4.8 0.227

LV-GCS, % −17.2 ± 4.8 −17.4 ± 4.4 −16.2 ± 6.5 0.361

LV-GRS, % 30.3 ± 11.5 28.4 ± 15.1 30.0 ± 12.0 0.566

LV mass index, g/m2 76.5 ± 18.2 76.8 ± 18.1 74.7 ± 19.3 0.675

Values are mean ± standard deviation, median [interquartile range] or percentage (absolute numbers).

CAD, coronary artery disease; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; PAD, peripheral artery disease; NT-proBNP, N-terminal pro-brain natriuretic

peptide; eGFR, estimated glomerular filtration rate; AVA, aortic valve area (from echocardiography); mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure;

RV, right ventricle; LV, left ventricle; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; GLS, global longitudinal strain; GCS, global circumferential strain; GRS,

global radial strain; mPAP and PCWP from right heart catheterization (n = 91).

p-values from Student’s t-test or Fisher’s exact test; variables transformed (logarithm or square root) if necessary. *p < 0.05.

of feature tracking using the 2D model. RV free wall GLS and
LV GLS were measured from a four-chamber slice. For GCS,
the most basal and apical slices were rejected if tracking was
inappropriate (assessed visually).

Statistics
Statistical analysis was performed using SPSS Statistics 25.0.0.1
(IBM). Parameters are presented as mean ± standard deviation,
median [interquartile range] or percentage (absolute numbers).
The primary endpoint was 1-year all-cause mortality;

associations with mortality were analyzed in uni- and
multivariate Cox regression models. To ensure acceptable
proportional hazards in Cox regression, follow-up was truncated
at 1 year. For Kaplan–Meier plots, variables were dichotomized
at their median. Receiver operating characteristic (ROC)
analysis was performed for 1-year all-cause mortality. Area
under the curve was compared with the DeLong method
using the package pROC in R 3.5.1 (The R Foundation for
Statistical Computing). A p value of <0.05 was considered
statistically significant.
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FIGURE 2 | Mean global strain curves of the cohort grouped by 1-year mortality. Individual global strain curves of the entire cohort are aligned at peak systolic strain

and averaged in groups according to 1-year mortality. Mean and standard error of the mean are displayed for right ventricular longitudinal strain (A) and left ventricular

circumferential strain (B). Exemplary cardiac magnetic resonance images in end-systole with color-coded strain overlay (C, E) and a 3D model (D) are displayed.

RESULTS

Study Population
During the study period, a total of 296 patients underwent TAVI
at our institution; of those, 133 patients had pre-procedural
CMR (at a median of 2 [1–4] days before the procedure).
Exclusion criteria were met by 20 patients, leaving 113 patients
qualifying for analysis (Figure 1). The cohort comprised elderly
patients with a mean age of 81.8 ± 5.8 years and a slight female
predominance of 65%. Most of the patients suffered from high
gradient severe aortic stenosis (81%); for the detailed distribution
of types of aortic stenosis, see Supplementary Figure 1 (19).
The majority (80%) of the cohort underwent pre-procedural
right heart catheterization. More than half (56%) of the
patients suffered from pulmonary hypertension, defined asmPAP
>25 mmHg, and even 74% if applying the recent 20mm
Hg definition (22) (details in Supplementary Figure 2). RV
enlargement (elevated EDV index) was found in 8.8% (n =

10) and an enlarged LV in 32.7% (n = 37) (23). RV and
LV EF was <50% in 28.3% (n = 32) and 32.7% (n = 37),

respectively. Detailed baseline characteristics are presented in
Table 1.

Survival Analysis
Patients were followed up for a median of 3.9 [2.3–4.7]
years. Three-year follow-up was completed by all survivors.
All-cause mortality was 14% (n = 16) and 28% (n = 32),
and cardiovascular mortality was 12% (n = 13) and 20% (n
= 23) at 1 and 3 years, respectively. Significant differences
in RV EF, RV GLS, RV ESV, and RV EDV index were
found between those who survived after 1 year and those
who did not (Table 1, Figure 2). We also observed higher N-
terminal pro-brain natriuretic peptide values in patients who
did not survive 1 year. LV imaging parameters, however,
did not differ between survivors and non-survivors. There
was no significant difference in mortality between male and
female patients.

Kaplan–Meier analyses revealed the impact of RV parameters
on mortality especially during the first years of follow-up.
This association was partially attenuated at extended follow-up
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TABLE 2 | Univariate Cox regression of right and left ventricular parameters for

1-year all-cause mortality.

HR (95% CI) p-value

Right ventricle

RV GLS (%) 1.109 (1.023–1.203) 0.012*

RV GCS (%) 1.099 (0.960–1.259) 0.169

RV EF (%) 0.956 (0.929–0.985) 0.003*

RV EDVi (ml/m2 ) 1.009 (1.001–1.018) 0.025*

RV ESVi (ml/m2 ) 1.010 (1.003–1.017) 0.005*

Left ventricle

LV GLS (%) 1.073 (0.952–1.210) 0.245

LV GCS (%) 1.041 (0.942–1.150) 0.430

LV EF (%) 0.984 (0.950–1.020) 0.378

LV EDVi (ml/m2 ) 1.008 (0.991–1.026) 0.365

LV ESVi (ml/m2 ) 1.012 (0.996–1.028) 0.149

LV mass index (g/m2) 0.993 (0.967–1.021) 0.633

Right heart catheterization (n = 91)

mPAP > 25 mmHg 1.40 (0.47–4.18) 0.547

Right ventricular–pulmonary artery coupling (n = 91)

RV GLS/mPAP 1.26 (0.44–3.64) 0.666

EF, ejection fraction; GLS, global longitudinal strain; GCS, global circumferential strain;

EDVi, end-diastolic volume index; ESVi, end-systolic volume index; mPAP, mean

pulmonary artery pressure. *p < 0.05.

(Supplementary Figure 4). To account for the non-proportional
behavior of survival curves at long-term follow-up and better
reflect intermediate-term outcomes, follow-up was truncated at
1 year for Cox regression analyses. Results from univariate Cox
regressions of RV and LV parameters are given in Table 2 and
illustrated by Kaplan–Meier plots in Figure 3. RV GLS, RV EF,
and RV volumes were significantly associated with 1-year all-
causemortality. In contrast to RV function, the corresponding LV
parameters did not significantly predict mortality in the cohort.

We additionally performed several multivariate Cox
regression models with RV GLS or RV EF adjusted for the
relevant covariates STS score and NT-proBNP (Table 3).
RV GLS and RV EF remained significant predictors of 1-
year all-cause mortality independent of STS score; however,
in models containing NT-proBNP, RV parameters did not
reach significance.

On analysis of the secondary endpoints
(Supplementary Table 2), RV EF and RV volumes significantly
predicted 1-year and 3-year cardiovascular mortality as well as
3-year all-cause mortality, while RV GLS (though significant for
1-year cardiovascular mortality) just missed the significance level
for 3-year all-cause and cardiovascular mortality (p = 0.053 and
p= 0.087).

FIGURE 3 | Kaplan–Meier plots for all-cause mortality. Cumulative survival according to right ventricular (RV) global longitudinal strain (GLS) (A), ejection fraction (EF)

(B), end-diastolic volume index (EDVi) (C) in the upper panels and left ventricular (LV) global circumferential strain (GCS) (D), EF (E), and EDVi (F) in the lower panels.

Variables are stratified by their median.
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We also assessed RV to pulmonary artery coupling using
the ratio of RV GLS/invasive mean pulmonary artery pressure
(mPAP), which was not significantly associated with mortality
(Table 2). Interestingly, a modifying effect of elevated mPAP
on RV GLS mortality prediction became apparent after 1 year
of follow-up (Supplementary Figure 5). The survival curve of
patients in the group with better (more negative) RV GLS
but with elevated mPAP initially almost paralleled the curve
of low mPAP patients during the first year, but then showed
markedly increased mortality and aligned with the less negative
RV GLS group.

Additional ROC analyses for 1-year all-cause mortality
(Figure 4) illustrate a better diagnostic accuracy (area under the
curve) of RV GLS and RV EF when compared to left ventricular
parameters (RV GLS vs. LV GCS: 1AUC = 0.167, p = 0.003;
RV EF vs. LV EF: 1AUC = 0.145, p = 0.035). The difference
in the area under the curve was not significant for comparisons

TABLE 3 | RV GLS in multivariate Cox regressions for 1-year all-cause mortality.

HR (95% CI) p-value

Model 1

RV GLS (%) 1.094 (1.006–1.189) 0.035*

STS score (%) 1.164 (1.046–1.296) 0.005*

Model 2

RV GLS (%) 1.076 (0.977–1.186) 0.136

NT-proBNP (log, ng/L) 1.911 (0.549–6.647) 0.309

Model 3

RV EF (%) 0.960 (0.931–0.990) 0.010*

STS score (%) 1.170 (1.048–1.305) 0.005*

Model 4

RV EF (%) 0.966 (0.929–1.003) 0.074

NT-proBNP (log, ng/L) 1.604 (0.453–5.675) 0.464

RV, right ventricle; GLS, global longitudinal strain; EF, ejection fraction. *p < 0.05.

of RV GLS with RV EF (1AUC = 0.032, p = 0.663), STS score
(1AUC = −0.015, p = 0.860), or NT-proBNP (1AUC = 0.044,
p= 0.522).

DISCUSSION

Our data illustrate that RV functional parameters, especially
RV GLS and RV EF, associate with intermediate-term outcomes
in patients undergoing TAVI. Intriguingly, this association was
much stronger than in corresponding LV parameters, which did
not predict outcomes in our cohort.

When assessing the RV, the main advantage of CMR is its
unique ability to accurately measure volumes, a task that is
not easily achieved by echocardiography. Our study shows that
both volumetric parameters (such as EF and EDV), as well
as measures of RV myocardial contraction (RV GLS), predict
mortality after TAVI. These associations were independent from
multiparametric clinical risk scores. In contrast to the LV,
longitudinal contraction pre-dominates RV function. Thus, GLS
reflects RV function better than GCS, which was not associated
with outcomes. Compared to volumetric parameters, RV GLS
is easy to measure and, importantly, it can also be assessed by
widely available echocardiography if acoustic windows permit. In
line with our results, RV function assessed by echocardiography
is also associated with mortality in patients with severe aortic
stenosis (12, 24) and in patients undergoing TAVI (14, 25). Our
study confirms these findings in prospectively enrolled patients
using CMR as a reference standard.

Importantly, LV function, which is usually central in clinical
assessment, did not predict mortality in our cohort. Consistent
with our findings, other studies showed that LV EF predicted
outcomes only in the subgroup of low gradient aortic stenosis
(26, 27). In another large cohort study LV EF did predict 3-
year mortality, but only in univariate analysis (28). One aspect
that may contribute to the weak predictive power of LV function
may be the differential response of the left ventricle with either

FIGURE 4 | ROC analysis for 1-year all-cause mortality. Right ventricular global longitudinal strain (RV GLS) vs. left ventricular global circumferential strain (LV GCS) (A)

and right ventricular ejection fraction (RV EF) vs. left ventricular ejection fraction (LV EF) (B). AUC = area under the curve.
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concentric or eccentric remodeling or hypertrophy. Concentric
geometry causes a reduction of ESV and thus tends to increase EF,
which is based on the ratio of (EDV-ESV)/EDV. This mechanism
may explain the complex and apparently non-linear association
between LV function and survival with a reduced early survival
of patients in the highest LV EF quartile observed in our cohort,
as concentric phenotypes are associated with worse outcomes
(29). Similarly, LV GCS or GLS is affected by different types
of remodeling that may result in a more complex relationship
with outcomes. Previous studies on the predictive ability of LV
strains in TAVI patients yielded mixed results (30, 31). Though
a high proportion of patients had increased LV mass index, this
parameter was not significantly associated with 1-year mortality,
similar to results of other large contemporary cohorts undergoing
TAVI (32).

When assessing the prognostic value of pulmonary
hypertension, we found that the mortality prediction of
mPAP became only evident at longer follow-up. To further
investigate the interdependency with the pulmonary vasculature,
we related RV function assessed by CMR RV GLS to RV afterload
using invasively measured mPAP and thereby assessed RV to
pulmonary artery coupling. This approach was similarly applied
before in other collectives but with estimating rather than
directly measuring pulmonary artery pressures and relying on
echocardiographic TAPSE (33, 34). Patients in the best (most
negative) quartile of the coupling variable (RV GLS/mPAP)
had markedly better survival (not shown). In patients with
preserved RV GLS, those with pulmonary hypertension (mPAP
>25 mmHg) initially had similar survival to those without,
but, after 1-year survival, dropped to align with patients with
reduced RV GLS. These data suggest that prognosis is worst if
RV contractility impairment is already present at baseline with a
delayed effect of pulmonary hypertension that precedes manifest
RV GLS reduction. Patients with both preserved RV GLS and
absent pulmonary hypertension had an excellent prognosis and
3-year survival reached 92%.

When analyzing the survival curves of the full available
follow-up, long-term follow-up for more than 3 to 4 years
increasingly attenuated survival prediction. This observation is
likely explained by the age distribution of TAVI patients where
non-procedure-related mortality is high and dominates after a
few years.

Strengths and Limitations
This is the first study to comprehensively analyze the RV with
gold standard CMR in patients undergoing TAVI including
long-term follow-up and invasive hemodynamic assessment.
This was accomplished in a reasonably sized cohort, although
larger numbers might have allowed more extensive analyses
with higher power for the detection of weaker associations.
Our cohort reflects a typical TAVI cohort and mostly consisted
of patients with high gradient aortic stenosis; thus, findings

may be different in patients suffering from low gradient aortic
stenosis where LV function may discriminate outcome better.
The use of CMR (excluding patients with pacemakers and
severely reduced kidney function) and the non-consecutive
nature of our cohort may induce a certain selection bias in the
study cohort.

Conclusion and Outlook
RV function predicts intermediate-term mortality after TAVI
while LV-derived parameters do not. In particular, RV GLS
is a promising parameter to stratify outcomes after TAVI,
as the echocardiographic equivalent measures of longitudinal
contraction (GLS and TAPSE) can be easily obtained and
included in future prospectively validated clinical risk scores,
which may help to improve patient selection.
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Patients with repaired Tetralogy of Fallot (ToF), a congenital heart defect which includes a
ventricular septal defect and severe right ventricular outflow obstruction, account for the
majority of cases with late-onset right ventricle (RV) failure. Current surgery procedures,
including pulmonary valve replacement (PVR) with right ventricle remodeling, yield mixed
results. PVR with active band insertion was hypothesized to be of clinical usage on
improving RV function measured by ejection fraction (EF). In lieu of risky open-heart
surgeries and experiments on animal and human, computational biomechanical models
were adapted to study the impact of PVR with five band insertion options. Cardiac
magnetic resonance (CMR) images were acquired from seven TOF patients before PVR
surgery for model construction. For each patient, five different surgery plans combined
with passive and active contraction band with contraction ratio of 20, 15, and 10% were
studied. Those five plans include three single-band plans with different band locations;
one plan with two bands, and one plan with three bands. Including the seven no-band
models, 147 computational bi-ventricle models were constructed to simulate RV cardiac
functions and identify optimal band plans. Patient variations with different band plans
were investigated. Surgery plan with three active contraction bands and band active
contraction ratio of 20% had the best performance on improving RV function. The
mean ± SD RV ejection fraction value from the seven patients was 42.90 ± 5.68%,
presenting a 4.19% absolute improvement or a 10.82% relative improvement, when
compared with the baseline models (38.71 ± 5.73%, p = 0.016). The EF improvements
from the seven patients varied from 2.87 to 6.01%. Surgical procedures using active
contraction bands have great potential to improve RV function measured by ejection

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1 May 2021 | Volume 9 | Article 63893429

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.638934
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2021.638934
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.638934&domain=pdf&date_stamp=2021-05-19
https://www.frontiersin.org/articles/10.3389/fbioe.2021.638934/full
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-638934 May 13, 2021 Time: 15:40 # 2

Yu et al. Band Surgery Simulation With Multi-Patient

fraction for patients with repaired ToF. It is possible to have higher right ventricle ejection
fraction improvement with more bands and higher band active contraction ratio. Our
findings with computational models need to be further validated by animal experiments
before clinical trial could become possible.

Keywords: right ventricle, Tetralogy of Fallot, ventricle mechanical model, surgery simulation, active contraction
band

INTRODUCTION

Tetralogy of Fallot (TOF) is a common congenital heart disease.
The symptoms include ventricular septal defect, pulmonary valve
stenosis, aorta overriding, and right ventricular hypertrophy.
Corrective surgery allows TOF patients to extend their life
expectancy, and some patients manage to survive into adulthood
(Murphy et al., 1993). Many repaired TOF survivors are left
with some residual symptoms including pulmonary regurgitation
causing progressive RV dysfunction and dilation (Geva et al.,
2004; Kim and Emily, 2016). Anagnostopoulos et al. (2007)
hypothesized that pulmonary valve cusp augmentation with
pericardium would decrease pulmonary insufluciency and
improve the early outcome for transatrial–transpulmonary
TOF repair requiring transannular patch. Their procedure had
some success in reducing the incidence of clinically significant
postoperative pulmonary insufluciency (Anagnostopoulos et al.,
2007). For pulmonary valve (PV) sparing repair procedure
which may be associated with residual pulmonary stenosis, Sen
et al. (2016) reported that valve-sparing transannular (VSTAR)
repair had better short-term and comparable midterm results
and may be appropriate for TOF repair in patients with small
PV. For repaired TOF patients with pulmonary regurgitation
or unsuitable for pulmonary valve sparing procedure, current
surgical approach [pulmonary valve replacement (PVR)] yield
mixed results with some patients failing to recover their RV
function (Geva et al., 2004, 2010; Kim and Emily, 2016). Recent
advanced techniques include transcatheter strategies and using
tissue-engineered valves (Motta et al., 2017; Jones and Qureshi,
2018). Del Nido and Geva et al. (2004) proposed a RV remodeling
surgery by trimming scar tissue on RV wall and replacing the
original patch with a smaller one during the PVR. In a clinic
trial (NIH 5P50HL074734, Geva, and del Nido), 34 TOF cases
were randomly assigned to PVR and RV remodeling surgery as
experimental group and other 30 TOF cases underwent PVR
alone as control group. Results showed insignificant statistical
difference in RV EF variance after the surgery between the two
groups (−2 ± 7% vs. −1 ± 7%; p = 0.38) (Geva et al., 2004).
In search for innovative PVR surgical procedures to improve
postsurgery RV cardiac functions, computational simulations for
a PVR procedure with active contracting band insertions were
performed using cardiac magnetic resonance (CMR) data from
one TOF patient to investigate the effect of band material stiffness
variations, band length, and active contraction ratios (Yang et al.,
2013). The initial modeling results were promising (Tang et al.,
2013; Yang et al., 2013).

Recent development in computational modeling made it
possible for patient-specific ventricle models to be used for
heart disease study and surgical optimizations. Peskin (1977,

1989) pioneered ventricle models with free moving boundaries
and introduced early cardiac simulation models using immersed
boundary method. McCulloch et al. (1992) developed a three-
dimensional finite element method for large elastic deformations
of ventricular myocardium, presenting the first practical
opportunity to solve large-scale anatomically detailed models for
cardiac stress analysis. Kerckhoffs et al. (2007) presented a novel
method to couple the finite element cardiac mechanical model
into a closed-loop lumped circulation models. Sacks and Chuong
(1993) and Billiar and Sacks (2000) used biaxial mechanical
test to acquire ventricle anisotropic material properties. Saber
et al. (2001) and Axel (2002) proposed early magnetic resonance
imaging (MRI)-based ventricle mechanical analysis. Nordsletten
et al. (2011) developed a solid/fluid coupled left ventricle model
to quantitate blood flow, pressure distributions, and mechanical
energy loss caused by viscous dissipation.

Efforts were also made in moving ventricular computational
models closer to clinical and surgical applications (Tang
et al., 2008, 2013; Yang et al., 2013; Deng et al., 2018; Yu
et al., 2019, 2020). Using CT-based mechanical fluid-solid
interaction (FSI) ventricle model, Deng et al. (2018) studied
systolic anterior motion of the mitral valve in hypertrophic
obstructive cardiomyopathy. Our previous work included using
bi-ventricular model to search surgical options, identify possible
factors for post-PVR outcome prediction, estimate right ventricle
myocardium stiffness, and study the impact of patch size, scar
tissue removal, and RV remodeling on right ventricular function
(Tang et al., 2008, 2013; Yang et al., 2013; Yu et al., 2019). Our
pilot study using ventricle mechanical model of one TOF patient
showed the surgery plan of inserting three bands with band active
contraction ratio of 20% could improve RV ejection fraction from
37.38 to 41.58% (Yu et al., 2020).

We hypothesized that PVR with active contracting bands
would improve RV cardiac function measured by ejection
fraction (EF). RV EF was selected since it is easy to calculate
and it is the single most commonly used measure for RV cardiac
function in clinical practice. It is sufficient for the RV function
assessment of our preliminary study. The normal RV EF range
is 47–68% for a healthy male and 50–72% for a healthy female,
respectively (Alfakih et al., 2010). In lieu of risky surgery with
animals or TOF patients, patient-specific computational ventricle
models based on CMR imaging data were used to quantify
ventricle motion and evaluate RV ejection fraction before and
after the band insert surgery. CMR data from seven repaired
TOF patients were used to construct a total of 147 models
combining five different band insertion options and four different
contraction ratios. Results from these models were analyzed
to seek optimized band insertion options with the best post-
PVR outcome.
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MATERIALS AND METHODS

Data Acquisition
Boston Children’s Hospital Committee on Clinical Investigation
approved this study. The approval number is IRB-CRM09-04-
0237. Written informed consent was obtained from participants.
CMR data was acquired from seven TOF patients 6 months
before and after PVR (four males, average age: 31.81 years).
Demographic and ejection fraction (EF) data of the seven TOF
patients are given in Table 1. Post-PVR EF data served as a
benchmark for us to check if the new surgery strategy with
active contracting bands could provide better post-PVR cardiac
outcome. CMR image segmentation was performed at Children’s
Hospital-Boston, Harvard Medical School using a commercial
software QMass (Medis Medical Imaging Systems, Leiden, the
Netherlands). The locations of patch, scar, and valve were
identified based on cine MRI, flow velocity data, and delayed
enhancement CMR and with inspections by cardiac surgeon Dr.
del Nido (PJdN, over 30 years of experience) who performed
the PVR surgeries. Each acquired cardiac cycle data set included
30 discrete time points, and each time point had a 3D CMR
image data. End-diastolic volume (EDV) and end-systolic volume
(ESV) were computed with Simpson’s method. Figure 1 gives
two sample CMR image slices at end ejection, their segmented
contours, constructed 3D RV/LV model with scar, patch, and
myocardium fiber orientation and recorded RV pressure via
cardiac catheterization procedures.

Five PVR Surgical Plans With Active
Contracting Bands and Band Active
Contraction
Five band insertion plans with band location and number
variations are proposed to find optimal surgical plan using active
contracting bands. An illustration of the five band plans is given
by Figure 2. The five band plans included three plans with single
band at different band locations, one plan with two bands, and
one plan with three bands (Figure 2 and Table 2). The details
were introduced in our previous publication (Yu et al., 2020).
These five band plans led to 20 models for each patient with one
passive band model and three active band models with different
contraction ratios. Including the no-band baseline model, 21

models were constructed for each patient. Since we used seven
TOF patients, a total of 147 models were included in our paper.

The innovative PVR surgical plan using active contracting
band was motivated by the fact that poor RV cardiac function
indicated by low EF values were caused partially by RV’s weak
contraction ability due to RV dilation. The contracting bands
were used with the expectation that they would help RV to
contract and improve its cardiac function. Passive elastic bands
would not help since while they seem to be able to help RV
to contract, they would hold the ventricle during its expansion
(diastole) and defeat the purpose. Active contracting bands could
help the ventricle to contract through active contraction and
also allow the ventricle to re-expand through active relaxation.
It is commonly known that myocardium active contraction is
achieved by sarcomere shortening. However, active relaxation
is equally important for the band models to work. Figure 3
gives plots of selected band zero-stress lengths in systole and
diastole and band stress/strain curves in a cardiac cycle. When
transitioning from diastole to systole (active contraction), the
band zero-stress length changes from its diastole zero-stress
length to systole zero-stress length (shortening) which results in
strain and stress increases. When transitioning from systole to
diastole (active relaxation), the band zero-stress length changed
from its systole zero-stress length to diastole zero-stress length
results in strain and stress decreases. Band material stress-strain
curves are given in section “The RV/LV/Patch/Band Model and
Material Models for Ventricle, Patch and Band.”

The RV/LV/Patch/Band Model and
Material Models for Ventricle, Patch, and
Band
The RV/LV/patch/band model includes governing equations,
boundary conditions, and material models for ventricle tissue,
scar tissue, patch, and bands. The governing equations are the
same for all structure components (Tang et al., 2008, 2013; Yang
et al., 2013; Yu et al., 2019):

ρvi,tt = σij,j, i, j = 1, 2, 3; sum over j. (1)

εij =
1
2
(
vi,j + vj,i + vα,ivα,j

)
, i, j, α = 1, 2, 3. (2)

TABLE 1 | Patient demographic and CMR data.

Patient no. Gender Age (year) Weight (kg) Maximumpressure
(mmHg)

RV EDV (ml) RV ESV (ml) RV EF (%) PVR 1EF (%)

P1 M 22.5 80 31.4 406.91 254.49 37.5% 1.49%

P2 M 47.7 95 31 408.76 254.79 37.7% −2.56%

P3 M 43.5 123 65 665.06 464.05 30.2% −15.22%

P4 F 38.5 49 28 328.79 195.97 40.4% −3.35%

P5 M 11.6 38 36 204.17 121.26 40.6% −8.41%

P6 F 14.3 58.5 29 204.00 104.30 48.8% 5.57%

P7 F 44.6 57.1 50 299.00 186.00 37.8% −12.32%

Mean ± SD – 31.81 ± 15.27 71.5 ± 29.7 38.63 ± 15.27 359.53 ± 158.61 225.84 ± 120.13 39.00 ± 5.53% −4.97 ± 7.44%

PVR, pulmonary valve replacement.
PVR 1EF = post-PVR EF – pre-PVR RV.
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FIGURE 1 | CMR-based model construction process and pressure conditions. (A) Selected CMR slices from a patient, end of systole. (B) Segmented contours.
(C) Two-layer structure. (D). Ventricle with three bands inserted. (E) Stacked contours. (F) RV fiber orientation from a TOF patient. (G) Model with fiber orientations.
(H) Recorded RV pressure profile (Tang et al., 2008, 2013; Yang et al., 2013; Yu et al., 2019, 2020).

FIGURE 2 | Five band insertion surgical plans. (A) Plan A: a band at anterior to the middle of papillary muscle (PM). (B) Plan B: a band at posterior to the middle of
PM. (C) Plan C: double bands, plans A and B combined. (D) Plan D: a band at the base of the PM. (E) Plan E: combination of plans C and D. (F) Inserted band. PM,
papillary muscle (Yu et al., 2020).

RV/LV combined geometry for each patient was obtained
from CMR data and reconstructed following established
procedures (Yang et al., 2013). Patch and scar locations
were determined by our cardiac surgeon (PJ del Nido) and

radiologist (T. Geva). No-slip conditions and natural boundary
conditions were imposed automatically by ADINA (ADINA
R&D, Watertown, MA, United States) at all interfaces of different
structure components (ventricle, band, scar, and patch). RV and
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TABLE 2 | Band model summary, band location and numbers, contraction ratios, and zero-load band length for all 21 RV/LV models.

Models Plan Band number Contraction ratio Zero-load band length (cm) Band location

Baseline – 0 – – –

A000 A 1 Passive 100%L Anterior to the middle of PM

A010 A 1 10% 90%L Anterior to the middle of PM

A015 A 1 15% 85%L Anterior to the middle of PM

A020 A 1 20% 80%L Anterior to the middle of PM

P000 B 1 Passive 100%L Posterior to the middle of PM

P010 B 1 10% 90%L Posterior to the middle of PM

P015 B 1 15% 85%L Posterior to the middle of PM

P020 B 1 20% 80%L Posterior to the middle of PM

AP000 C 2 Passive 100%L Plan A and B combined

AP010 C 2 10% 90%L Plan A and B combined

AP015 C 2 15% 85%L Plan A and B combined

AP020 C 2 20% 80%L Plan A and B combined

B000 D 1 Passive 100%L The base of the PM

B010 D 1 10% 90%L The base of the PM

B015 D 1 15% 85%L The base of the PM

B020 D 1 20% 80%L The base of the PM

APB000 E 3 Passive 100%L Combination of plan C and D

APB010 E 3 10% 90%L Combination of plan C and D

APB015 E 3 15% 85%L Combination of plan C and D

APB020 E 3 20% 80%L Combination of plan C and D

Plan A models are models with a band at anterior to the middle of PM. They are named as AXXX, where A is short for anterior, and XXX represents band active contraction
ratio, for example, 010 = 10%. Plan B models are models with a band at posterior to the middle of PM. They are named PXXX, where P is short for posterior. Plan D
models has a band at the base of PM. They are called BXXX, where B is short for base. For multiband plans, plan C models are named as APXXX since plan C is the
combination of A and B; and Plan E is named as APBXXX because plan E is the combination of A, P, and B. PM, papillary muscle.

LV inner-pressure conditions were prescribed as (Tang et al.,
2008, 2013; Yang et al., 2013; Yu et al., 2019, 2020):

p
∣∣
RV = pRV (t) ,p

∣∣
LV = pLV(t) (3)

where pRV and pLV were blood pressure conditions specified
on RV and LV inner surfaces. Pressure on the RV/LV out-
surface was set to be zero. Patch, scar, and band materials were
assumed to be hyper-elastic, isotropic, nearly incompressible,
and homogeneous. The isotropic Mooney–Rivlin strain energy
function is given by (Tang et al., 2008, 2013; Yang et al., 2013;
Yu et al., 2019, 2020),

Wiso = c1 (I1−3) + c2 (I2−3) + D1 [exp(D2(I1 − 3))− 1]
(4)

where c1, c2, D1, and D2 are material constants and I1 and I2 are
the first and second invariants of Cauchy–Green strain,

I1 =
∑

Cii,I2 =
1
2
(I2

1 − CijCij) (5)

where Cij is the Cauchy–Green deformation tensor. Ventricle
tissue material was assumed to be hyper-elastic, anisotropic,
nearly incompressible, and homogeneous. The non-linear
anisotropic modified Mooney–Rivlin model was obtained by
adding an additional anisotropic term in Eq. (4) (Yang et al.,
2013):

W = Wiso + Waniso (6)

Waniso =
K1

K2
(exp(I4−1)2

−1) (7)

where I4 = Cij(nf )i(nf )j, nf is the fiber direction, and K1 and
K2 are material constants. With parameters chosen properly, the
modified Mooney–Rivlin model described in Eq. (6) could fit the
directly measured myocardium stress-strain data from our biaxial
test experiment (Yang et al., 2013; Yu et al., 2019, 2020). In our
models, patent-specific ventricle material parameter values were
selected to match CMR-measured volume data.

A two-layer construction process was used to make our RV/LV
models to take myocardium fiber orientations into consideration
(see Figure 1D). Patient-specific fiber orientation data was not
available for our study. Fiber orientation data from available
literature were used in our models (Sanchez-Quintana et al., 1996;
Nash and Hunter, 2000; Hunter et al., 2003). Fiber orientations
were specified for every element on the inner and outer layers
of our models. For left ventricle, the fiber orientation was
approximately −60◦ (relative to circumferential direction) at the
outer layer and +80◦ at the inner layer. RV fiber orientation was
−45◦ at the outer layer and+40◦ at the inner layer (see Figure 1).

Preshrink Process to Obtain Ventricle
Zero-Load Geometries and
Patient-Specific Ventricle Material
Parameter Quantification
Patient ventricle CMR images were obtained under in vivo
conditions. Zero-load ventricular geometries were not available
from in vivo CMR images and were obtained using a preshrink
iterative process. In our modeling process, the approximate
zero-load geometries were obtained by shrinking segmented
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FIGURE 3 | Zero-stress band length and dynamic band stress/strain variations for patient 5 surgery plan D model with 20% active contraction ratio in the entire
cardiac cycle. (A) Zero-load band length at systole and diastole. (B) Dynamic band length variation. (C) Dynamic band stress variation. (D) Dynamic band strain
variation.

contours on each slice (short-axis direction) with a short-axis
shrinking rate and reducing distance between each slice (long-
axis direction) with a long-axis shrinking rate (3%). The shrink
ratio for inner contours was 2–3% based on the RV end-
systole volume (minimum volume in a cardiac cycle) and the
corresponding RV pressure. The outer contours shrink ratio
was determined to meet the conservation of mass of the total
ventricular wall. Figure 4 gives an illustration of the preshrink
process. Three material parameter values c1, d1, and K1 in Eqs.
(4)–(7) were adjusted iteratively until the relative error between
the pressurized computational RV volume and CMR-measured
in vivo volume data was less than 0.2%. This process was done
semiautomatically using a secant method for fast convergence
to in vivo RV volume. Figure 5 shows stress-stretch relations
of patient 5 RV tissue, patch, scar, and band at begin filling
and begin ejection, respectively. The corresponding material
parameter values for those material models are shown in Table 3.
For our seven no-band baseline models, the mean ± SD RV
volume was 226.84 ± 121.20 ml at begin filling (same as end-
systole volume ESV) and 359.19 ± 158.41 ml at begin ejection
(same as end-diastole volume EDV), in agreement with the
CMR data: 225.84 ± 120.13 ml at begin filling (p = 0.313) and

359.53 ± 158.61 ml at begin ejection (p = 0.438). Details were
described in Tang et al. (2013, 2008), Yang et al. (2013), and Yu
et al. (2019, 2020).

Solution Methods, Data Extraction, and
Statistical Analysis
The 147 models were constructed and solved with ADINA using
unstructured finite elements and the Newton–Raphson iteration
method (Tang et al., 2008, 2013; Yang et al., 2013; Yu et al., 2019;
Yu et al., 2020). Simulations were performed for several cardiac
cycles until the solution relative differences between the last two
cycles in L2 norm were less than 0.1%. The L2 norm of a given
function F was computed with:

‖ F‖L2 =

√√√√∫ Tk+1

Tk

(y

V

F2dV

)
dt, (8)

where T is the period (one cardiac cycle), F will be | S(t)−S(t+T)|
as the function difference over one period where S(t) stands
for either stress-P1 (maximum principal stress) or strain-P1
(maximum principal strain), the integration is taken over the
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FIGURE 4 | Pre-shrink process. (A) Stacked contours before pre-shrink. (B) Stacked contours after preshrink with a long-axis shrinking rate (3%). (C) Slices 6 and 7
before preshrink. (D) Slices 6 and 7 after preshrink, the shrink ratio for inner contours was 2–3%. The outer contours shrink ratio was determined to meet the
conservation of mass of the total ventricular wall.

FIGURE 5 | Stress-stretch curves for patch, scar, band, and myocardium tissue for RV inner layer (patient 5). Material parameter values are given in Table 3. (A) End
systole. (B) End diastole. RV-Tff , RV stress in fiber direction; RV-Tcc, RV stress in direction perpendicular to fiber direction.

entire RV domain and one cardiac cycle with discretization
performed utilizing all available nodes and time steps. The
results from the last period were recorded for analysis. For all
147 simulations, only three cycles were needed to obtain the
solution. For each model, stress and strain data from 100 evenly
spaced points for each slice of RV inner surface were extracted.
Maximum principal stress and strain values were chosen to
represent the stress and strain state of these points, and their
mean values at begin filling (BF) and begin ejection (BE) were

recorded as the stress and strain value of this model. RV Ejection
fraction was used as the index (marker) for evaluating ventricle
cardiac function. RV ejection fraction (EF) is defined as:

EF =
RV EDV − RV ESV

RV EDV
× 100% (9)

where RV EDV is right ventricle end-diastole volume and RV
ESV is right ventricle end-systole volume. Higher EF value
indicates that the ventricle is more efficient in pumping blood.
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TABLE 3 | Summary of parameter values of the Mooney–Rivlin models for patient 5 patch, scar, RV tissue, and band (c2 = 0 kPa).

Material/model c1 (kPa) D1 (kPa) D2 K1 (kPa) K2

Patch (isotropic) 26.52 26.52 9.0 0 –

Scar (isotropic) 13.26 13.26 9.0 0 –

Band (isotropic, end ejection) 900 0 – 0 –

Band (isotropic, end filling) 70 0 – 0 –

Myocardium, end ejection

RV/LV inner layer (anisotropic) 7.64 2.41 3.0 36.55 3.0

RV/LV outer layer (anisotropic) 8.72 2.24 3.0 35.52 3.2

Myocardium, end filling

RV/LV inner layer (anisotropic) 2.78 0.87 3.0 13.29 3.0

RV/LV outer layer (anisotropic) 3.17 0.82 3.0 12.92 3.2

Difference between pre- and post-PVR EF denoted by MEF was
used to measure PVR (with and without active contracting bands)
improvement:

M EF = post-PVR EF − pre-PVR EF. (10)

Preoperation (no-band) RV/LV models were regarded as the
baseline model. The paired test Wilcoxon signed rank test
was used to compare the differences of EF, stress, and strain
values between band and baseline models and the differences
between different surgery plans. The test was performed using
the function: p = signrank(a,b) from MATLAB statistical
tool box.

RESULTS

Three-Band Surgical Option Had Best
Improvement for RV Ejection Fraction
Simulation results from the seven patients using five band
options with band contraction ratio of 20% are given in
Table 4. Surgery plan with three active bands (plan E) had
the best RV EF improvement among the five band plans. The
mean ± SD RV ejection fraction value from the seven patients
with plan E was 42.90 ± 5.68%, representing a 4.19% absolute
improvement or 10.82% relative improvement over the mean
value of the baseline no-band models (38.71± 5.73%, p = 0.016).
Absolute EF improvements for each patient varied from 2.87
to 6%. Mean ± SD 1EF values of the seven patients for band
options A–D were 2.51 ± 0.80%, 2.13 ± 0.53%, 3.36 ± 1.07%,
1.90± 0.40%, respectively. The two-band plan (option C) had the
second best performance. Similar results were also found when
the band active contraction ratio was 15 or 10%, respectively.

Higher Band Contraction Ratio Had
Better RV EF Improvement
Table 5 summarizes results from the seven patients using band
option E (three-band model) with 0, 10, 15, and 20% band
contraction ratios and their EF differences compared with the
no-band baseline model. The models with 0% contraction ratio
corresponded to models with passive bands. Mean ± SD 1EF
values of the seven patients for 10 and 15% band contraction ratio

were 3.19 ± 1.00 and 2.27 ± 0.89%, respectively. Considering
the results given in section “Three-Band Surgical Option had
Best Improvement for RV Ejection Fraction”: mean ± SD
1EF of seven patients for 20% band contraction ratio were
4.19 ± 1.11%, models with 20% band contraction ratio had
higher 1EF and EF values than that with 15 and 10% band
contraction ratios. Higher band contraction ratio improved RV
EF more.

Intuitively, it might be reasonable to expect that a passive
elastic band may be able to improve ejection fraction since elastic
bands would help the ventricle to contract. Our simulations
indicated that that was not the case. Mean 1EF of models
with surgery option E and passive bands was −3.27%, and
1EF values ranged from −5.67 to −1.93%. For surgery option
A–D, mean ± SD 1EF were −1.37 ± 0.50, −1.04 ± 0.44,
−2.32± 0.85, and−1.23± 0.79%, respectively. RV EF decreased
after passive bands were inserted. The reason is actually simple:
passive elastic bands would not “relax” by themselves after they
contracted. The bands would actually hold the ventricle and
became resistance for ventricle expansion. Mean ± SD volume
values of surgery options A–D with passive bands at begin
ejection were 349.76± 158.75, 352.08± 157.36, 344.56± 157.62,
350.83 ± 157.53, and 339.24 ± 157.82 ml, respectively, whereas
the baseline model was 359.19 ± 158.41 ml. On the other hand,
active bands help ventricle to contract by active contraction and
would not resist ventricle expansion since active bands would
“relax” through active relaxation (Table 6).

Stress/Strain Patterns Were Complex in
Right Ventricle
Figures 6, 7 provides begin-ejection (maximum pressure) and
begin-filling (minimum pressure) stress and strain plots on
RV inner surface from four band models of patient 5. Stress
and strain distributions have complex patterns. Band insertion
changed local stress and strain distributions. Figures 6, 7
show that stress and strain values of RV tissues near band
insert locations increased, whereas stress and strain relatively
away from band decreased. Mean stress and strain values
are given in Tables 2, 4, 5, showing variations due to band
options, contraction ratios, and patient variations. There were
very noticeable patient variations in stress/strain values. RV
mean stress values from plan A varied from 46.61 kPa (P2)
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TABLE 4 | RV ejection fraction (EF) and wall stress/strain data from models with band active contraction ratio of 20%.

Patients Begin filling Begin ejection EF 1EF

RV vol (ml) Stress (kPa) Strain RV vol (ml) Stress (kPa) Strain

Plan A (1 band, option A)

P1 244.90 3.17 0.033 406.15 61.64 0.291 39.70% 2.32%

P2 248.20 3.20 0.029 408.42 46.61 0.314 39.23% 1.79%

P3 454.35 7.70 0.020 665.47 77.62 0.194 31.72% 2.12%

P4 186.00 3.46 0.019 327.59 54.74 0.308 43.22% 2.98%

P5 113.82 4.26 0.026 204.64 54.68 0.287 44.38% 4.11%

P6 100.39 3.13 0.022 204.14 58.03 0.418 50.82% 1.94%

P7 181.45 7.44 0.017 299.87 89.02 0.267 39.49% 2.41%

Mean ± SD 218.44 ± 118.7 4.62 ± 2.05 0.024 ± 0.006 359.47 ± 158.58 63.19 ± 14.85 0.297 ± 0.067 41.22 ± 5.85% 2.51 ± 0.80%

Plan B (1 band, option B)

P1 246.47 3.16 0.032 407.07 64.72 0.285 39.45% 2.07%

P2 248.86 3.13 0.028 409.31 48.72 0.318 39.20% 1.76%

P3 455.69 6.99 0.019 662.07 76.83 0.192 31.17% 1.57%

P4 187.73 3.86 0.026 327.81 54.61 0.309 42.73% 2.49%

P5 115.45 4.52 0.030 203.80 54.03 0.287 43.35% 3.08%

P6 100.53 3.14 0.022 203.41 58.49 0.417 50.58% 1.70%

P7 181.57 7.30 0.018 299.74 88.49 0.266 39.43% 2.35%

Mean ± SD 219.47 ± 118.89 4.59 ± 1.82 0.025 ± 0.006 359.03 ± 157.84 63.70 ± 14.23 0.296 ± 0.067 40.84 ± 5.84% 2.13 ± 0.53%

Plan C (2 bands, option C)

P1 240.64 3.21 0.033 405.83 63.98 0.289 40.70% 3.32%

P2 246.21 3.37 0.033 408.79 49.39 0.313 39.77% 2.33%

P3 447.69 8.10 0.022 664.29 79.06 0.199 32.61% 3.01%

P4 180.69 3.76 0.025 327.32 59.38 0.312 44.80% 4.56%

P5 111.12 3.31 0.025 203.22 51.38 0.286 45.32% 5.05%

P6 99.36 3.32 0.025 203.19 57.93 0.418 51.10% 2.22%

P7 179.26 7.91 0.020 299.65 89.08 0.266 40.18% 3.10%

Mean ± SD 214.99 ± 117.19 4.71 ± 2.26 0.026 ± 0.005 358.90 ± 158.61 64.32 ± 14.64 0.298 ± 0.066 42.07 ± 5.77% 3.36 ± 1.07%

Plan D (1 band, option D)

P1 243.71 2.92 0.031 400.63 64.86 0.306 39.17% 1.79%

P2 248.88 2.88 0.026 407.35 46.87 0.310 38.90% 1.46%

P3 455.90 6.70 0.021 663.89 77.39 0.199 31.33% 1.73%

P4 189.25 4.33 0.026 327.44 58.42 0.305 42.20% 1.96%

P5 116.50 4.92 0.030 204.46 53.37 0.283 43.02% 2.75%

P6 100.97 3.24 0.024 204.56 56.94 0.419 50.64% 1.76%

P7 182.88 6.72 0.017 299.91 86.88 0.265 39.02% 1.94%

Mean ± SD 219.73 ± 118.5 4.53 ± 1.67 0.025 ± 0.005 358.32 ± 157.72 63.53 ± 14.08 0.298 ± 0.066 40.61 ± 5.81% 1.90 ± 0.40%

Plan E (3 bands, option E)

P1 235.13 3.39 0.035 402.45 67.76 0.302 41.58% 4.20%

P2 243.04 3.53 0.037 408.20 51.56 0.315 40.46% 3.02%

P3 441.93 8.40 0.025 665.31 79.89 0.200 33.58% 3.98%

P4 178.64 4.11 0.028 327.18 59.69 0.312 45.40% 5.16%

P5 109.43 3.69 0.027 203.71 57.02 0.307 46.28% 6.01%

P6 98.20 3.73 0.030 203.52 59.39 0.423 51.75% 2.87%

P7 175.77 8.39 0.024 299.37 88.86 0.267 41.29% 4.21%

Mean ± SD 211.73 ± 115.66 5.03 ± 2.30 0.029 ± 0.005 358.53 ± 158.63 66.31 ± 13.48 0.304 ± 0.067 42.90 ± 5.68% 4.19 ± 1.11%

1EF, difference between the current model EF and EF from baseline no-band model. Stress/strain values are mean values from all RV inner surface data points, 100
points per image slice.

to 89.02 kPa (P7), a 91% increase. RV mean strain values
from plan A varied from 0.194 (P3) to 0.418 (P6), a 115%
increase. Patient mean stress/strain value variations for other
band options were similar.

It should be noted that mean stress/strain values (average
of seven patients) had very small variations for all five
band options. At begin ejection, stress and strain values
from models with active band were close to the baseline.
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TABLE 5 | RV EF and wall stress/strain data of plan E models (3 bands) with 0, 10, 15, and 20% band contraction ratios.

Patients Begin filling Begin ejection EF 1EF

RV vol (ml) Stress (kPa) Strain RV vol (ml) Stress (kPa) Strain

Passive bands

P1 248.83 2.82 0.028 375.78 54.60 0.278 33.78% −3.60%

P2 254.60 2.51 0.019 394.09 42.87 0.310 35.40% −2.04%

P3 466.38 6.09 0.017 644.83 76.66 0.197 27.67% −1.93%

P4 191.92 3.44 0.018 307.01 49.67 0.295 37.49% −2.75%

P5 118.11 3.77 0.025 180.59 41.78 0.266 34.60% −5.67%

P6 103.77 2.53 0.015 190.01 50.33 0.407 45.39% −3.49%

P7 187.09 5.87 0.012 282.35 77.11 0.253 33.74% −3.34%

Mean ± SD 224.39 ± 121.35 3.86 ± 1.52 0.019 ± 0.006 339.24 ± 157.82 56.15 ± 14.84 0.287 ± 0.064 35.44 ± 5.32% −3.27 ± 1.26%

Band active contraction ratio: 10%

P1 242.37 3.01 0.030 402.81 67.33 0.301 39.83% 2.45%

P2 249.85 2.79 0.025 407.67 48.72 0.314 38.71% 1.27%

P3 455.54 6.57 0.018 665.33 78.99 0.200 31.53% 1.93%

P4 186.16 3.54 0.021 327.86 58.67 0.313 43.22% 2.98%

P5 114.05 3.60 0.025 203.88 55.88 0.306 44.06% 3.79%

P6 101.27 2.90 0.020 203.72 58.17 0.422 50.29% 1.41%

P7 182.07 6.32 0.015 299.44 87.98 0.267 39.20% 2.12%

Mean ± SD 218.76 ± 118.86 4.10 ± 1.63 0.022 ± 0.005 358.67 ± 158.54 65.11 ± 13.93 0.303 ± 0.066 40.98 ± 5.77% 2.27 ± 0.89%

Band active contraction ratio: 15%

P1 238.86 3.18 0.032 402.66 67.47 0.301 40.68% 3.30%

P2 246.70 3.14 0.031 407.99 50.66 0.315 39.53% 2.09%

P3 449.11 7.37 0.021 665.58 79.25 0.200 32.52% 2.92%

P4 182.61 3.80 0.024 327.52 58.99 0.312 44.24% 4.00%

P5 111.80 3.61 0.025 203.81 56.41 0.306 45.15% 4.88%

P6 99.80 3.29 0.025 203.63 58.74 0.422 50.99% 2.11%

P7 179.07 7.23 0.019 299.54 88.72 0.267 40.22% 3.14%

Mean ± SD 215.42 ± 117.36 4.52 ± 1.92 0.025 ± 0.005 358.68 ± 158.66 65.75 ± 13.68 0.303 ± 0.066 41.90 ± 5.72% 3.19 ± 1.00%

Band active contraction ratio: 20%

P1 235.13 3.39 0.035 402.45 67.76 0.302 41.58% 4.20%

P2 243.04 3.53 0.037 408.20 51.56 0.315 40.46% 3.02%

P3 441.93 8.40 0.025 665.31 79.89 0.200 33.58% 3.98%

P4 178.64 4.11 0.028 327.18 59.69 0.312 45.40% 5.16%

P5 109.43 3.69 0.027 203.71 57.02 0.307 46.28% 6.01%

P6 98.20 3.73 0.030 203.52 59.39 0.423 51.75% 2.87%

P7 175.77 8.39 0.024 299.37 88.86 0.267 41.29% 4.21%

Mean ± SD 211.73 ± 115.66 5.03 ± 2.30 0.029 ± 0.005 358.53 ± 158.63 66.31 ± 13.48 0.304 ± 0.067 42.90 ± 5.68% 4.19 ± 1.11%

RV, right ventricle; EF, ejection fraction. 1EF is the difference between the current model EF and EF from baseline no-band model.

RV mean ± SD stress values of the five plans with 20%
band contraction ratio were 63.19 ± 14.85, 63.70 ± 14.23,
64.32± 14.64, 63.53± 14.08, and 66.31± 13.48 kPa, respectively.
Meanwhile, baseline stress value was 62.89 ± 14.81 kPa.
RV mean ± SD strain values of options A–E with 20%
band contraction ratio were 0.297 ± 0.067, 0.296 ± 0.067,
0.298 ± 0.066, 0.298 ± 0.066, and 0.304 ± 0.067, which were
also close to mean ± SD stress value of baseline models:
0.292± 0.062.

Table 5 comparing stress/strain values from models with
different band contraction ratios. At begin ejection, average stress
and strain values (seven patients) from models with 10% band
contraction ratio were 16 and 5.6% higher than that from the
passive band models. Average stress and strain values from

models with 10, 15, and 20% band contraction ratios showed
practically no differences (difference <2%).

DISCUSSION

Motivation of the Innovative PVR With
Active Contracting Band Insertion
Procedures
How to manage the residual symptoms for repaired ToF cases
such as pulmonary regurgitation has gradually become a great
challenge for clinicians. Even though PVR could be an effective
treatment for pulmonary regurgitation, other symptoms such as
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TABLE 6 | Mean ± SD RV ejection fraction and wall stress/strain data of seven TOF patients from 140 RV/LV models with active or passive band(s) and seven
models without band.

Plan Begin filling Begin ejection EF 1EF

RV vol (ml) Stress (kPa) Strain RV vol (ml) Stress (kPa) Strain

Baseline 226.84 ± 121.2 4.22 ± 1.63 0.022 ± 0.008 359.19 ± 158.41 62.89 ± 14.81 0.292 ± 0.062 38.71 l’ 5.73%

A000 225.48 ± 121.6 4.05 ± 1.56 0.020 ± 0.006 349.76 ± 158.75 60.13 ± 14.82 0.291 ± 0.065 37.34 ± 5.56% −1.37 ± 0.50%

A010 222.19 ± 120.26 4.19 ± 1.69 0.021 ± 0.006 359.66 ± 158.55 63.35 ± 14.52 0.297 ± 0.067 40.21 ± 5.86% 1.50 ± 0.63%

A015 220.41 ± 119.53 4.38 ± 1.84 0.022 ± 0.005 359.41 ± 158.49 63.41 ± 14.52 0.297 ± 0.067 40.67 ± 5.87% 1.96 ± 0.75%

A020 218.44 ± 118.7 4.62 ± 2.05 0.024 ± 0.006 359.47 ± 158.58 63.19 ± 14.85 0.297 ± 0.067 41.22 ± 5.85% 2.51 ± 0.80%

P000 226.01 ± 144.44 4.17 ± 1.58 0.021 ± 0.007 352.08 ± 157.36 61.01 ± 14.74 0.293 ± 0.065 37.67 ± 5.52% −1.04 ± 0.44%

P010 223.02 ± 120.21 4.17 ± 1.56 0.022 ± 0.006 359.43 ± 157.91 63.45 ± 14.26 0.297 ± 0.067 39.89 ± 5.83% 1.18 ± 0.37%

P015 221.34 ± 119.58 4.34 ± 1.66 0.023 ± 0.006 359.12 ± 157.82 63.57 ± 14.23 0.296 ± 0.067 40.33 ± 5.84% 1.62 ± 0.44%

P020 219.47 ± 118.89 4.59 ± 1.82 0.025 ± 0.006 359.03 ± 157.84 63.70 ± 14.23 0.296 ± 0.067 40.84 ± 5.84% 2.13 ± 0.53%

AP000 225.02 ± 121.37 3.88 ± 1.59 0.019 ± 0.006 344.56 ± 157.62 57.99 ± 15.86 0.287 ± 0.064 36.39 ± 5.43% −2.32 ± 0.85%

AP010 220.54 ± 119.53 4.03 ± 1.73 0.021 ± 0.005 358.93 ± 158.60 63.49 ± 14.89 0.297 ± 0.066 40.52 ± 5.79% 1.81 ± 0.77%

AP015 217.91 ± 118.43 4.32 ± 1.95 0.023 ± 0.005 359.10 ± 158.72 63.95 ± 14.70 0.298 ± 0.066 41.28 ± 5.77% 2.57 ± 0.91%

AP020 214.99 ± 117.19 4.71 ± 2.26 0.026 ± 0.005 358.90 ± 158.61 64.32 ± 14.64 0.298 ± 0.066 42.07 ± 5.77% 3.36 ± 1.07%

B000 225.72 ± 121.25 4.08 ± 1.58 0.021 ± 0.006 350.83 ± 157.53 59.57 ± 14.05 0.293 ± 0.066 37.48 ± 5.76% −1.23 ± 0.79%

B010 223.21 ± 120.01 4.14 ± 1.54 0.022 ± 0.006 358.94 ± 157.96 63.17 ± 14.05 0.298 ± 0.066 39.73 ± 5.82% 1.02 ± 0.32%

B015 221.48 ± 119.34 4.30 ± 1.59 0.023 ± 0.005 358.76 ± 157.84 63.11 ± 14.10 0.297 ± 0.066 40.19 ± 5.8% 1.48 ± 0.35%

B020 219.73 ± 118.5 4.53 ± 1.67 0.025 ± 0.005 358.32 ± 157.72 63.53 ± 14.08 0.298 ± 0.066 40.61 ± 5.81% 1.90 ± 0.40%

APB000 224.39 ± 121.35 3.86 ± 1.52 0.019 ± 0.006 339.24 ± 157.82 56.15 ± 14.84 0.287 ± 0.064 35.44 ± 5.32% −3.27 ± 1.26%

APB010 218.76 ± 118.86 4.10 ± 1.63 0.022 ± 0.005 358.67 ± 158.54 65.11 ± 13.93 0.303 ± 0.066 40.98 ± 5.77% 2.27 ± 0.89%

APB015 215.42 ± 117.36 4.52 ± 1.92 0.025 ± 0.005 358.68 ± 158.66 65.75 ± 13.68 0.303 ± 0.066 41.90 ± 5.72% 3.19 ± 1.00%

APB020 211.73 ± 115.66 5.03 ± 2.30 0.029 ± 0.005 358.53 ± 158.63 66.31 ± 13.48 0.304 ± 0.067 42.90 ± 5.68% 4.19 ± 1.11%

RV dysfunction may sometimes be irreversible after the PVR
surgery (Geva et al., 2004, 2010; Kim and Emily, 2016). del Nido
and Geva et al. (2010) proposed an aggressive surgical treatment
including removing scar tissue and remodeling RV in order
to improve RV function after PVR. However, the randomized
clinical trial showed that the addition of surgical remodeling of
the RV during PVR resulted in no measurable improvement in
RV function (Geva et al., 2010).

PVR with active contracting band insertion aims to improve
RV EF by assisting the ventricle to contract. In theory, the band
should actively contract during systole, decreasing RV volume,
and yet, the band should also be able to relax during diastole.
These processes were reflected in our models: the mean± SD RV
volume values of models E020 at end ejection/begin filling were
211.73± 115.66 ml, which was lower than that of baseline models
(226.84 ± 121.20 ml, p = 0.016). At end filling/begin ejection,
no significant difference was found between E020 and baseline
RV volume values (358.53 ± 158.63 ml vs. 359.19 ± 158.41 ml,
p = 0.813) since the active bands were able to relax and did
not resist the ventricle to expand in diastole phase (filling
phase). Compared with our previous work on band insert surgery
simulation, 147 models were constructed for seven patients with
repaired TOF in this paper, vs. only one patient was used in
previous paper (Yu et al., 2020). The purpose of this study was
to demonstrate patient variations in post-PVR outcome using
the proposed active contraction band options. Results from this
seven-patient study were consistent with previous findings: RV
ejection fraction values of all seven patients increased after the
surgery with active contraction band insertion. The mean ± SD

RV MEF value from the seven patients with plan E was
4.19 ± 1.11%, which is a significant improvement. Meanwhile,
among all seven studied TOF patients, only two of them had
increased EF values after pulmonary valve surgery (P1 and P6).
The clinical mean ± SD 1EF was -4.97 ± 7.44% based on actual
patient pre- and post-PVR data. This is the proof of the concept
that PVR with active contraction band insertion may have the
potential to improve post-PVR RV cardiac function measured by
ejection fraction for repaired ToF patients.

Availability of Active Contracting Band
The idea of active band is completely theoretical currently.
Our simulation provided the possible outcome of the surgery
if such active contraction band could be made available. There
are potential techniques that could be applied to manufacture
active contracting band in the future including (a) using stem
cells to cultivate muscle or (b) artificial mechanical muscle
(Chou and Hannaford, 1996; Baar et al., 2005; Proulx et al.,
2011; Sugimoto et al., 2017; Thomalla and Van deVen, 2018).
Baar et al. (2005) used neonatal rat cardiomyogenic cells to
construct a cylinder formed by cardiomyocytes which could be
electrically induced to contract and showed positive inotropy and
chronotropy (Baar et al., 2005). Proulx et al. (2011) described
a band made by seeding human mesenchymal stem cells onto
bundled fibrin microthreads and stitched through a collagen
gel. Another viable solution is to use mechanical artificial active
contraction device such as hydraulic or pneumatic McKibben
actuator. McKibben actuator, also known as McKibben artificial
muscle, is assembled with an internal elastic deformable tube
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FIGURE 6 | Stress plots of patient 5 from the no-band model and three active band models with band contraction ratio of 20%. (A) Model with no band, zero load.
(B) Plan A: model with one band, zero load. (C) Plan C: model with two bands, zero-load. (D) Plan E: model with three bands, zero load. (E) Model with no band,
begin filling. (F) Plan A: model with one band, begin filling. (G) Plan C: model with two bands, begin filling. (H) Plan E: model with three bands, begin filling. (I) Model
with no band, begin ejection. (J) Plan A: model with one band, begin ejection. (K) Plan C: model with two bands, begin ejection. (L) Plan E: model with three bands,
begin ejection.

surrounded by non-extensible threads weaved into an external
mesh shell (Chou and Hannaford, 1996; Sugimoto et al., 2017;
Thomalla and Van deVen, 2018). Such actuators were already
widely used in robot technology. Takuma et al. designed a robot
with McKibben actuators which could operate periodic motions
including walking (Sugimoto et al., 2017). Maximum active
contraction ratio of McKibben actuator could reach about 30%
(Chou and Hannaford, 1996; Thomalla and Van deVen, 2018),
which would be enough to meet the contracting requirement of
our active contraction band used in PVR surgeries.

Use of Ejection Fraction as a Measure of
Surgical Outcome
RV EF was used as the measure of RV function in this
paper because it is commonly used in practice and by many
investigators, and it serves our demonstration purpose well. The
concept is simple and calculation is easy. Outcome comparisons
of different band options using a single indicator (EF) are
straightforward and easy to understand. However, since it is only
one number, it is lacking detailed local information for more
careful evaluation of RV functions. 3D stress/strain distributions

could compensate RV EV when detailed analysis is desired. RV
kinetic energy due to its deformation in systole can be calculated
as needed for a more detailed analysis. Since we currently have
structure-only models, we would not be able to calculate the
energy from the flow side and perform the analysis for that part.
We are currently working on the corresponding fluid-structure
interaction models. Full analysis from both structure and flow
side will be reported when results become available. Those details
will be helpful in band design and development of related tissue
regeneration techniques (Tang et al., 2013).

It is true that EF is a crude measure of ventricular function
(LV and RV), does not reliably reflect the functional status of the
myocardium, and is sensitive to preload and afterload (so-called
loading conditions). Despite these well-known limitations, EF has
remained n inexplicably strong predictor of clinical outcomes
in numerous diseases that affect the RV (e.g., repaired TOF)
and the LV (e.g., aortic stenosis, hypertension, ischemic heart
disease). These observation have been confirmed by numerous
large studies. However, why EF is such a strong predictor of
clinical outcomes is not fully understood. So, if the goal is to
detect subtle abnormalities of heart muscle function, there are
more sensitive tools. If the goal is to use it as a predictor of
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FIGURE 7 | Strain plots of patient 5 from the no-band model and three active band models with band contraction ratio of 20%. (A) Model with no band, zero load.
(B) Plan A: model with one band, zero load. (C) Plan C: model with two bands, zero load. (D) Plan E: model with three bands, zero-load. (E) Model with no band,
begin filling. (F) Plan A: model with one band, begin filling. (G) Plan C: model with two bands, begin filling. (H) Plan E: model with three bands, begin filling. (I) Model
with no band, begin ejection. (J) Plan A: model with one band, begin ejection. (K) Plan C: model with two bands, begin ejection. (L) Plan E: model with three bands,
begin ejection.

clinical outcomes (which is what ultimately matters), EF is an
excellent marker.

Validations
Validation is always ideal for computational modeling effort. It
should be noted that the parameter determination process is a
self-validation process in some sense. Our pre-PVR models were
self-validated since patient-specific tissue material parameter
values were carefully adjusted to match MRI-measured ventricle
volume data. Since the ventricles remained to be the same
post-PVR, using the same parameter values was natural for
our post-PVR band models. Without actual clinical post-PVR
data, using pre-PVR material properties gave us the best-effort
approximations for our band models. Accuracies of simulation
results including calculation of ventricle volumes and ejection
fractions should be interpreted with that understanding.

Since materials with active-contraction properties are not
currently available, direct validations using either patients or
animal models are not possible at present time. Researchers
have been working on myocardium regeneration for many

years and encouraging progresses have been made. Clinical
application of the active contraction band is what we would like
to achieve in the future.

Potential Clinical Applications
Possible potential clinical implementation of PVR with active
contracting bands primarily depends on the availability of the
availability of the active contracting bands. This modeling study
is the proof of the concept that PVR with active contraction
band insertion may improve post-PVR RV cardiac function
measured by ejection fraction for repaired ToF patients. The
mean ± SD RV MEF value from the seven patients with plan
E was 4.19 ± 1.11% (all patients had improved EF), which is
a significant improvement over the actual PVR surgery data
1EF = −4.97 ± 7.44%. Meanwhile, among all seven studied
TOF patients, only two of them had improved EF values after
PVR (P1 and P6). A 9.16% average increase in RVEF compares
favorably with published drug trials to treat heart failure where
an improvement in LVEF of 3–4% resulted in a significant
improvement in functional capacity (Aleksova et al., 2012).
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Limitations
This paper used structure-only models to save model
construction manpower and computing time (147 3D models).
Fluid-structure interaction did not include algorithm that allows
a more realistic simulation. Clearly, FSI models will provide a
more complete structural and flow information. However, for
our purpose, EF was used to measure surgical outcome for the
surgical strategies under investigation. The model parameters
in both structure-only and FSI will be adjusted to match MRI-
measured ventricle volume data. Therefore, structure-only or FSI
models will give the same EF. Another reason that structure-only
model could be used as a good approximation to calculate EF is
that ventricle volume is mainly determined by the flow pressure
acting on the ventricle inner surface. The flow stress activating
on ventricle inner surface could be decomposed into pressure
(normal component) and flow shear stress (shear component).
The magnitude of flow shear stress is nearly negligible compared
with pressure. That was the reason we used structure-only models
to save time. FSI models will take far more time to construct
and will be needed when we investigate flow behaviors, valve
functions, ventricle remodeling, etc.

Lack of validation is definitely a limitation. This was discussed
in section “Use of Ejection Fraction as a Measure of Surgical
Outcome.”

Several other limitations exist in our modeling study: (a)
patient-specific TOF RV/LV myofibril orientations should be
included if available in the future; (b) localized tissue material
properties were not available; and (c) flow behaviors and valve
dynamics were not included in this study. We are working hard
to obtain better ventricle data and improve our models.
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The purpose of this study is to investigate the effect of varying coronary flow reserve

(CFR) values on the calculation of computationally-derived fractional flow reserve (FFR).

CFR reflects both vessel resistance due to an epicardial stenosis, and resistance in

the distal microvascular tissue. Patients may have a wide range of CFR related to the

tissue substrate that is independent of epicardial stenosis levels. Most computationally

based virtual FFR values such as FFRCT do not measure patient specific CFR values

but use a population-average value to create hyperemic flow conditions. In this study, a

coronary arterial computational geometry was constructed using magnetic resonance

angiography (MRA) data acquired in a patient with moderate CAD. Coronary flow

waveforms under rest and stress conditions were acquired in 13 patients with phase-

contrast magnetic resonance (PCMR) to calculate CFR, and these flow waveforms

and CFR values were applied as inlet flow boundary conditions to determine FFR

based on computational fluid dynamics (CFD) simulations. The stress flow waveform

gave a measure of the functional significance of the vessel when evaluated with

the physiologically-accurate behavior with the patient-specific CFR. The resting flow

waveform was then scaled by a series of CFR values determined in the 13 patients

to simulate how hyperemic flow and CFR affects FFR values. We found that FFR

values calculated using non–patient-specific CFR values did not accurately predict those

calculated with the true hyperemic flow waveform. This indicates that both patient-

specific anatomic and flow information are required to accurately non-invasively assess

the functional significance of coronary lesions.
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INTRODUCTION

Coronary artery disease (CAD) is responsible for half of all
deaths attributed to cardiovascular disease, making it a leading
cause of death globally (1, 2). Not all patients with CAD are
at risk for adverse events, and it is therefore important to be
able to correctly identify which patients would benefit from
percutaneous coronary intervention (PCI). The gold standard
for making this determination is through assessment of the
functional significance of the stenosis by fractional flow reserve
(FFR), which is approximated in the catheterization lab as
the ratio of the pressure distal to a lesion over the proximal
pressure (3). The pressure is expected to scale linearly with the
flow rate if the resistance is constant and minimized, which
is achieved through induction of hyperemia using an injected
vasodilator—such as adenosine—and averaging measurements
across multiple cardiac cycles (3). Therefore, this pressure
ratio provides an approximation for the flow reduction caused
by the plaque. Several studies have shown the benefits and
efficacy of FFR in deciding who would benefit from PCI (4, 5),
and FFR is the only diagnostic method for guiding coronary
intervention that has shown any benefit to patient outcomes to
date. Unfortunately, despite its proven efficacy, survey data from
coronary interventions of intermediate stenoses have shown that
FFR is used in only 6.1% of patients while 73.6% of patients are
evaluated with angiography alone (6, 7). This underutilization
can be attributed largely to the extra time and cost of the pressure
wire, as well as the small but non-negligible risk to the patient.
Therefore, there have been considerable efforts in recent years to
develop non-invasive alternative methods of determining FFR.

A complimentary coronary physiologic measure to FFR is
coronary flow reserve (CFR), which is defined as the ratio of
hyperemic flow to basal flow (8). In healthy individuals, CFR
has been shown to be ∼4.8, which indicates hyperemic flow is
almost five times greater than basal flow (8, 9). Unlike FFR,
CFR is affected by both epicardial vessel resistance due to
stenoses and distal tissue bed vascular function (10). Because
CFR is affected by total vascular resistance and FFR only reflects
epicardial vessel resistance, CFR value can vary substantially
between patients with the same FFR values (Figure 1) (10–13).
CFR can be measured clinically through magnetic resonance
imaging (MRI) and positron emission tomography (PET) and
can be estimated through single-proton emission computed
tomography (SPECT).

Virtual fractional flow reserve (vFFR) combines non-invasive
coronary imaging with computational fluid dynamics (CFD) to
estimate FFR. To compute vFFR, certain boundary conditions
must be defined in the patient-specific model, including: the
lateral wall geometry which describes the coronary luminal
boundary; the inlet flow rate to simulate hyperemic coronary
blood flow; and flow-splitting ratios at vessel branch points.
Computed tomography (CT) has proven to be an attractive
modality for defining these boundary conditions due to its
excellent spatial resolution which can characterize the coronary
arterial geometry (14). However, it cannot quantify the other
boundary conditions directly due to its inability to measure flow.
With CT-derived vFFR (FFRCT), the total myocardial mass of

the individual can be estimated from the CT image data, which
allows for an estimation of the patient-specific basal coronary
arterial flow, or the flow through the coronary arteries when the
subject is at rest, through allometric scaling (14). The rationale
behind this is that the rate of myocardial blood flow should
be proportionate to the amount of myocardial tissue (15). This
relationship, however, only applies to basal coronary flow, while
FFR is defined only during hyperemic, or stress, flow conditions.

To account for this requirement of hyperemic flow, the
predicted basal flow must be artificially scaled by an estimated
CFR value, which has been done through direct modification of
the resistances within the model (14). The epicardial resistance
is automatically adjusted through the presence of a stenosis, but
CFR is determined by both the epicardial and microvascular
responses to stress, and CT has no means through which it
can estimate patient-specific microvascular resistance. Therefore,
the microvascular resistance must be scaled using a population-
average response rather than a patient-specific one (14). Because
FFR quantifies the pressure drop across the stenotic lesion and
the pressure gradient is directly related to the flow rate viaOhm’s
Law, it follows that any linear change in the inlet flow would
likely result in a proportionate change in the calculated vFFR.
Therefore, it is hypothesized that basal flow scaled by patient-non-
specific CFR cannot accurately calculate vFFR.

The purpose of this study is to investigate the effect
of varying CFR values on the calculated vFFR value. A
coronary geometry exhibiting an intermediate stenosis was
acquired through magnetic resonance angiography (MRA)
and produced a constant epicardial resistance for a series
of computational simulations. Basal and hyperemic (under
adenosine administration) coronary flow waveforms were
acquired in a series of 13 patients using phase-contrast MRI
(PCMR) which enabled calculation of CFR. Flow through the
coronary geometry was simulated at a range of hyperemic flow
conditions determined by the measured CFR values and enabled
determination of the resulting vFFR.

METHODS

Overview of Methodology
An overview of the experimental approach is presented below,
followed by a detailed explanation of each component of the
methodology. First, a coronary arterial computational model was
constructed using MRA image data acquired from a patient
presenting with moderate CAD. Second, resting and hyperemic
time-dependent flows through the coronary sinus were measured
in a separate cohort of patients (n = 13) undergoing clinically
indicated stress cardiovascular MRI exam. Third, CFD was used
to determine vFFR values with various applied hyperemic flow
conditions, including: (i) in vivo hyperemic flow by PCMR
measurement (true vFFR), (ii) basal flow scaled by the patient-
specific CFR (patient-scaled vFFR), and (iii) basal flow scaled by
population-average CFR estimates (cohort-scaled vFFR). These
scaled vFFR values were compared with the true vFFR values
to assess correlation and concordance, thereby evaluating how
changing the hyperemic flow response—as measured by CFR—as
well as time-dependent flow patterns affect vFFR prediction with
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FIGURE 1 | Illustration of Coronary Flow Reserve (CFR). (A) Coronary arterial blood flow travels through both epicardial vessels and microvasculature. Each can

contribute to the total resistance. The resistance due to the epicardial vessels (blue) is the stenotic resistance (SR), and the resistance due to the microvasculature

(green) is the myocardial microvascular resistance (MMR). (B) The flow can be modeled using a circuit analogy in which the total resistance is the sum of the SR and

MR. (C) MR during basal (BMR) and hyperemic (HMR) flow conditions should vary, but SR should remain the same in both (HSR). The basal flow rate (BQ) can be

estimated as the difference in the proximal pressure (Pp) and distal, basal pressure (Pd,B) divided by the total basal resistance. Similarly, the hyperemic flow rate (HQ)

can be estimated using the distal, hyperemic pressure (Pd,H) and total hyperemic resistance. CFR is defined as the ratio of HQ to BQ, while FFR is the ratio of Pd,H to

Pp. Through these equations, the theoretical interdependence of CFR and FFR can be seen.

FIGURE 2 | Overview of experimental design. A single left coronary artery tree

was acquired from an MRA of a patient with a 50% stenosis in the LAD.

Hyperemic and basal flow waveforms were measured in patients (n = 13) using

PCMR. Each hyperemic flow waveform was applied as an inflow boundary

conditions for the anatomic model to determine the true vFFR value via CFD.

Each basal flow waveform was then scaled by either the patient-specific or

one of nine estimated CFR value to approximate the hyperemic flow. These

scaled flow rates were then applied as inflow boundary CFD simulations to

estimate vFFR—i.e., patient-scaled vFFR or cohort-scaled vFFR. These scaled

vFFR values were then compared to the corresponding true vFFR values.

a constant geometry. A graphical flowchart of these methods can
be seen in Figure 2. The study was approved by the university’s
Institutional Review Board.

The purpose of this study was to investigate the effects
of flow conditions on vFFR, not specifically to validate vFFR
measurements against an invasive gold standard. Because the
variable of interest in this study is the simulated hyperemic flow,

the arterial geometry was maintained as a constant to isolate the
effect of the flow behavior. Therefore, the calculated vFFR values
are not intended to be representative of any particular subject’s
true functional significance; rather, they are only meant to be
compared against other non-invasive estimates to see how the
predicted values change with variable flow.

Coronary Anatomy Model Geometry
A patient presenting with NYHA class III ischemic heart failure
was imaged prior to cardiac resynchronization therapy as part
of an IRB-approved study (16). Imaging was performed on
a 3 T MRI scanner (MAGNETOM Trio, Siemens Healthcare)
using a six-element phased-array cardiac coil. A 3D, whole-heart,
navigator- and ECG-gated inversion-recovery FLASH sequence
with a centric k-space trajectory acquired coronary images in
the transverse plane at a resolution of 0.64 × 0.64 × 0.75 mm3.
Images were acquired in diastole during the slow infusion of a
gadolinium-based contrast agent (17). The left main (LM), left
anterior descending (LAD), and left circumflex (LCX) arteries
were segmented from the image data using a Frangi vessel
enhancing post-processing filter followed by a colliding fronts
segmentation algorithm (Vascular Modeling Toolkit) (18–20).
The resulting triangulated surface geometry was imported into
Geomagic (Geomagic, Inc.) to generate a smooth 3D surface.
This surface was imported into ICEMmeshing software (ANSYS,
Inc.) to generate the 3D computational mesh. Flow extensions
were added to the inlet and each outlet by projecting the edge
contour in line with the local trajectory of the boundary surface
(Figure 3). The model was generated with ∼100,000 tetrahedral
elements and 150,000 six-node pentahedral elements comprising
eight boundary layers with a linear growth factor of 1.1 such that
each innermost element was approximately the same volume as
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FIGURE 3 | Generation of coronary arterial geometry from MRA data. The left main (LM), left anterior descending (LAD), and left circumflex (LCX) arteries were

segmented from a 3D MRA dataset data using the Vascular Modeling Toolkit (VMTK) (left). The resulting surface geometry was imported into Geomagic to generate a

smooth 3D surface (center). This surface was imported into ICEM meshing software to generate the 3D computational mesh, and transient CFD simulations were run

using Fluent (right). Flow boundary conditions were based on PCMR measured flows.

FIGURE 4 | Representative flow waveform measurement for one patient. (a,b) Magnitude and phase images acquired from PCMR acquisition with the coronary sinus

outlined. (c) Both the basal and hyperemic flows were acquired using PCMR, and the basal flow was then scaled by a range of CFR values. When the basal flow is

scaled by the patient-specific CFR—2.8—, the time-average flow rate is the same for both it and the hyperemic flow. Scaling the basal flow by the cohort-average

CFR—2.2—produces the same basal waveform but with a different time-average flow rate from the hyperemic flow.

the adjacent tetrahedral element. Previously analysis of patient-
specific models of epicardial coronary vessels has demonstrated
solution independence at this mesh density (21).

Coronary Flow Measurements
Coronary sinus flow measurements were acquired in patients (n
= 13) who had been clinically indicated for a cardiac stress MRI
at Emory University Hospital on a 1.5 T scanner (MAGNETOM
Avantofit, Siemens Healthcare) using a twenty-element phased-
array cardiac coil (22–24). As part of the routine scan, a low-
resolution axial 3D volume was first acquired for planning
purposes. Multiplanar reformation of this volume determined a
plane which perpendicularly intersected the proximal coronary
sinus immediately adjacent to its ostium into the right atrium
(Figures 4A,B). An ECG-gated, 2D PCMR cine was acquired
on this plane during a breath-hold with a field-of-view of 350
× 306mm, an in-plane pixel spacing of 0.68mm, and a slice
thickness of 6mm. The velocity-encoding value (VENC) in each

scan was initially set at 60 cm · s−1 and adjusted if aliasing was
observed in the velocity-encoded image. Each patient was imaged
once during a resting state and again following a 3min infusion
of intravenous adenosine at a rate of 140 µg · kg−1 · min−1 to
induce maximal coronary hyperemia.

Following data acquisition, images were exported offline and
analyzed using the freely available software, Segment version 2.0
(25). For each image stack, the magnitude and phase images
were coupled and used to identify the luminal contours of the
target vessel. A constant region-of-interest (ROI) was used across
each temporal phase, and the ROI size was maintained when
evaluating repeated measurements of the same vessel. Static
tissue regions at the chest walls were automatically identified and
used to calculate a second-order polynomial map to represent
the estimated phase error and correct for this (25). The through-
plane velocities of the pixels contained within the ROI were
then added to provide a time-dependent flow waveform. This
procedure was repeated for images acquired both during rest
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and during stress. Based on previously reported measurements
of coronary arterial flow rates (26–28), the left coronary arterial
flow rate was assumed to comprise∼2 thirds of the total coronary
flow. The measured coronary sinus flow waveforms were then
scaled by this value to give an estimation of the inflow waveform
of the LM.

Hyperemic Flow Conditions for CFD
Simulations
Various hyperemic flow conditions were applied to evaluate
their effects on computed vFFR values. The first condition was
the pulsatile hyperemic flow measured in vivo for each patient,
which was used to define the true vFFR against which the other
predicted vFFR values would be compared. Next, the patient-
specific CFR value was calculated by taking the ratio of time-
averaged, hyperemic-to-basal flow rates across the cardiac cycle.
For each patient, the measured basal flow was scaled by the
patient-specific CFR value to give a flow waveform with the
same time-averaged flow rate as the measured hyperemic flow
(Figure 4). This flow was used to compute the patient-scaled
vFFR. Lastly, the basal flow rate was scaled by a series of global
estimates of the CFR which were not specific to the patient
but were representative of the cohort as a whole. In total, nine
patient-non-specific CFR values were used to cover the range
of one standard deviation above and below the cohort average
value. Each of these computed waveforms were used to compute
a cohort-scaled vFFR value for the patients.

CFD and vFFR Calculation
Transient (i.e., pulsatile) CFD simulations were run using Fluent
(ANSYS, Inc.). There were 13 patients on whom coronary flow
measurements were obtained, and for each of these patients 11
vFFR values were computed: the true vFFR found using the
actual hyperemic flow waveform, the patient-scaled vFFR found
by scaling the basal waveform with the patient-specific CFR,
and nine cohort-scaled vFFR values found using the patient-
non-specific CFR estimates and the basal waveform. These
patient-non-specific CFR estimates were constant across the
entire cohort.

For each case, the simulated hyperemic flow rate was
prescribed as a time-varying blunt inlet flow boundary condition,
inlet pressure was set at 100 mmHg, and mass flow splits,
which were derived from Murrays law, were applied at each
outlet flow surface (29). The transient solution was computed
across three pulsatile cardiac cycles comprising 300 time steps,
each at a heart rate of 60 beats per minute. Blood was
modeled as Newtonian with a density of 1,060 kg · m−3

and dynamic viscosity of 0.0035 Pa · s. Because the PCMR
flow measurements were acquired across only 18 temporal
phases, the waveforms were resampled to 300 time steps
using a first order linear interpolation scheme followed by a
lowpass filter to create a smooth waveform with the same
time-averaged flow rate. We used the SIMPLE algorithm for
pressure-velocity coupling and second-order Green-Gauss node-
based discretization for momentum and pressure. For each
time step, convergence was achieved once the residuals of
momentum and continuity fell below 10−5. The computed

pressure was then sampled along the centerline of the vessel
and divided by the inlet pressure to calculate vFFR along
the length of the vessel, in accordance with clinical practice.
The clinically relevant vFFR value—found 4mm distal to
the region of minimal lumen area—was then time averaged
and recorded.

Statistical Analysis
Across all tested CFR values—both patient-specific and patient-
non-specific—, the error of the computed scaled vFFR was
calculated in relation to the true vFFR found with the
corresponding hyperemic waveform.Within each simulated CFR
group, a two-tailed, paired t-test was used to evaluate that error
at a significance level of 0.05. Correlation between each scaled
vFFR value and its corresponding true vFFR value was calculated
through the Pearson correlation coefficient, and concordance was
evaluated through a Bland–Altman analysis and calculation of
Lin’s concordance correlation coefficient (30, 31).

RESULTS

The CFR values for the cohort ranged from 1.2 to 4.1 with a
mean value of 2.2 ± 0.98. The difference between the various
scaled vFFR values and the true vFFR (termed vFFR error)
was determined across all 13 patients. Paired comparison of
the patient-specific vFFR with the true vFFR produced a mean
vFFR error of −0.02 ± 0.02 with a p-value of 0.004; scaling
the basal flow waveforms by the cohort-average CFR of 2.2,
however, gave an average error of −0.03 ± 0.1 and a p-
value of 0.236 (Figure 5A). Mean vFFR error was seen to
monotonically decrease with increasing simulated CFR value,
and, in general, the distribution of the error was seen to
be larger with deviation from the cohort-average CFR, and
increasing significance was observed on either end of the
range of tested values (Figure 5A). The patient-specific vFFR
produced the smallest error variance with the true vFFR, and
their relationship was seen to be strongly linear; conversely, the
cohort-average vFFR showed a very weak linearity when plotted
against true vFFR (Figure 5B). None of the patient-non-specific
CFR values were able to produce a coefficient of determination
>0.34 (Table 1). Similarly, the patient-specific vFFR showed
a strong concordance with true vFFR, while the cohort-
average showed a very weak concordance (Figure 5C). Across
all patient-non-specific CFR values simulated, the concordance
correlation coefficient was seen to be between 0.14 and 0.34
(Table 1).

DISCUSSION

Themajor findings of this study are: (1) scaling the basal coronary
flow waveform by a patient-non-specific CFR estimate cannot
provide predictive results for all individuals within a cohort, and
(2) using the patient-specific CFR to scale the basal waveform
yields vFFR values which are strongly predictive of those found
with the hyperemic flow waveform.

Myocardial ischemia can result from epicardial disease,
microvascular disease, or a combination of both. Clinical
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FIGURE 5 | Statistical analysis of vFFR estimation with variable flow conditions. (A) vFFR error was defined as the difference in the scaled vFFR value calculated with

the basal waveform and the true vFFR value calculated with the hyperemic waveform. Within each group, the boxes represent the interquartile range and median while

the whiskers indicate the 10 and 90th percentiles. Comparison within each simulated CFR group against the true vFFR was performed through a paired, two-way

t-test, with significance determined for p < 0.05. (B) Scaled vFFR values were plotted against the corresponding true vFFR values for two CFR groups: (1) the

patient-specific CFR values and (2) the cohort-average CFR value of 2.2. Linear regression determined a line of best-fit for each group, and Pearson’s correlation

coefficient determined the linearity of the relationship. (C) A Bland–Altman analysis and calculation of Lin’s concordance correlation coefficient was performed to

assess the concordance of the relationship. For each match-pair of true vFFR and scaled vFFR, the difference between the two values was plotted against their

average. The solid lines indicate the mean vFFR error while the dashed lines indicate two standard deviations from the mean.

TABLE 1 | Statistical results for all simulated CFR values.

Patient-specific Cohort-average

CFR 1.24 1.54 1.78 2.01 2.22 2.43 2.66 2.89 3.19

p-value 0.004 0.019 0.191 0.883 0.400 0.236 0.043 0.018 0.009 0.005

Pearson’s r2 0.95 0.34 0.34 0.34 0.34 0.28 0.34 0.34 0.34 0.34

Lin’s ρc 0.91 0.21 0.31 0.34 0.33 0.25 0.25 0.21 0.17 0.14

Patient-specific and Cohort-average columns are bold for emphasis.

indication for intervention in epicardial stenosis has been
shown to be most successful when guided by the FFR, which
approximates the reduction in flow through a given vessel
due to an anatomic narrowing. Accurate measurement of
this flow reduction relies on the assumption of maximal
hyperemia, in which the downstream microvascular resistance is
minimized. The physiologic response to hyperemia is, however,
patient-specific, and depends on both the stenotic resistance
contributed by the epicardial vessels and the downstream
hyperemic microvascular resistance. Though it is possible to
estimate the value of hyperemic stenotic resistance (HSR)
through anatomic measurements and allometric scaling, the
hyperemic myocardial resistance (HMR) can only be measured
through direct quantification of flow (10). The comorbidity
of both epicardial and microvascular coronary disease is not
uncommon; however, the presence or severity of one cannot
be used as a direct indicator of the presence or severity of the
other. In 2017 it was shown that as few as 68% of patients
with moderate coronary stenosis had concordant FFR and CFR
findings (10).

vFFR is an emerging methodology that seeks to provide
a non-invasive alternative to invasive catheter-based FFR.
Arguably the most well-known of these approaches is FFRCT

(14). As CT is incapable of quantifying the CFR or HMR,
its flow boundary conditions rely on population-average
physiologic responses to hyperemia. Though results of
this methodology for vFFR have shown some success in
predicting invasive FFR, the correlation between the two
measurements does not indicate strong correlation (r2 = 0.54),
and its diagnostic accuracy has shown to suffer substantially
when predicting FFR values near the clinical cutoff (0.80)
where specificity is most needed by clinicians (32). It is
possible that these limitations in efficacy are due at least
in part to the assumptions made regarding HMR and, by
extension, CFR.

Scaling the basal flowwaveform by the time-averaged, patient-
specific CFR does not replicate the exact hyperemic time-
dependent flow waveform for a given patient. This is due to the
interactions between the myocardium and the microvasculature,
resulting in phasic fluctuations of the intracoronary resistance
(33). Since the intracoronary resistance is not uniform across
the cardiac cycle during resting flow, it has varying levels of
response to hyperemic induction as well, resulting in a time-
dependent CFR (Figure 4C). However, because FFR is calculated
as the time-averaged ratio of distal and proximal pressure in the
coronary arteries, it was expected to be insensitive to temporal
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fluctuations and depend only on the time-averaged flow rate
and epicardial anatomy. By scaling the basal flow waveform
by the patient-specific CFR, the resulting vFFR values were
seen to show very strong correlation and concordance with
those calculated using the hyperemic waveform, which would
indicate support for this hypothesis. However, the significant
paired differences between the two groups does suggest that
these waveforms may not be completely interchangeable for all
populations. In general, across all CFR values tested, we observed
an underestimation for vFFR when using the basal waveforms
from the patients, which would indicate that differences in
the temporal behavior between these two waveforms can
result in significantly different vFFR calculations. Though the
concordance and correlation values for this cohort were high,
these results suggest that vFFR is not completely insensitive
to time-dependent behaviors, and therefore more thorough
testing should be performed to investigate which populations
can interchangeably use a basal or hyperemic waveform for the
calculation of vFFR.

Scaling the basal flow by some non-patient-specific CFR
values near the population average produced vFFR values that
were, on average, not significantly different from hyperemic
vFFR, but deviation from the population average resulted in
increasingly large deviations in estimating vFFR. Predictive
power of CFR-scaled vFFR for hyperemic vFFR was never
strong for any estimated CFR value, and correlation was mostly
independent of the estimated CFR as well. This indicates
that patient-specific characterization of the hyperemic flow
rate needs to be used to accurately predict vFFR. Therefore,
the choice in imaging modalities is limited to those that
can measure both anatomy and flow. One could use a
combination of imaging modalities to accomplish this, such as
using both CT—to acquire the coronary anatomy and estimate
the basal coronary flow rate through allometric scaling as
described by Choy and Kassab (15)—and positron emission
tomography (PET)—to assess the patient-specific CFR and
determine the hyperemic response (34). Perhaps a more feasible
clinical solution would be to use MRI which can acquire
both anatomy and flow directly (35, 36). The use of PCMR
to directly estimate the pressure gradient across a coronary
stenosis has also been shown to be feasible, which has the
potential to eliminate the need for CFD flow simulations
altogether (37).

There are some limitations to this study. All comparisons
were made between artificial vFFR values without direct
comparison with an invasive FFR measure. As was stated
previously, such a comparison would not be valid for this
study, as the coronary geometry was maintained as a constant
so that the effects of flow variation could be isolated.
The results presented here strongly indicate that calculating
vFFR without patient-specific hyperemic flow conditions can
produce inaccurate results. It is possible that other sources
of error may exist estimating FFR through vFFR, including
inaccuracies within the coronary geometry or the outflow
boundary conditions. Additional studies to test each of these
variables would be needed to draw such conclusions. It is
acknowledged that blood is a non-Newtonian fluid; however,

the Reynolds (Re) numbers in these computational models
were moderate (Re ≈ 250–400), and the impact of the non-
Newtonian behavior of blood on the hemodynamic environment
is minimal (38). Finally, the computational models assumed a
rigid coronary wall. We acknowledge that the presented models
only approximate the in vivo conditions, and that application
of a validated fluid-structure interaction (FSI) computational
framework may provide improve accuracy in the predicted
hemodynamics measures.

The coronary inlet flow rates used within this study were
not directly measured from the patients’ coronary arteries but
were linearly scaled waveforms acquired from the coronary
sinuses. This approximation was used as direct arterial flow
measurement through PCMR could not be feasibly integrated
into the clinical protocol. Though the arterial flow and the
coronary sinus flow rates do not exhibit identical temporal
behaviors, the functional behavior of one should give an
indication of the other due to their similarities. Due to the
aforementioned suspected temporal dependence of vFFR, it
is possible that this approximation may have resulted in the
patient-specific scaled vFFR group performing better or worse
than the equivalent arterial flow waveform would have in
estimating the true vFFR; however, this approximation should
not undercut the conclusion that using patient-non-specific
hyperemic response cannot give a strongly predictive estimation
of the true vFFR.

This study found that scaling the basal flow waveform by an
estimated patient-non-specific CFR will not accurately predict
the vFFR calculated using the actual hyperemic flow waveform;
using the patient-specific CFR, however, was seen to provide
more consistent and accurate measurements of vFFR. The
necessity for having patient-specific hyperemic flow behavior
means that assumptions about CFR cannot be used to scale the
patient’s basal flow prior to its use as a boundary condition
without significantly sacrificing themodel’s predictive power. It is
recommended to execute additional studies to identify the extent
to which the temporal behavior affects the computed vFFR.
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Due to the high individual differences in the anatomy and pathophysiology of
patients, planning individualized treatment requires patient-specific diagnosis. Indeed,
hemodynamic quantification can be immensely valuable for accurate diagnosis,
however, we still lack precise diagnostic methods for numerous cardiovascular diseases
including complex (and mixed) valvular, vascular, and ventricular interactions (C3VI)
which is a complicated situation made even more challenging in the face of other
cardiovascular pathologies. Transcatheter aortic valve replacement (TAVR) is a new
less invasive intervention and is a growing alternative for patients with aortic stenosis.
In a recent paper, we developed a non-invasive and Doppler-based diagnostic and
monitoring computational mechanics framework for C3VI, called C3VI-DE that uses
input parameters measured reliably using Doppler echocardiography. In the present
work, we have developed another computational-mechanics framework for C3VI
(called C3VI-CT). C3VI-CT uses the same lumped-parameter model core as C3VI-
DE but its input parameters are measured using computed tomography and a
sphygmomanometer. Both frameworks can quantify: (1) global hemodynamics (metrics
of cardiac function); (2) local hemodynamics (metrics of circulatory function). We
compared accuracy of the results obtained using C3VI-DE and C3VI-CT against
catheterization data (gold standard) using a C3VI dataset (N = 49) for patients with C3VI
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who undergo TAVR in both pre and post-TAVR with a high variability. Because of the
dataset variability and the broad range of diseases that it covers, it enables determining
which framework can yield the most accurate results. In contrast with C3VI-CT, C3VI-
DE tracks both the cardiac and vascular status and is in great agreement with cardiac
catheter data.

Keywords: computational model, local hemodynamics, global hemodynamics, workload, diagnostic tool, doppler
echocardiography, computed tomography

INTRODUCTION

Cardiovascular disease remains the primary cause of death
worldwide and produces immense health and economic burdens
(Roth et al., 2017; Ritchie and Roser, 2018; Benjamin et al.,
2019). Cardiovascular disease is prevalent in 48.0% of adults
and was responsible for 31.8% of all deaths in 2017 (Ritchie
and Roser, 2018; Benjamin et al., 2019) and will remain the
first cause of death globally by 2030. In the most general
condition, several diseases of the valves, ventricles and the
vascular system mechanically interact with one another and their
combination exacerbate adverse effect of each isolated disease
on the cardiovascular system (Généreux et al., 2013; Nombela-
Franco et al., 2014; Blanke et al., 2016; Sotiropoulos et al., 2016).
This complex (and mixed) valvular, vascular and ventricular
interactions (C3VI) is a complicated situation made even more
challenging in the face of other cardiovascular pathologies. C3VI
represent situations in which a number of vascular, valvular
and ventricular pathologies have mechanical interactions with
each other. C3VI includes diseases of the heart valves such as
stenosis and regurgitation of aortic and mitral valves, ventricular
pathologies such as hypertrophy and heart failure, diseases of
the vascular system such as hypertension as well as anatomical
alterations due to interventions for C3VI such as transcatheter
and surgical valve replacement (Elmariah et al., 2013; Généreux
et al., 2013; Nombela-Franco et al., 2014; Pibarot et al., 2015;
Ben-Assa et al., 2019).

“Cardiology is flow”(Richter and Edelman, 2006) and indeed
quantifications of hemodynamics can be immensely valuable
for precise diagnosis, however, we still lack precise diagnostic
tools for various cardiovascular diseases (Di Carli et al., 2016).
There has been an emerging conclusion by many researchers
that valvular disease is a complex and mixed disease that
also depends on the ventricle and the vascular system states
(Yin, 1987; Burkhoff et al., 2005; Borlaug and Kass, 2008;
Taylor and Steinman, 2010; Dweck et al., 2012; Antonini-
Canterin et al., 2013; Keshavarz-Motamed et al., 2014, 2016; Ben-
Assa et al., 2019; Ikonomidis et al., 2019; Keshavarz-Motamed
et al., 2020; Sadeghi et al., 2020; Khodaei et al., 2021a,b).
Indeed, the quantitative investigations of hemodynamics in
patients with C3VI should take into account the interactive
coupling of the valves, ventricle, and the vascular system.
The conclusions and recommendations made in the previous
studies can be boiled down to define the following two
hemodynamics quantification capabilities that computational
diagnostic frameworks are required to have to be clinically useful
for patients with C3VI. The required quantities are local and

global hemodynamics metrics (Yin, 1987; Burkhoff et al., 2005;
Borlaug and Kass, 2008; Taylor and Steinman, 2010; Dweck et al.,
2012; Antonini-Canterin et al., 2013; Ky et al., 2013; Keshavarz-
Motamed et al., 2014, 2016; Ben-Assa et al., 2019; Ikonomidis
et al., 2019; Seemann et al., 2019; Keshavarz-Motamed et al.,
2020; Sadeghi et al., 2020) as follows: (1) Metrics of circulatory
function (local), e.g., fluid dynamics of the circulatory system,
and (2) Metrics of cardiac function (global), e.g., heart workload
and its breakdown to the contributing disease components.
Assessments of hemodynamics, if available, would offer valued
information about the cardiac health condition and could be
used for planning C3VI interventions and making critical clinical
decisions with life-threatening risks. Presently, there are no
tools available to invasively or non-invasively quantify local
and global hemodynamics. Phase-contrast magnetic resonance
imaging (MRI) can offer the fluid dynamics. However, MRI has a
lower temporal resolution than doppler echocardiography (DE)
(Elkins and Alley, 2007; Kilner et al., 2007). It is important
to note that, due to the high risk of the magnetic field of
the machine for patients with implanted devices, MRI cannot
be used for patients with most implanted medical devices
except safely for MRI-conditional devices (Orwat et al., 2014).
Computed tomography (CT) has a high spatial resolution
and can provide anatomical information with a high accuracy
(Villarraga-Gómez et al., 2018), however, it has a low temporal
resolution (Maleki and Esmaeilzadeh, 2012; Watson et al.,
2018; Rehman and Makaryus, 2019) and cannot measure
any (local and global) hemodynamic parameters. Furthermore,
CT uses ionizing radiation (Burgstahler and Schroeder, 2007;
Fleischmann et al., 2008) so receiving multiple scans increases
the risk of developing cancer (Edwards and Arthurs, 2011;
Pearce et al., 2012; Power et al., 2016; Rigsby et al., 2018).
Cardiac catheterization is the gold standard for evaluating
cardiac function but it is invasive and carries high risk (Omran
et al., 2003) so it not practical for diagnosis in patients
with cardiovascular diseases in regular clinical practice. Most
importantly, cardiac catheterization offers access to flow and
pressure only in very limited regions. Doppler echocardiography
(DE) is risk-free, has high temporal resolution and can be
used to investigate cardiac function in real time. Despite DE’s
potential advantages, there is no DE methods to quantify
global hemodynamics and there is no method to quantify local
hemodynamics accurately.

In this work, we seek for a method that can quantify global
hemodynamics in addition to measures of local hemodynamics.
Currently only lumped-parameter models have these capabilities
due to the complexity of the cardiovascular system and
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the unmanageable computational cost that 3-D models of
hemodynamics in the entire cardiovascular system has.
A diagnostic lumped parameter model framework that can
quantify both local and global hemodynamics in patients
with cardiovascular diseases should meet the following 2
conditions:

(1) The computational diagnostic framework should be
developed based on the clinical patient-specific input
parameters (e.g., hemodynamic metrics, clinical data and
imaging). Upon development of a diagnostic lumped
parameter model, its results should be validated against
clinical data obtained using DE, MRI, and more specifically
cardiac catheterization.

(2) The patient-specific input parameters for such
development should be obtained non-invasively in
each patient. It is critical to note that obtaining
the input parameters invasively in patient refutes
the entire purpose of the diagnostic computational
mechanics framework.

There have been attempts for quantifying hemodynamics
and for fundamental understanding of cardiovascular mechanics
using lumped parameter modeling (Segers et al., 2003; Geven
et al., 2004; Tanné et al., 2008; Garcia et al., 2009, 2005;
Keshavarz-Motamed et al., 2011, 2014, 2015, 2016; Mynard
et al., 2012; Broomé et al., 2013; de Canete et al., 2013;
Revie et al., 2013; Benevento et al., 2015; Frolov et al., 2016;
Mihalef et al., 2017; Duanmu et al., 2018; Li et al., 2018; Pant
et al., 2018; Ben-Assa et al., 2019; Mao et al., 2019; Keshavarz-
Motamed, 2020; Keshavarz-Motamed et al., 2020). All of these
models [except (Keshavarz-Motamed et al., 2016; Keshavarz-
Motamed, 2020)] cannot satisfy Requirements #1 and #2 above,
although they were very important to provide fundamental
understandings using idealized or hypothetical cases (Segers
et al., 2003; Geven et al., 2004; Tanné et al., 2008; Garcia
et al., 2009, 2005; Keshavarz-Motamed et al., 2011, 2014, 2015;
Mynard et al., 2012; Broomé et al., 2013; de Canete et al.,
2013; Revie et al., 2013; Benevento et al., 2015; Frolov et al.,
2016; Mihalef et al., 2017; Duanmu et al., 2018; Li et al.,
2018; Pant et al., 2018; Ben-Assa et al., 2019; Mao et al., 2019;
Keshavarz-Motamed et al., 2020). Among all of the previous
studies, the only lumped-parameter models that satisfy both
Requirements #1 and #2 are one on coarctation of the aorta
(Keshavarz-Motamed et al., 2016) and the other one on C3VI
(Keshavarz-Motamed, 2020).

Transcatheter aortic valve replacement (TAVR) is an emerging
minimally invasive intervention for patients with aortic stenosis
across a broad risk spectrum. In this study, we contributed to
proceeding computational mechanics as an influential revenue to
augment clinical data and measurements, and medical imaging to
develop diagnostic methods for monitoring, treatment planning
and risk assessment in patients with C3VI who undergo TAVR in
both pre and post TAVR states at no risk to the patient. In patients
with C3VI and TAVR, DE and CT are commonly used but MRI is
not usually used due the risk of the magnetic field interactions with
the implanted devices in the body of these patients. We recently

developed (Keshavarz-Motamed, 2020) a highly innovative,
Doppler-based, non-invasive, image-based, patient-specific
diagnostic and monitoring lumped parameter model framework
for C3VI (called C3VI-DE) which uses input parameters,
measured reliably using DE and a sphygmomanometer and
satisfy both Requirements (#1 & #2). C3VI-DE, which has
a lumped-parameter model at its core, quantifies (1) local
hemodynamics (e.g., details of the physiological pulsatile flow
and pressure in the heart and circulatory system); (2) global
hemodynamics (e.g., cardiac function hemodynamic metrics,
LV workload, instantaneous LV pressure and volume) and most
importantly the individual share of each disease constituent on
the global hemodynamics. Currently, in clinical practice, none
of these metrics can be acquired in patients non-invasively and
if invasive procedures using cardiac catherization are conducted,
the measured metrics are not complete. Additionally, in the
present work, we have developed another computational-
mechanics framework for C3VI (called C3VI-CT). C3VI-CT
uses the same lumped-parameter model core as C3VI-DE
and was coupled with input parameters measured using CT
and a sphygmomanometer (for simplicity, we called this latter
framework C3VI-CT). The two frameworks differ in terms of the
modality used for collecting the input parameters for the core
lumped-parameter model. In the present work, we compared
accuracy of the results obtained from C3VI-DE and C3VI-CT
against cardiac catheterization data in forty-nine C3VI patients
who underwent TAVR to determine which framework can
yield the most accurate results. To the best of our knowledge,
this is the first study that investigates the effects of choice of
medical imaging modalities on the accuracy of a computational
diagnostic framework for patients with C3VI in terms of local
and global hemodynamic.

MATERIALS AND METHODS

Our recent non-invasive diagnostic and monitoring
computational-mechanics framework for C3VI (called
C3VI-DE) (Keshavarz-Motamed, 2020) uses limited input
parameters, measured reliably using Doppler echocardiography
and a sphygmomanometer. In this study, we have developed
another computational-mechanics framework for C3VI (called
C3VI-CT). C3VI-CT uses the same lumped-parameter model
core as C3VI-DE and was coupled with input parameters
measured using CT and a sphygmomanometer (Figure 1;
Schematic diagrams of C3VI-DE and C3VI-CT). The
developed algorithm (for both C3VI-DE and C3VI-CT)
uses the following input parameters: systolic and diastolic
brachial blood pressures, forward left ventricular outflow
tract stroke volume, cardiac cycle duration, ejection time,
ascending aorta area, left ventricular outflow tract area,
aortic valve effective orifice area, mitral valve effective orifice
area, and grading of the severity of aortic and mitral valves
regurgitation. The algorithm consists of a parameter estimation
algorithm and a lumped-parameter model that incorporates
several sub-models to analyze any combination of mixed
and complex valvular, vascular and ventricular diseases in
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FIGURE 1 | Schematic diagram of the lumped parameter modeling. (A) Anatomical representation. (B) Electrical representation of C3VI-DE. This model includes four
sub-models. (1) left atrium, (2) left ventricle, (3) aortic valve, (4) mitral valve, (5) systemic circulation, and (6) pulmonary circulation (Table 1, abbreviations). C3VI-DE
input parameters were measured using DE and sphygmomanometer. (C) Electrical representation of C3VI-CT. Input parameters of C3VI-CT were measured using
CT and sphygmomanometer.
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FIGURE 2 | Patient-specific response optimization flow chart. This flow chart
was used for both C3VI-DE and C3VI-CT.

both pre and post interventional status (see Figure 1 for
Schematic diagrams; Figure 2 for Flow chart; Table 1 for
Cardiovascular parameters).

Lumped Parameter Model
Cardiac-Arterial Model
Left ventricle
LV pressure and LV volume were coupled using a time varying
elastance E(t) as follows:

E(t) =
PLV(t)

V(t)− V0
(1)

where, PLV(t), V(t), and V0 are the LV time-varying pressure,
time-varying volume, and unloaded volume, respectively
(Keshavarz-Motamed et al., 2016). As explained by Keshavarz-
Motamed (2020), to represent the normalized elastance function
of the LV, we observed that among summation of Gaussian
functions (Pironet et al., 2013; Chaudhry, 2015), Boltzmann
Distribution (McDowell, 1999), double Hill function (Mynard
et al., 2012; Broomé et al., 2013), and the latter provided the most
physiologically accurate results (e.g., pressure, volume, and flow
waveforms). The double Hill function which is a cooperative

process (Moss et al., 2004), as physiologically expected from
myocyte recruitment during preload and is modeled by a
sigmoidal Hill function.

E(t) = N


(

t
τ1

)m1

1+
(

t
τ1

)m1


 1

1+
(

t
τ2

)m2

+ Emin (2)

N =
Emax − Emin

2
(3)

where, N, τ1, τ2, m1, m2, and Emin are elastane normalization,
ascending time translation, descending time translation,
ascending gradient, descending gradient, and minimum
elastance, respectively (see Table 1). A double Hill function
was modeled the contraction and relaxation in the heart
chambers (equation 2); the first term in brackets resembles to
the contraction of the chamber and the second term in brackets
resembles to the relaxation of the chamber. τ1, τ2, m1, m2 govern
the time translation and gradient of the elastance function,
respectively: (1) τ1 and τ2 are parameters that are functions of
the cardiac cycle duration (T) and are calculated in each patient
using the equations provided in Table 1; (2) m1, m2 are constant
for all patients (see Table 1 for more details). Parameter values
used for the elastance function were adapted from Gleason and
Braunwald (1962); Van de Werf et al. (1984); Brown and Ditchey
(1988); Dell’Italia and Walsh (1988); Kass et al. (1988); Takeuchi
et al. (1992); Senzaki et al. (1996); Stergiopulos et al. (1996);
Maniar et al. (2003); Liang et al. (2009) to obtain physiologically
waveforms (Table 1).

Left atrium
Left atrium pressure and LA volume were coupled using time
varying elastance E(t), following the same method described
above for the LV model (defined in equations 2 and 3) (Mynard
et al., 2012; Broomé et al., 2013; Table 1). Additionally, a phase lag
was used in the LA elastance function to account for the relative
onset of contractions between LA and LV (Mynard et al., 2012).
In Particular, LV contraction was introduced at T = 0, and LA
contraction was launched at 0.85 T (Mynard et al., 2012), causing
in a time delay of 0.15 T.

Modeling Heart Valves
Aortic valve
Aortic valve was modeled using the net pressure gradient
formulation (PGnet) through the aortic valve as follows:

PGnet|AV =
2πρ√

ELCo|AV

∂Q(t)
∂t
+

ρ

2 ELCo|2AV
Q2(t) (4)

and

ELCo|AV =
(EOA|AV)AAO

AAO − EOA|AV
(5)

where, ELCo|AV , EOA|AV , AAO, ρ, and Qare the valvular
energy loss coefficient, effective orifice area, ascending aorta
cross sectional area, fluid density, and transvalvular flow
rate, respectively.
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TABLE 1 | Cardiovascular parameters.

Description Abbreviation Value

Valve parameters

Effective orifice area EOA Measured using DE and CT

Inertance (mitral valve) MMV Constant value: 0.53 gcm−2 (Flachskampf et al., 1993; Tanné et al., 2008; Keshavarz-Motamed,
2020)
Defined by Flachskampf et al. (1993)

Systematic circulation parameters

Aortic resistance Rao Constant value: 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016;
Keshavarz-Motamed, 2020)

Aortic compliance Cao 0.6 CSAC (Stergiopulos et al., 1999)
Initial value: 0.5 mL/mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

Systemic vein resistance RSV 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed, 2020)

Systemic arteries and veins compliance CSAC Initial value: 2 mL/mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

systemic arteries resistance
(including arteries, arterioles and capillaries)

RSA Initial value: 0.8 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2011, 2014, 2016;
Keshavarz-Motamed, 2020)
Optimized based on brachial pressures
(Systolic and diastolic brachial pressures are optimization constraints)

Upper body resistance Rub Adjusted to have 15% of total flow rate in healthy case (Keshavarz-Motamed et al., 2016)

Proximal descending aorta resistance Rpda Constant value: 0.05 mmHg.s.mL−1 (Keshavarz-Motamed et al., 2016; Keshavarz-Motamed, 2020)

Elastance Function*

Maximum Elastance Emax 2.1 (LV)
0.17 (LA)

Minimum Elastance Emin 0.06 (LV, LA)

Elastance ascending gradient m1 1.32 (LV, LA)

Elastance descending gradient m2 27.4 (LV)
13.1 (LA)

Elastance ascending time translation τ1 0.269 T (LV)
0.110 T (LA)

Elastance descending time translation τ2 0.452 T (LV)
0.18 T (LA)

Pulmonary circulation parameters

Pulmonary Vein Inertance LPV Constant value:0.0005 mmHg·s2
·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein Resistance RPV Constant value: 0.002 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein and capillary Resistance RPVC Constant value: 0.001 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Vein and Capillary Compliance CPVC Constant value: 40 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Capillary Inertance LPC Constant value: 0.0003 mmHg·s2
·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Capillary Resistance RPC Constant value: 0.21 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Arterial Resistance RPA Constant value: 0.01 mmHg·s·mL−1 (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Pulmonary Arterial Compliance CPA Constant value: 4 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Mean Flow Rate of Pulmonary Valve QMPV Forward LVOT-SV is the only input flow condition. QMPV is a flow parameter that was optimized so
that the lump-parameter model could reproduce the desirable measured Forward LVOT-SV

Input flow condition

Forward left ventricular outflow tract stroke
volume

Forward
LVOT-SV

Measured using DE and CT

Output condition

Central venous pressure PCV0 Constant value: 4 mmHg (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)

Other

Constant blood density ρ Constant value: 1050 kg/m3 (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)

Cardiac cycle duration T Measured using DE and CT

Systolic End Ejection time TEJ Measured using DE and CT

Summarized parameters used in the lumped parameter modeling to simulate all patient-specific cases.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 6 July 2021 | Volume 9 | Article 64345358

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 7

Baiocchi et al. Non-invasive Diagnostic Framework

Aortic regurgitation
Aortic regurgitation (AR) was modeled using the similar
formulation as the aortic valve:

PGnet|AR =
2πρ√

ELCo|AR

∂Q(t)
∂t
+

ρ

2 ELCo|2AR
Q2(t) (6A)

and

ELCo|AR =
EOAARALVOT

ALVOT − EOAAR
(6B)

where, ELCo|AR, EOAAR, and ALVOT are regurgitation energy
loss coefficient, regurgitant effective orifice area and LVOT area,
respectively. AR pressure gradient is the difference between aorta
pressure and LV pressure during diastole.

Mitral valve
Mitral valve (MV) was modeled using the analytical formulation
for the net pressure gradient ( PGnet|MV ) across the MV during
LA ejection. PGnet|MV was expressed as a function of ρ, QMV ,
EOAMV and MMV , represent the fluid density, transvalvular flow
rate, effective orifice area and inertance, respectively.

PGnet|MR =
MMV

EOAMV

∂QMV(t)
∂t

+
ρ

2 EOA|2MV
Q2

MV(t) (7)

Mitral regurgitation
Mitral regurgitation (MR) pressure gradient is the difference
between mitral pressure and LA pressure during systole and was
modeled using the following equation:

PGnet|MR =
MMV

EOAMR

∂Q(t)
∂t
+

ρ

2 EOA|2MR
Q2(t) (8)

where, EOA|MR is MR effective orifice area.

Pulmonary flow
The pulmonary valve flow waveform was modeled using a
rectified sine curve with duration tee and amplitude QMPV as
follows:

QPV(t) = QMPV sin
(

πt
tee

)
, t ≤ tee;QPV(t) = 0, tee < t ≤ T

(9)
where, QMPV , tee and T are mean flow rate of the pulmonary
valve, end-ejection time and cardiac cycle duration, respectively.
Forward left ventricular outflow tract stroke volume (Forward
LVOT-SV) was the sole input flow condition in this study. Indeed,
the mean flow rate of the pulmonary valve (QMPV ) was optimized
so that the lump-parameter algorithm replicates the measured
Forward LVOT-SV.

Input Parameters and Patient-Specific Parameter
Estimation
Both C3VI-CT and C3VI-DE algorithms use the following input
parameters: forward left ventricular outflow tract stroke volume
(Forward LVOT-SV), cardiac cycle duration (T), ejection time
(TEJ), ascending aorta area (AAO), left ventricle outflow tract
area (ALVOT), aortic valve effective orifice area ( EOA|AV ), mitral

valve effective orifice area ( EOA|MV ), grading of the severity of
aortic, and mitral valves regurgitation and systolic and diastolic
blood pressures.

Flow inputs
Both C3VI-CT and C3VI-DE use only one measured flow
parameter as an input: forward left ventricle stroke volume
(Forward LVOT-SV). Forward LVOT-SV is defined as the volume
of blood that passes through the LVOT cross sectional area every
time the heart beats.

C3VI-CT
Forward LVOT-SV measured using CT is defined (Equation 10)
as follows:

Forward LVOT − SV = EDV − ESV (10)

where, EDV and ESV are the end diastolic volume and the end
systolic volume, respectively. Using CT data, we have estimated
end diastole phase and end systole phase by tracking the images
and the spatial position of the mitral valve and aortic valve leaflets
as well as the left ventricle. Therefore, the very first image after
aortic-valve closure was deemed as the end systole (beginning
of diastole) and the very first image after mitral-valve closure
was considered as the end diastole (beginning of systole). We
segmented and reconstructed the 3-D geometries of the complete
ventricle in patients in both pre and post-TAVR using CT images
and ITK-SNAP (version 3.8.0-BETA) (Yushkevich et al., 2006),
a 3-D image processing and model generation software package
(Figure 1C). We then, using an in house Matlab code, calculated
the left ventricle volume at the end systole and end diastole after
reconstructing the 3-D shape using CT data. We used smoothing
procedure for the surfaces. The smoothing procedure mainly
removed the effect of trabeculae and papillary muscles, which
has been shown to have negligible influence on the ventricle
hemodynamics (Vedula et al., 2016). Change in the volume due
to smoothing was less than 3% in all patients.

C3VI-DE
Forward LV-SV measured using DE is defined as the following
(Keshavarz-Motamed, 2020):

Forward LV − SV = ALVOT VTILVOT =
π(DLVOT)

2

4
VTILVOT

(11)
where, DLVOT , ALVOT , and VTILVOT are LVOT diameter, LVOT
area, and LVOT velocity-time integral, respectively.

Time inputs
Cardiac cycle time (T) and ejection time (TEJ) were measured
using Doppler echocardiography and ECG-Gated CT to be used
in C3VI-DE and C3VI-CT, respectively.

Aortic valve and mitral valve inputs
To model blood flow in forward direction, both C3VI-CT and
C3VI-DE require aortic valve effective orifice area ( EOA|AV ),
mitral valve effective orifice area ( EOA|MV ), ascending aorta area
(AAO) and left ventricle outflow tract area (ALVOT).
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C3VI-CT
We segmented and reconstructed the 3-D geometries of the
aortic and mitral valves, ascending aorta and LVOT section in
C3VI patients in both pre and post-TAVR using CT images
and ITK-SNAP (version 3.8.0-BETA) (Yushkevich et al., 2006)
(Figure 1C). We calculated EOA|AV , EOA|MV , AAO and ALVOT
using an in house Matlab code, after reconstructing the 3-D
shape using CT data.

C3VI-DE
EOA|AV , AAO, ALVOT were calculated using the following
equations (Keshavarz-Motamed, 2020):

EOA|AV =
Forward LVOT − SV

VTIAO
(12)

AAO =
π(DAO)

2

4
(13)

ALVOT =
π(DLVOT)

2

4
(14)

where, VTIAO, DAO, and DLVOT are the velocity time integral
in the ascending aorta (amount of the blood flow going
through the aorta), ascending aorta diameter and LVOT
diameter, respectively.

Moreover, mitral valve is approximately an ellipse and its
area was quantified using the following equation where d1
and d2 are mitral-valve diameters measured in the apical
two-chamber and apical four-chamber views, respectively
(Keshavarz-Motamed, 2020).

EOA|MV =
πd1d2

4
(15)

Grading of aortic and mitral valve regurgitation severity
inputs
To model blood flow in the reverse direction, both C3VI-CT and
C3VI-DE require grading of aortic and mitral valve regurgitation
severity (e.g., regurgitant effective orifice area of aortic valve
and regurgitant effective orifice area of mitral valve) [(see
Keshavarz-Motamed, 2020) for all details)]. C3VI-CT uses CT
data for all the mentioned input parameters, however, it cannot
provide measurements for grading of aortic and mitral valve
regurgitation severity, which are measured using DE (Keshavarz-
Motamed, 2020). We therefore use grading of aortic and mitral
valve regurgitation severity measured by DE for both C3VI-
CT and C3VI-DE.

Systolic and diastolic blood pressures
Systolic and diastolic blood pressures measured using a
sphygmomanometer are additional input parameters for both
C3VI-CT and C3VI-DE.

Parameter estimation for systemic circulation
Parameters RSA, CSAC, and Cao were optimized so that the
aorta pressure calculated using the model matched the patient’s
systolic and diastolic brachial pressures measured using a
sphygmomanometer (see section “Computational Algorithm”
and section “Patient-Specific Response Optimization” for details)
for both C3VI-CT and C3VI-DE.

Simulation execution
Please see the section “Computational Algorithm” for both C3VI-
CT and C3VI-DE calculations.

Computational Algorithm
The lumped-parameter algorithm was analyzed numerically by
creating and solving a system of ordinary differential equations in
Matlab Simscape (MathWorks, Inc.), supplemented by additional
functions written in Matlab and Simscape. Matlab’s ode23t
trapezoidal rule variable-step solver was used to solve the
system of differential equations with an initial time step of 0.1
milliseconds. The convergence residual criterion was set to 10−6.
Initial voltages and currents of capacitors and inductors were set
to zero. The model was run for several cycles (around 50 cycles)
to reach steady state before starting the response optimization
process described below. In order to generate a signal to model LV
elastance, a double Hill function representation of a normalized
elastance curve for human adults was used (Mynard et al.,
2012; Broomé et al., 2013). This elastance formulation was
shown to completely represent the LV function independent of
its pathological condition. Simulations started at the onset of
isovolumic contraction. The instantaneous LV volume, V(t), was
calculated using the time varying elastance (Equation 1) and LV
pressure, PLV . Subsequently, the LV flow rate was calculated as
the time derivative of the instantaneous LV volume. The same
method was used to obtain the left-atrium volume, pressure and
flow rate. PLV was initially calculated using the initial values of
the model input parameters from Table 1. The Forward LVOT-
SV was calculated using the lumped-parameter model and then
fitted to the one measured (Equation 10) by optimizing QMPV
(as detailed below). Finally, for each patient RSA, CSAC, and
Cao were optimized to fit the aortic pressure from the model
to the patient systolic and diastolic pressures measured using a
sphygmomanometer.

Patient-Specific Response Optimization
The parameters of the lumped parameter algorithm are listed
in Table 1. Some of the parameters were considered constant
based on the previous studies in the literature or based on
the rationale given below and their values are reported in
Table 1. Additionally, the parameters that were measured in
each patient are indicated in that table. To precisely replicate the
body conditions of individual patients, as described below, four
parameters of the lumped parameter algorithm were optimized
so that the model replicated the physiological measurements
performed in the patient. Simulink Design Optimization toolbox
was used to optimize the response of the lumped-parameter
model using the trust region reflective algorithm implemented
in Matlab fmincon function. The response optimization was
performed in two consecutive steps with tolerances of 10−6

(Figure 2, flow chart).
The mean flow rate of the pulmonary valve, QMPV , could

not be measured or computed using CT and cannot be reliably
measured using Doppler echocardiography. However, because
Forward LVOT-SV can be measured reliably using Doppler
echocardiography and can be computed using CT, in the first
step of optimization, QMPV was optimized to minimize the
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error between the Forward LVOT-SV calculated by the lumped-
parameter algorithm and the one measured in each patient
reliable using DE.

In the second step, RSA, CSAC, and Cao were optimized so that
maximum and minimum of the aorta pressures were equal to the
systolic pressure and diastolic pressure, respectively, measured
using a sphygmomanometer in each patient. Because the left
ventricle confronts the total systemic resistance and not the
specific resistances, and the systemic arteries resistance (RSA) is
one order of magnitude greater than both the aortic resistance
(Rao) and systemic vein resistance (RSV ), we considered Rao and
RSV as constants and optimized RSA as the main contributor of
the total systemic resistance (Keshavarz-Motamed et al., 2011,
2012, 2014, 2015; Benevento et al., 2015; Keshavarz-Motamed,
2020; Sadeghi et al., 2020). Cao was considered to be 0.6 of CSAC
because 60% of the total arterial compliance lives in the proximal
aorta (Stergiopulos et al., 1999).

In addition, we performed a comprehensive parameter
sensitivity analysis that discovered negligible effects of changes in
the pulmonary parameters (e.g., CPVC) on the lumped parameter
model output variables (Keshavarz-Motamed, 2020). Therefore,
we did not include these pulmonary parameters in the parameter-
optimization process and counted them as constants (Table 1).

Study Population
Forty-nine deidentified and anonymous C3VI patients with
severe aortic valve stenosis who underwent TAVR (see
Table 2 for patients characteristics) between 2011 and 2018
at St. Joseph’s Healthcare and Hamilton General Hospital
(Hamilton, ON, Canada) and Hospital Universitario Marques
de Valdecilla (IDIVAL, Santander, Spain) were considered
(Keshavarz-Motamed, 2020; Keshavarz-Motamed et al., 2020).
The selections were done by operators blinded to the objectives
and contents of this study. Informed consent was obtained from
all participants. The protocols were reviewed and approved by
the Institutional Review Boards of each institution as follows:
the Hamilton Integrated Research Ethics Board (HiREB)
of Hamilton Health Sciences and St. Joseph’s Healthcare,
both affiliated to McMaster University and Comité de ética
de la investigación con medicamentos de Cantabria of the
Hospital Universitario Marques de Valdecilla. All methods and
measurements were conducted in accordance with pertinent
guidelines and regulations, e.g., guidelines of the American
College of Cardiology and American Heart Association. Cardiac
catheterizations were performed only in pre intervention status.
The patient medical records were used to collect demographic
and procedural data (see Table 1 for details). Data was acquired
at two time points: pre-procedure and 90-days post-procedure.

Statistical Analysis
All results were expressed as mean ± standard deviations (SD).
Statistical analyses were performed using SigmaStat software
(Version 3.1, Systat Software, San Jose, CA, United States).
Coefficient of determination, R2, was used to quantify the
quality of linear regressions. Statistically significant differences
between two datasets were assessed using two-sample t-test at 1%
significance level.

RESULTS

C3VI-DE and C3VI-CT vs. Clinical
Cardiac Catheterization Data
Validation with clinical cardiac catheterization is a gold standard
and the highest-level validation that is possible in patients in
the field of cardiovascular mechanics. However, because of its
invasive nature, catheter data are rare and collecting a useable
dataset are incredibly rare. It is important to note that from
a fluid mechanics point of view, in incompressible flow the
relationship between pressure and velocity is well defined and
therefore from catheter pressure data, the velocity can be easily
obtained. In the complex time-varying cardiovascular system,
in which many phenomena interact with one another, having a
model that replicates the catheter data in each patient, shows
the validity of the model to the highest degree. Our results
show that C3VI-DE can non-invasively quantify pulsatile flow
and pressure throughout the heart in C3VI patients and provide
instantaneous quantities such as left ventricle and aorta pressures.
Conversely, C3VI-CT cannot accurately obtain these quantities
(Figures 3, 4).

Pressure Waveforms
The instantaneous pressure computed by C3VI-DE were
compared with clinical cardiac catheter pressure measurements
in all forty-nine C3VI patients. Figure 3 shows the comparison
of C3VI-DE calculations with catheter data in 3 of the 49
patients (Patients #1, #2, and #3). C3VI-DE results are in
qualitative agreement with catheter measurements, e.g., similar
waveform shape as well as specific wave elements such as the
amplitude and timing of the systolic peak. Quantitatively, results
computed by C3VI-DE had an average RMS error of 11.8 mmHg
and 9.9 mmHg in the LV and aorta pressures, respectively
(n = 49). Conversely, results from C3VI-CT do not precisely
agree with catheter measurements with the average RMS errors
of 64.5 mmHg and 12.7 mmHg in the left ventricle and aorta
pressures, respectively (n= 49).

Peak Pressure
The peak pressures obtained from C3VI-DE (LV:
164.5 ± 30.7 mmHg; aorta: 133.88 ± 14.25 mmHg) are
in close agreement with catheter measurements (LV:
165.9 ± 30.9 mmHg, aorta: 133.75 ± 14.67 mmHg) in all
forty-nice C3VI patients (Figure 4). The high coefficients of
determination (LV: R2

= 0.982; aorta: R2
= 0.933; Figure 4)

indicate a strong correlation between C3VI-DE and cardiac
catheter measurements, with maximum relative errors of 4.49%
for aorta pressure and 4.33% for LV pressure in all forty-nine
patients. In contrast with those obtained from C3VI-DE, peak
pressures obtained from C3VI-CT (LV: 143.4 ± 27.5 mmHg,
aorta: 134.4 ± 14.5 mmHg) are incompatible with the catheter
measurements. Its low coefficients of determination (LV:
R2
= 0.63; aorta: R2

= 0.83; Figure 4) indicate a weak correlation
between C3VI-CT and catheter measurements, with maximum
relative errors of 31.4% and 7.8% for LV and aortic pressures,
respectively, in all C3VI subjects.
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TABLE 2 | Patient characteristics.

Pre interventionMean ± SD (n = 49) Post interventionMean ± SD (n = 49)

Ventricular indices – DE findings

Ejection fraction, % 53.5 ± 12.7 61 ± 14.6

Heart rate, bpm 70.7 ± 9.5 68 ± 11.8

Stroke volume, mL 48.3 ± 11.7 44.5 ± 15.5

NYHA classifications ≥ grade 2 82% 76%

Valvular indices – DE findings

Aortic valve effective orifice area (cm2) 0.58 ± 0.16 1.75 ± 0.4

Mean aortic valve gradient, mmHg 51.52 ± 13.6 11.1 ± 6.1

Maximum aortic valve gradient, mmHg 84.5 ± 21.32 20.4 ± 10.28

Aortic valve disease type Tricuspid: 46; Bicuspid: 3 None

Aortic valve regurgitation ≥ grade 2 48% 5%

Mitral valve regurgitation ≥ grade 2 19% 20%

Vascular indices – Sphygmomanometer

Brachial systolic blood pressure, mmHg 139 ± 22.5 135 ± 16.8

Brachial diastolic blood pressure, mmHg 79 ± 11.7 68 ± 10.3

Patient description

Mean age, years; Gender 64.5 ± 5.5; (Female: 36%) Same as pre TAVR

Mean weight, kg; Mean height, cm 73.4 ± 12.8; 165.7 ± 9.6 71.6 ± 10.5; 165.7 ± 9.6

Body surface area, m2 1.73 ± 0.14 Not available

Body mass index, kg/m2 31.9 ± 21.5 Not available

EuroScore II 7.2 ± 5.33 Not available

STS mortality rate 6.89 ± 4.45 Not available

Associated cardiovascular lesions

Previous percutaneous coronary intervention 39% Same as pre TAVR

Previous coronary artery bypass grafting 30% Same as pre TAVR

Previous myocardial infarction 19% Same as pre TAVR

Previous stroke 1% Same as pre TAVR

Atrial fibrillation 26% Same as pre TAVR

Cerebrovascular accident 5% Same as pre TAVR

Peripheral vascular disease 38% Same as pre TAVR

Hypertension 82% 78%

Changes in hemodynamic metrics from baseline to post-intervention.

C3VI-DE vs. C3VI-CT: Input Parameters
to the Model
The developed algorithm uses the following input parameters:
forward LVOT stroke volume, cardiac cycle duration, ascending
aorta area, LVOT area, aortic valve effective orifice area, mitral
valve effective orifice area, and grading of aortic and mitral
valves regurgitation severity. While for C3VI-DE all of these
parameters are reliably measured using DE, for C3VI-CT they are
measured using CT, except for grading of aortic and mitral valve
regurgitation severity, which are measured using DE since CT
cannot provide these measurements. The other input parameters
of the model are systolic and diastolic blood pressures, which
are measured using a sphygmomanometer for both C3VI-DE
and C3VI-CT. Figure 5 shows that when the measurements
of the input parameters were performed using CT data, aortic
valve effective orifice area, LVOT area, and ascending aorta area
were significantly higher than those measured using DE, while
the forward LVOT stroke volume and mitral valve effective area
were lower than the ones measured using DE. Table 3 shows
the maximum variations of the computed LV workload and LV

peak pressure, averaged over all patients, obtained from one-
parameter-at-a-time sensitivity analysis of ±30% relative to the
baseline. As shown in Table 3, the LV worklaod and LV peak
pressure are greatly sensitive to the forward LVOT stroke volume,
among all of the input parameters of the model, and consequently
the underestimated forward LVOT stroke volume obtained from
the CT data can introduce an error in the calculated LV workload.

C3VI-DE vs. C3VI-CT: Model Outputs
(Hemodynamics Metrics of Circulatory
and Cardiac Function)
Figure 6 shows that the calculated hemodynamics metrics of
circulatory and cardiac function (e.g., LV workload, LV peak
pressure and peak to peak pressure gradient) were substantially
different when the measurements of the input parameters were
performed using DE rather than CT. Compared to C3VI-DE,
C3VI-CT underestimates the LV workload, LV peak pressure
and peak to peak pressure gradient (the difference between LV
peak pressure and aorta peak pressure) by 18%, 16%, and 55%,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 64345362

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-09-643453 July 2, 2021 Time: 17:46 # 11

Baiocchi et al. Non-invasive Diagnostic Framework

FIGURE 3 | Pressure waveform comparison (C3VI-CT & C3VI-DE vs. cardiac catheter): The instantaneous C3VI-DE pressure compared favorably with cardiac
catheter pressure in all subjects. Conversely, results from C3VI-CT do not precisely agree with catheter measurements. (A) Patient #1; (B) Patient #2; (C) Patient #3.

respectively (average in N = 49). Moreover, we used the pre-
intervention states (both from DE and CT) of the patients,
virtually performed intervention in the models and used our
framework to predict the patient state post intervention. Figure 7
compares the actual post-intervention LV workload with the
LV workload that our framework predicted that all patients

would have after the intervention (patients with C3VI underwent
TAVR; N = 49). We observed quantitative agreement, resulted
from, between the post-intervention LV workload predicted
using C3VI-DE and the actual post-intervention LV workload
in all C3VI subjects (error of average: 0.4%, N = 49; Figure 7)
which demonstrates the validity of the C3VI-DE model and
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FIGURE 4 | Peak pressure correlation (C3VI-CT & C3VI-DE vs. cardiac catheter). Peak pressures calculated by C3VI-DE correlated well with catheter measurements
in all forty-nine C3VI patients, described by high coefficients of determination. In contrast with C3VI-DE, peak pressures obtained from C3VI-CT are incompatible
with the catheter measurements, described by low coefficients of determination. (A) Aorta. (B) Left ventricle.

its predictive capability. However, there is no firm quantitative
agreement between the post-intervention LV workload predicted
using C3VI-CT and the actual post-intervention LV workload in
C3VI patients (error of average: 11.4%, N = 49; Figure 7).

DISCUSSION

Because of high individual differences in the anatomy
and pathophysiology of patients, planning individualized
treatment requires patient-specific diagnosis. Hemodynamics
quantification in C3VI plays an essential role in precise and
early diagnosis (Marsden, 2013; Khalafvand et al., 2014; Di Carli
et al., 2016), however, present diagnostic methods are limited

and cannot quantify hemodynamics of C3VI (Marsden, 2013; Di
Carli et al., 2016; Anvari et al., 2021).

As the need for patient-specific diagnostic methods continues
to be studied, understanding the strengths and limitations of
imaging modalities is crucial toward creating accurate diagnostic
tools. Over the past decade, the use of medical imaging has
exponentially increased (Smith-Bindman et al., 2012; Blecker
et al., 2013), likely due to its technological advancements
which is evident through the miniaturization of imaging devices
and the dramatic increase in sensitivity and spatial resolution
(Fleischmann et al., 2008; Smith-Bindman et al., 2012; Di Carli
et al., 2016). In spite of astonishing advancements in medical
imaging, medical imaging on its own cannot quantify local and
global hemodynamics: (1) Phase-contrast magnetic resonance
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FIGURE 5 | Doppler echocardiography measurements vs. computed tomography measurements (N = 49). (A) aortic valve effective orifice area; (B) LVOT area;
(C) ascending aorta area; (D) mitral valve effective orifice area; (E) forward LVOT stroke volume. DE and CT generated significantly different results for aortic valve
effective orifice area, LVOT area, ascending aorta area, mitral valve effective orifice area, and forward LVOT stroke volume as the two sample t-test rejected the null
hypothesis at 0.01 significance level.
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TABLE 3 | Maximum variation of the computed LV workload and LV peak pressure.

Input parameters of the algorithm measured using CT or DE Abbreviation Maximum variations of computed LV workload
and LV peak pressure (N = 49)

Forward left ventricular outflow tract stroke volume Forward LVOT-SV 58% and 51%

Cardiac cycle duration T 14.5% and 11%

Ascending aorta area AAO 0.68% and 0.5%

LVOT area ALVOT 0.7% and 0.65%

Aortic valve effective orifice area EOAAV 14% and 18%

Mitral valve effective orifice area EOAMV 1.4% and 0.9%

Input parameters of the algorithm measured using DE

Regurgitant effective orifice area of the aortic valve EOAAR 19% and 10.6%

Regurgitant effective orifice area of the mitral valve EOAMR 11.5% and 4.5%

Input parameters of the algorithm measured using
sphygmomanometers

Systolic pressure PSYS 1.2% and 0.85%

Diastolic pressure PDIAS 1% and 0.9%

Results were obtained from one-parameter-at-a-time sensitivity analysis (±30%) relative to the baseline, averaged over all patients (N = 49). LV workload, the integral of
LV pressure and its volume change, is greatly sensitive to the forward LVOT stroke volume, among all of the input parameters of the algorithm.

imaging (MRI): MRI can provide 3-D velocity and volumetric
data throughout the cardiac cycle, making it a great tool for
characterizing flow throughout the volume with a relatively
high spatial resolution (Fleischmann et al., 2008; Shen et al.,
2021). On the downside, MRI has a lower temporal resolution
(20 ms highest) than Doppler echocardiography does, and is
the most costly of the compared imaging modalities (Picano,
2005; Watson et al., 2018). In addition, Gadolinium contrast
agent, used in approximately 1 in 3 MRI scans to increase
the image clarity, is toxic and may lead to the development
of Nephrogenic Systemic Fibrosis in patients with severe renal
failure (Kuo et al., 2007; Paterson et al., 2013). However, 4D
flow MRI is an emerging technology to allow comprehensive
assessment of cardiac function, vascular and valvular function
(Zhong et al., 2019). Most importantly, although use MRI is
limited in patients with implanted medical devices as they remain
a major risk during the examination (Orwat et al., 2014), some
devices [e.g., MRI-conditional pacemakers; Saunderson et al.
(2020) and (Saunderson et al., 2020)] may be used in MRI
environment if certain conditions are fulfilled. However, the
possibility, safety and reliability of 4-D flow MRI remain to
be confirmed in patients with implanted cardiac devices. As
Saunderson et al. (Saunderson et al., 2020) mentioned, larger
studies are required to fully evaluate safety of 4D flow MRI
across a wider range of cardiovascular implanted devices; (2)
Computed tomography (CT): CT scans allows for 3D and 4D
visualization and measurement of complex anatomy as well as
flexible structures at high spatial resolution (Villarraga-Gómez
et al., 2018). Dual source CT has poor temporal resolution with
the highest resolution outputs of 83 ms, which is the lowest of
the compared modalities, thus requiring slow and steady heart
rates to yield a clear image (Lin and Alessio, 2009; Sabarudin
and Sun, 2013; Watson et al., 2018). Additionally, due to the
ionizing radiation, receiving multiple scans increases the risk
of developing cancer by 2.7–12% for the general population
and up to triple the risk of brain tumors and leukemia for
pediatric patients. Furthermore, CT typically requires the use

of an iodine-based contrast agent which, in rare cases, may
induce anaphylaxis or contrast-induced nephropathy (Andreucci
et al., 2014; Faggioni and Mehran, 2016; Rehman and Makaryus,
2019). More importantly, CT cannot measure any (local and
global) hemodynamic parameters; (3) Doppler echocardiography
(DE): DE provides functional, real-time information regarding
cardiac geometry, instantaneous flow and pressure gradients
(Anavekar and Oh, 2009; Steeds, 2011). DE can detect structural
abnormalities as well as assess contractility and ejection fraction,
at an excellent temporal resolution of < 4 ms and has an
infinitesimal risk-to-benefit ratio (Papolos et al., 2016). As a
result, DE remains the gold standard for assessing cardiac
function, and is essential for basic and clinical cardiovascular
research (Anavekar and Oh, 2009; Steeds, 2011; Parra and Vera,
2012). Moreover, DE is the least costly of the compared imaging
modalities as well as the most widely available. Despite its
versatility and potential, DE cannot precisely evaluate local and
global hemodynamics, or provide breakdown contributions of
each component in cardiovascular disease (Anavekar and Oh,
2009; Scantlebury Dawn et al., 2013). Such information has
a high clinical importance for planning advanced treatments
for C3VI patients.

We recently developed a non-invasive, image-based, patient-
specific diagnostic and monitoring lumped parameter modeling
framework for C3VI patients (called C3VI-DE) which uses
limited input parameters, measured using DE reliably and a
sphygmomanometer (Keshavarz-Motamed, 2020). Additionally,
in this study, we have developed another computational
framework that used the same lumped-parameter model core in
conjunction with input parameters measured using CT and a
sphygmomanometer (called C3VI-CT). In this study, we focused
on comparing data generated from DE and CT as they are
commonly used in clinics for patients with C3VI and severe aortic
stenosis who received TAVR. In this paper, we compared accuracy
of the results obtained using C3VI-DE and C3VI-CT against
catheterization data in forty-nine C3VI patients with severe
aortic stenosis who underwent TAVR with substantial inter- and
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FIGURE 6 | Changes in hemodynamics assessments calculated by C3VI-DE and C3VI-CT in patients with C3VI (N = 49). (A) LV workload; (B) LV peak pressure;
(C) Peak to peak pressure. Two-sample t-test showed that calculations of C3VI-DE and C3VI-CT for all three variables (LV workload, LV peak pressure and peak to
peak pressure) are significantly different at 0.01 significance level.

intra-patient variability covering a wide range of diseases to
determine with which modality the framework can yield the most
accurate results. Based on our analysis, we found that results

from C3VI-DE are in qualitative and quantitative agreement with
catheter measurements, whereas results from C3VI-CT do not
agree with catheter measurements.
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FIGURE 7 | Changes in predicted LV workload after intervention and actual post-intervention LV workload in patients with C3VI (N = 49). (A) Computed by C3VI-DE
and C3VI-CT. (B) Computed by C3VI-DE. (C) Computed by C3VI-CT. The two-sample t-test rejects the null hypothesis that the prediction and the actual values of
the post-intervention LV workload have equal means for C3VI-CT predictions but not for C3VI-DE predictions at 0.01 significance.

Although DE suffers from operator dependence and is only
able to provide a single component of the flow velocity, the
input parameters that are used in C3VI-DE (detailed in section

“Materials and Methods”) can be reliably measured using DE.
Furthermore, our proposed method decreases the operator
dependence of DE by providing many quantitative measures
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that are obtained independent from the operator and are not
accessible otherwise by any other method or imaging modality.
CT has a high spatial resolution and can provide anatomical
information with a high accuracy (Villarraga-Gómez et al.,
2018), however, it has a low temporal resolution (Maleki and
Esmaeilzadeh, 2012; Watson et al., 2018; Rehman and Makaryus,
2019). All input parameters obtained from CT images to be used
in C3VI-CT (detailed in section“ Materials and Methods”) were
measured at the closest instance to end systole and end diastole
but because of poor time resolution, the situation of the left
ventricle and valves are not known at the exact end systole and
end diastole instances. we have estimated end diastole phase and
end systole phase by tracking the images and the spatial position
of the mitral valve and aortic valve leaflets as well as the left
ventricle. Therefore, the very first image after aortic-valve closure
was deemed as the end systole (beginning of diastole) and the
very first image after mitral-valve closure was considered as the
end diastole (beginning of systole). Although DE images do not
have as high spatial resolution as CT images, the input parameters
that are required for C3VI-DE are among the quantities that
can be reliably measured in DE images. Furthermore because of
high temporal resolution of DE, the end diastole and end systole
instances can be accurately determined. We believe that reliably
measured input parameters at a high temporal resolution using
DE enabled more accurate results in C3VI-DE than the ones
obtained from C3VI-CT based on input parameters that were
affected by the poor temporal resolution of CT. Please note in
this study, all measurements of the input parameters for both
C3VI-DE and C3VI-CT were verified by two cardiologists.

The C3VI-DE framework is an innovative non-invasive
diagnostic and monitoring tool that can investigate and
quantify effects of C3VI components on cardiac function
and the circulatory system. C3VI-DE is centered around
calculations of local hemodynamics (fluid dynamics of the
circulatory system) and global hemodynamics (cardiac function
and hemodynamics). Furthermore, by decomposing the global
hemodynamics into the individual contributions of each C3VI
disease constituent, it can help predicting the effects of
interventions as well as planning for the suitable sequence of
interventions and for making critical clinical decisions with
life-threatening risks. C3VI-DE is capable of monitoring both
the cardiac and vascular conditions and can be used for their
diagnosis with direct clinical relevance.

LIMITATIONS

This study was performed using data collected in 49 patients with
C3VI. Future studies must confirm the conclusion of this study

about C3VI-DE and C3VI-CT in a larger population of C3VI
patients. In addition, future studies should further investigate the
C3VI-CT algorithm with a higher temporal resolution of CT data
(if becomes available).
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Models for the Study of Coronary
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Coronary atherosclerosis is a leading cause of illness and death in Western World and its
mechanisms are still non completely understood. Several animal models have been used
to 1) study coronary atherosclerosis natural history and 2) propose predictive tools for this
disease, that is asymptomatic for a long time, aiming for a direct translation of their findings
to human coronary arteries. Among them, swine models are largely used due to the
observed anatomical and pathophysiological similarities to humans. However, a direct
comparison between swine and human models in terms of coronary hemodynamics,
known to influence atherosclerotic onset/development, is still lacking. In this context, we
performed a detailed comparative analysis between swine- and human-specific
computational hemodynamic models of coronary arteries. The analysis involved several
near-wall and intravascular flow descriptors, previously emerged as markers of coronary
atherosclerosis initiation/progression, as well as anatomical features. To do that, non-
culprit coronary arteries (18 right–RCA, 18 left anterior descending–LAD, 13 left
circumflex–LCX coronary artery) from patients presenting with acute coronary
syndrome were imaged by intravascular ultrasound and coronary computed
tomography angiography. Similarly, the three main coronary arteries of ten adult mini-
pigs were also imaged (10 RCA, 10 LAD, 10 LCX). The geometries of the imaged coronary
arteries were reconstructed (49 human, 30 swine), and computational fluid dynamic
simulations were performed by imposing individualized boundary conditions. Overall,
no relevant differences in 1) wall shear stress-based quantities, 2) intravascular
hemodynamics (in terms of helical flow features), and 3) anatomical features emerged
between human- and swine-specific models. The findings of this study strongly support
the use of swine-specific computational models to study and characterize the
hemodynamic features linked to coronary atherosclerosis, sustaining the reliability of
their translation to human vascular disease.

Keywords: coronary artery disease, computational fluid dynamics, patient-specific modeling, wall shear stress,
helical flow
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INTRODUCTION

Coronary atherosclerosis is a major cause of morbidity and
mortality in Western World (Virani et al., 2021), consisting of
the build-up of an atherosclerotic plaque in the wall of coronary
arteries, possibly leading to severe stenosis and/or thrombus
formation, with vascular lumen occlusion and death (Lusis,
2000).

The natural history of the coronary atherosclerotic disease is
driven by a complex interplay of several local biological, systemic
and biomechanical factors, with a still incomplete understanding
of the underlying mechanisms (Chatzizisis et al., 2007; Wentzel
et al., 2012; Kwak et al., 2014; Morbiducci et al., 2016;
Zaromytidou et al., 2016). Although several large in vivo
human studies have provided valuable insights into the
initiation and progression of coronary atherosclerosis (Stone
et al., 2012; Cheng et al., 2014), these studies remain often
limited to short durations and limited number of imaging
moments, mainly due to ethical reasons (Millon et al., 2014).
Therefore, they lack the time scales necessary for the development
of this pathology and might not capture all phenomena present
during this complex, multifactorial disease (Daugherty et al.,
2017). Such limitations may affect the in vivo investigation of
innovative clinical strategies for coronary atherosclerotic
treatment in humans (Xiangdong et al., 2011; Millon et al.,
2014; Daugherty et al., 2017).

Animal models of coronary atherosclerosis have the potential
to overcome many of these inherent restrictions of human studies
(Xiangdong et al., 2011; Millon et al., 2014; Daugherty et al.,
2017), facilitating the analysis of the coronary atherosclerotic
disease at different stages (Daugherty et al., 2017). For this reason,
several large animal models based on the use of rabbits, pigs, or
non-human primates, have been adopted to e.g.: 1) study
coronary atherosclerosis natural history (Getz and Reardon,
2012; Daugherty et al., 2017); 2) evaluate the efficacy of
clinical treatment procedures (Shin et al., 2021); 3) identify
predictive tools for the evolution of the disease, which most of
the time is asymptomatic (De Nisco et al., 2020; Hoogendoorn
et al., 2020; Mazzi et al., 2021). Most of the animal model-based
studies on atherosclerosis onset and progression imply that their
findings reliably inform human studies, sometimes suggesting a
direct translation to humans. However, the value of animal
models in identifying hemodynamic factors involved in the
atherosclerotic disease or in predicting the effectiveness of
treatment strategies in clinical trials has remained not fully
clarified.

In relation to coronary atherosclerotic disease, the capability of
an animal model to mimic the complexity of the human coronary
pathophysiology plays a critical role (Daugherty et al., 2017; Shin
et al., 2021). In this regard, due to their similarities to humans in
terms of anatomy (i.e., size and distribution) (Weaver et al., 1986;
Lelovas et al., 2014), pathophysiology (Lelovas et al., 2014; Shim
et al., 2016), lipoprotein profile (Mahley et al., 1975), and site of
lesion formation (Shim et al., 2016), swine models are massively
applied to study coronary atherosclerosis (Xiangdong et al., 2011;
Daugherty et al., 2017). In particular, swine models of familial
hypercholesterolemia with a mutation in genes coding for

apolipoproteins and low-density lipoproteins receptor allows
studying sustained atherosclerotic plaques onset/progression
because of their capability to develop advanced atherosclerotic
lesions within 12–18 months when fed a high fat diet (Thim et al.,
2010; Daugherty et al., 2017).

Besides the already investigated differences/similarities
between human and swine models, a direct comparison in
terms of coronary hemodynamics, a well-established
biomechanical factor influencing atherosclerotic onset/
development (Wentzel et al., 2012; Morbiducci et al., 2016), is
still lacking. This may limit the translation to human models of
previous findings suggesting the role of near-wall and
intravascular hemodynamic descriptors as markers of coronary
atherosclerosis initiation/progression in swine-specific models
(Chatzizisis et al., 2008; De Nisco et al., 2019, 2020;
Hoogendoorn et al., 2020).

Aiming to bridge this gap of knowledge, in this study we
perform, for the first time, a detailed comparative analysis
between swine- and human-specific computational
hemodynamic models of the three main coronary arteries, in
terms of several descriptors of 1) near-wall and 2) intravascular
flow quantities, and 3) vessel morphology, that have been already
identified as biomechanical risk factors in the initiation/
progression of coronary atherosclerotic plaques (Stone et al.,
2012; Wentzel et al., 2012).

MATERIALS AND METHODS

Human Population
Forty-eight hemodynamically stable patients from the IMPACT
study data set (Hartman et al., 2020) were involved in the analysis.
Clinical characteristics are listed in Table 1. The IMPACT study
enrolled patients with acute coronary syndrome and with at least
one non-stented non-culprit coronary segment accessible for
intracoronary imaging study. The presence of previous
coronary artery bypass graft surgery, 3-vessel disease, renal
insufficiency (creatinine clearing <50 ml/min), left ventricular
ejection fraction <30%, and atrial fibrillation, were considered as
exclusion criteria. All patients underwent percutaneous coronary

TABLE 1 | - Human dataset clinical characteristics.

Clinical characteristics

N � 48 subjects
Age (years) 61.3 ± 9
Men (%) 43 (90%)
Body mass index 27.0 ± 4.5
Diabetes mellitus, n (%) 8 (17%)
Hypertension, n (%) 14 (29%)
Dyslipidemia, n (%) 23 (48%)
Smokers, n (%) 36 (75%)
Positive family history, n (%) 19 (40%)
Previous MI, n (%) 9 (19%)
Previous PCI, n (%) 11 (23%)
LDL (mmol/L) 2.84 ± 1.02

MI: myocardial infarction; PCI: percutaneous coronary intervention; LDL: low-density
lipoproteins.
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intervention of the culprit coronary vessel. After successful
treatment, a non-culprit coronary segment (right–RCA, left
anterior descending–LAD, or left circumflex–LCX coronary
artery) was imaged and used for the study.

All patients gave their informed consent. The study was
approved by the local medical ethical committee of the
Erasmus MC (MEC 2015-535, NL54519.078.15), was
registered (ISCRTN:43,170,100) and conducted in accordance
with the World Medical Association Declaration of Helsinki
(64th WMA General Assembly, Fortaleza, Brazil, October
2013) and Medical Research Involving Human Subject
Act (WMO).

Animal Model
Ten adult familial hypercholesterolemia Bretoncelles Meishan
mini-pigs with a low-density lipoprotein receptor mutation were
enrolled in the analysis. The study involved the three main
coronary arteries (i.e., RCA, LAD, and LCX) of each animal at
3 months after the start of a high fat diet. At this stage, the animals
were considered ostensibly healthy.

The study was approved by the local animal ethics committee
of the Erasmus MC (EMC nr. 109-14-10) and performed
according to the National Institute of Health guide for the
Care and Use of Laboratory animals (Council, 2011).

Medical Imaging and Geometry
Reconstruction
An overview of the methods is provided in Figure 1. The same
imaging protocol was applied to human- and swine-specific
coronary segments. Each coronary artery was imaged by
computed coronary tomography angiography (CCTA)
(SOMATOM Force, Siemens Healthineers, Germany) and
intravascular ultrasound (IVUS) (InfraRedX, Burlington, MA,
United States), as detailed elsewhere (De Nisco et al., 2019,
2020; Hartman et al., 2020; Hoogendoorn et al., 2020).
Coronary lumen contours were segmented on IVUS images
(QCU-CMS, Medis Medical Imaging, Leiden) and aligned along
the 3D CCTA centerline in order to reconstruct the 3D vessel
geometry. Additional luminal regions proximally (up to the aorta)
and at least two diameters distally to the IVUS-imaged segment
were reconstructed using CCTA images (De Nisco et al., 2019,
2020; Hartman et al., 2020; Hoogendoorn et al., 2020). The 79
reconstructed luminal surfaces of the coronary arteries (49 human-
specific models: 18 RCA, 18 LAD, and 13 LCX; 30 swine-specific
models: 10 RCA, 10 LAD, and 10 LCX) are presented in Figure 2
and Figure 3 for humans and animal models, respectively. The 3D
geometries were reconstructed including the side branches.

Combowire Doppler (Phillips Volcano, Zaventem, Belgium)
flow velocity measurements were acquired in each coronary

FIGURE 1 | Schematic diagram of the study design, showing how imaging data contribute to define vessel geometry and hemodynamic, morphometric, and flow
variables. RCA, LAD, and LCX denote right, left anterior descending, and left circumflex coronary artery, respectively. IVUS: intravascular ultrasound; CCTA: coronary
computed tomography angiography; CFD: computational fluid dynamics; TAWSS: time-averaged wall shear stress; OSI: oscillatory shear index; RRT: relative residence
time; transWSS: transverse wall shear stress; LNH: local normalized helicity; h1: average helicity; h2: average helicity intensity; h3: signed balance of counter rotating
helical flow structures; h4: unsigned balance of counter rotating helical flow structures; Qin: inflow rate.
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artery at the inflow section and immediately upstream and
downstream of each side branch, as extensively detailed
elsewhere (De Nisco et al., 2019, 2020; Hartman et al., 2020;
Hoogendoorn et al., 2020).

Computational Hemodynamics
The reconstructed vessel geometries were discretized, and unsteady-
state computational fluid dynamics (CFD) simulations were
performed to characterize coronary hemodynamics (Figure 1).

The governing equations of fluid motion were numerically solved
in Fluent environment (ANSYS Inc. Canonsburg, PA, United States
of America), by using the finite volumemethod. All the CFD settings
are extensively detailed elsewhere (De Nisco et al., 2019, 2020;
Hartman et al., 2020; Hoogendoorn et al., 2020). Briefly, blood
was assumed as an incompressible, homogeneous, non-Newtonian
fluid (Chiastra et al., 2017). No-slip condition was assumed at the
arterial wall. In vivo ComboWire Doppler velocity measurements
were used to derive individualized (specific for each human and

FIGURE 2 | Geometry of the 49 human coronary artery models. Labels from H1 to H48 identify the single patient. Right (RCA), left anterior descending (LAD), and
left circumflex (LCX) coronary artery geometries are grouped.

FIGURE 3 | Geometry of the 30 swine coronary artery models. Labels from P1 to P10 identify the single pig. Right (RCA), left anterior descending (LAD), and left
circumflex (LCX) coronary artery geometries are grouped.
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swine model, as reported elsewhere (De Nisco et al., 2019, 2020;
Hartman et al., 2020; Hoogendoorn et al., 2020)) boundary
conditions (BCs) as follows: 1) the inlet flow rate was estimated
from the most proximal Doppler velocity measurement, and
prescribed as inlet boundary condition in terms of time-
dependent flat velocity profile; 2) side branches perfusion was
quantified as the difference between upstream and downstream
Doppler velocity-based flow rate measurements and applied as
outflow condition in terms of measured flow ratio. If velocity-
based flow measurements were inaccurate or not available, a
generalized flow rate (van der Giessen et al., 2011) was
prescribed as inflow BC, while a proper diameter-based scaling
law for human- (van der Giessen et al., 2011) and swine-specific
(Huo and Kassab, 2012) models was applied to estimate the flow
ratio at the outflow section (De Nisco et al., 2019, 2020; Hartman
et al., 2020; Hoogendoorn et al., 2020).

Hemodynamic Descriptors
Near-wall and intravascular hemodynamics were analyzed by
computing the hemodynamic quantities listed in Table 2.

Near-wall hemodynamics was characterized in terms of the three
canonical WSS-based descriptors, namely time-averaged wall shear
stress (TAWSS), oscillatory shear index (OSI) (Ku et al., 1985), and
relative residence time (RRT) (Himburg et al., 2004). Additionally,
the transversal WSS (transWSS) (Peiffer et al., 2013), a descriptor of
WSS multidirectionality, was also considered. The transWSS
represents the average WSS component acting orthogonal to the
time-average WSS vector direction (Table 2).

Based on the recently-emerged atheroprotective role of
physiological helical-shaped blood flow structures in coronary
arteries (De Nisco et al., 2019, 2020), intravascular
hemodynamics was investigated in terms of helical flow,
quantified through the quantities summarized in Table 2. In
detail, the local normalized helicity (LNH) (Morbiducci et al.,

2007), representing the cosine of the angle between local velocity
(v) and vorticity (ω) vectors (Table 2), was used to visualize right-
and left-handed helical blood flow patterns (positive and negative
LNH values, respectively) (Gallo et al., 2012; Morbiducci et al.,
2013) inside the coronary artery models. Furthermore, four
additional helicity-based descriptors (Gallo et al., 2012;
Morbiducci et al., 2013) were applied to characterize the
strength, size and relative rotational direction of helical flow in
the 79 coronary artery models (Table 2): cycle-average helicity
(h1) and helicity intensity (h2), indicating the net amount and the
intensity of helical flow, respectively; signed (h3) and unsigned
helical rotation balance (h4), measuring the prevalence (identified
by the sign of descriptor h3) or only the strength of relative
rotations of helical flow patterns, respectively.

The hemodynamics of each coronary vessel was characterized
also in terms of inflow rate (Qin), as given by its mean, peak, and
peak-to-peak values (Figure 1). Peak-to-peak Qin was defined as
the difference between the maximum and the minimum values of
the inflow rate.

TABLE 2 | - Definition of hemodynamic descriptors involved in the analysis.

WSS-based descriptors

Time-Averaged WSS (TAWSS) TAWSS � 1
T ∫T

0 |WSS|dt

Oscillatory Shear Index (OSI) OSI � 0.5 ⎡⎢⎢⎢⎢⎢⎣1 −⎛⎜⎝
∣∣∣∣∣∫T

0
WSS dt

∣∣∣∣∣∫T

0
|WSS|dt

⎞⎟⎠⎤⎥⎥⎥⎥⎥⎦
Relative Residence Time (RRT) RRT � 1

TAWSS·(1−2·OSI) � 1
1
T

∣∣∣∣∣∫T

0
WSS dt

∣∣∣∣∣
Transverse WSS (transWSS) transWSS � 1

T ∫T

0

∣∣∣∣∣∣∣∣∣∣∣WSS ·⎛⎜⎝n × ∫T

0
WSS dt∣∣∣∣∣∫T

0
WSS dt

∣∣∣∣∣⎞⎟⎠
∣∣∣∣∣∣∣∣∣∣∣dt

Helicity-based descriptors

Local Normalized Helicity (LNH) LNH � v·ω
|v|·|ω| � cos c

Average helicity (h1) h1 � 1
TV ∫∫

T V

v · ωdV dt

Average helicity intensity (h2) h2 � 1
TV ∫∫

T V

|v · ω| dV dt

Signed balance of counter-rotating helical flow structures (h3) h3 � h1
h2

− 1 ≤ h3 ≤ 1

Unsigned balance of counter-rotating helical flow structures (h4) h4 � |h1 |
h2

0 ≤ h4 ≤1

WSS is the WSS vector; T is the period of the cardiac cycle; n is the unit vector normal to the arterial surface at each element; v is the velocity vector; ω is the vorticity vector; γ is the angle
between velocity and vorticity vectors; V is the arterial volume.

TABLE 3 | - Definition of the geometric quantities adopted for characterizing
coronary vessels morphometry.

Morphometric descriptors

Curvature (κ) κ(s) � |C’(s)×C’’(s)|
|C’(s)|3

Torsion (τ) τ(s) � [C’(s)×C’’(s)]·C’’’(s)
|C’(s)×C’(s)|2

Distance Metric (DM) DM � L
l DM ≥1

Shape Index (SI) SI(s) � d(s)
D(s) 0≤SI≤1

C9, C99, and C- are the first, second, and third derivative of the centerline curve C,
respectively; s is the curvilinear abscissa; L and I are the curvilinear and Euclidean
distance between the centerline curve endpoints, respectively; d and D are the minimum
and maximum diameter of arterial cross-section, respectively.
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Morphometry
The geometric quantities summarized in Table 3 were adopted for
characterizing coronary vessel morphometry. In detail, a robust
centerline-based analysis was performed, where vessel curvature
(κ) and torsion (τ) were assessed according to an approach
proposed elsewhere (Gallo et al., 2015). Briefly, after extracting
the main vessel centerline (defined as the geometrical locus of the
centers of maximum inscribed spheres) in the Vascular Modeling
Toolkit (VMTK, Orobix, Bergamo, Italy, http://www.vmtk.org/)
environment, its continuous, noise-free analytical formulation (C)
was obtained by adopting free-knots regression splines (Sangalli
et al., 2009). Coronary curvature and torsion were then calculated
by differentiation of the free-knots regression, spline centerline
representation (Table 3). Here the average values of curvature (κ)
and torsion (τ) along the main vessel were considered, which are
known to have an influence on arterial hemodynamics (Gallo et al.,
2015). Additionally, the degree of tortuosity of coronary vessels was
assessed by computing the standard Distance Metric index (DM,
Table 3) (Vorobtsova et al., 2016; Ciurică et al., 2019). DM,
computed as the ratio between the curvilinear (L) and
Euclidean (l) distance between the centerline curve endpoints
(Figure 4A), quantifies the “lengthening effect” of coronary
tortuosity. Finally, coronary cross-section eccentricity along the
main vessel centerline was measured by computing the Shape
Index (SI), as the ratio between the local cross-section minimum
(d) and the maximum (D) diameter (Finotello et al., 2020). To
calculate the SI, the opensource Vascular Modelling Toolkit
software (VMTK, Orobix, Bergamo, Italy, http://www.vmtk.org/)
was used. SI ranges between 0 and 1, where one indicates a perfectly
circular cross-sectional shape (Figure 4B). Like for κ and τ, the
average value of Shape Index (SI) along the main vessel was
considered for the analysis.

Statistical Analysis
Data analysis was performed in the main branch of the RCA,
LAD and LCX segments only, by removing coronary side

branches in the post-processing step using VMTK.
Hemodynamic and morphometric data were grouped
according to the population (humans vs animals) and the
coronary vessel type (i.e., RCA, LAD, or LCX). Differences
between the two populations were investigated in Matlab
environment (The MathWorks Inc. United States of America)
by theMann-WhitneyU-test. Statistical significance was assumed
for p < 0.05.

RESULTS

Near-Wall and Intravascular Flow Features
Visualization
Helical blood flow patterns developing in human and swine
coronary models were visualized in Figure 5 and Figure 6,
respectively, using the cycle-average LNH isosurface values
(blue and red colors indicate left-handed and right-handed
helical flow patterns, respectively). Despite intra- and inter-
species variations, the intravascular hemodynamics of both
human and swine coronary arteries were markedly
characterized by the presence of two distinguishable counter-
rotating helical flow patterns.

Intra- and inter-species differences were analyzed by visual
inspection also in terms of TAWSS luminal distribution,
presented in Figure 7 and Figure 8 for human and swine
models, respectively. In detail, the luminal surface of some of
the human coronary arteries were largely exposed to low
TAWSS values (red color in figure, e.g., cases H2-RCA,
H21-LAD, and H38-LCX), whereas other human arteries
were not (e.g., cases H5-RCA, H28-LAD, and H39-LCX).
The same observations on intra-species variability can also
be extended to swine models (Figure 8), with some individual
cases exposed to low TAWSS values over most of the luminal
surface (e.g., cases P5-RCA, P10-LAD, and P7-LCX) and
other ones presenting with low TAWSS luminal regions of

FIGURE 4 |Methodology of Distance Metric (DM) and Shape Index (SI) assessment. Model H1 was taken as explanatory example. (A) DM computing: L and l are
the curvilinear (blue) and Euclidean (green) distance between the centerline curve endpoints; (B) SI computation at two explanatory coronary cross-sections along the
vessel centerline: d and D are the minimum and maximum diameter of arterial cross-section, respectively.
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moderate extension (e.g., cases P8-RCA, P9-LAD, and
P4-LCX).

Hemodynamics: Quantitative Analysis
A detailed quantitative comparison between human and swine
models is presented in Figure 9 in terms of hemodynamics and
morphometry. Human and swine models were grouped per
species and per coronary vessel. Among the WSS-based
descriptors, no significant difference emerged between the two
species (WSS column in Figure 9) in terms of TAWSS

(confirming the qualitative results presented in Figures 7, 8),
RRT, and transWSS. Contrarily, a significant inter-species
difference emerged for OSI but only for the LADs (p < 0.001),
with swine LADs characterized by higher median value and larger
interquartile range than human LADs (0.0005 [0.0004, 0.0007]
and 0.0023 [0.0013, 0.0057] for human and swine models,
respectively). Interestingly, an overall poor WSS
multidirectionality emerged in both species, with OSI values
lower than 0.08 (0.0005 [0.0003, 0.0009] and 0.0009 [0.0006,
0.0022] for human and swine models, respectively), and

FIGURE 5 | Intravascular fluid structures in the 49 human coronary arteries. For each case, isosurfaces of cycle-average LNH are presented. Distinguishable left-
handed (lh - LNH < 0) and right-handed (rh - LNH > 0) helical flow structures can be observed in all coronary arteries. Labels from H1 to H48 identify the single patient.
Right (RCA), left anterior descending (LAD), and left circumflex (LCX) coronary artery geometries are grouped.

FIGURE 6 | Intravascular fluid structures in the 30 swine coronary arteries. For each case, isosurfaces of cycle-average LNH are presented. Distinguishable left-
handed (lh - LNH < 0) and right-handed (rh - LNH > 0) helical flow structures can be observed in all coronary arteries. Labels from P1 to P10 identify the single pig. Right
(RCA), left anterior descending (LAD), and left circumflex (LCX) coronary artery geometries are grouped.
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transWSS values lower than 0.10 Pa (0.03 [0.02, 0.05] and 0.03
[0.02, 0.04] Pa for human and swine models, respectively).

The quantitative analysis of the intravascular flow patterns,
based on helicity-based descriptors (Helicity column in Figure 9),
highlighted a significant inter-species difference for helical flow
intensity in RCA (p < 0.05) and LCX (p < 0.01). In detail, human
RCA and LCX vessels (2.53 [0.83, 3.76] and 2.33 [1.73, 4.63] m/s2

for human RCA and LCX, respectively) exhibited higher h2 values
compared to the respective swine vessels (0.71 [0.35, 1.33] and
0.46 [0.20, 1.40] m/s2 for swine RCA and LCX, respectively), and
larger intra-species variability. Of note, no significant inter-
species difference emerged for topological quantities h3 and h4,

suggesting an overall similar configuration of the counter-
rotating helical flow patterns developing in human and swine
coronary arteries, presented in Figures 5, 6.

The analysis of the hemodynamics is completed by the Flow
column in Figure 9. Overall, human and swine coronary vessels
were characterized by similar mean, peak, and peak-to-peak
values of measured inflow rate, except for the LAD, where
swine models presented significantly higher Qin maximum
values (2.52.10−5 [1.95.10−5, 3.87.10−5] and 5.20.10−5

[3.36.10−5, 7.95.10−5] m3/s for human and swine models,
respectively; p < 0.05) and larger dynamics (1.86.10−6

[1.48.10−6, 3.09.10−6] and 4.97.10−6 [3.01.10−6, 7.09.10−6] m3/s

FIGURE 7 | TAWSS distribution at the luminal surface of the 49 human coronary arteries. Red color highlights luminal regions exposed to low TAWSS values.
Labels from H1 to H48 identify the single patient. Right (RCA), left anterior descending (LAD), and left circumflex (LCX) coronary artery geometries are grouped.

FIGURE 8 | TAWSS distribution at the luminal surface of the 30 swine coronary arteries. Red color highlights luminal regions exposed to low TAWSS values. Labels
from P1 to P10 identify the single pig. Right (RCA), left anterior descending (LAD), and left circumflex (LCX) coronary artery geometries are grouped.
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FIGURE 9 | Box plots comparing WSS, helicity, flow rate, and morphometry in human and swine coronary arteries. For each population, right (RCA), left anterior
descending (LAD), and left circumflex (LCX) coronary artery geometries are grouped and distinguished by box color (blue, magenta, and green, respectively). WSS
column: TAWSS - time-average wall shear stress, OSI - oscillatory shear index, RRT - relative residence time, transWSS - transverse wall shear stress;Helicity column: h1
- average helicity, h2 - average helicity intensity, h3 - signed balance of counter rotating helical flow structures, h4 - unsigned balance of counter rotating helical flow
structures; Flow column: Qin - inflow rate;Morphometry column: κ - curvature, τ - torsion, DM - distance metric, SI - similarity index. Median and interquartile range are
displayed for each descriptor. *p < 0.05.
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for human and swine models, respectively; p < 0.01) than human
models.

Morphometry: Quantitative Analysis
No significant inter-species difference emerged in vessel
curvature, torsion, and tortuosity (Morphometry column in
Figure 9). In both populations, RCA models were
characterized by higher DM values and larger intra-species
variability, compared to LAD and LCX vessels. Conversely, a
significant inter-species difference emerged in coronary vessels
eccentricity, as measured by the shape index (p < 0.01). In detail,
the cross-section of human coronary arteries presented with a
more elliptical shape than swine arteries (Figure 4B and
Figure 9), as highlighted by the lower SI values.

DISCUSSION

Swine models have contributed to a deeper understanding of the
natural history of coronary atherosclerosis, with a valuable
application to multiple research fields, such as the study of
novel clinical treatment procedures efficacy (Getz and
Reardon, 2012; Daugherty et al., 2017; Shin et al., 2021). The
translation of results obtained in swine models to the patient
situation is mainly based on intra-species comparisons of the
coronary anatomy (Weaver et al., 1986; Lelovas et al., 2014),
pathophysiology (Lelovas et al., 2014; Shim et al., 2016),
cholesterol levels (Mahley et al., 1975) and sites of lesion
formation (Shim et al., 2016). However, a direct comparison
in terms of coronary local hemodynamics, a recognized risk
factor of atherosclerosis (Chatzizisis et al., 2007; Wentzel et al.,
2012; Kwak et al., 2014; Morbiducci et al., 2016; Zaromytidou
et al., 2016), is still lacking.

Here a detailed comparative analysis between 49 human- and
30 swine-specific computational hemodynamic models of
coronary arteries is presented in terms of coronary near-wall
and intravascular hemodynamics, and morphometry. The study
highlighted that overall human and swine coronary models

present equivalent near-wall and intravascular hemodynamics,
as well as equivalent geometrical features, with some minor
exceptions, as discussed below.

Hemodynamics
No significant inter-species difference emerged in terms of
TAWSS, RRT, and transWSS in the three main coronary
arteries. The two populations differed only in terms of OSI of
the LAD coronary segment, with swine vessels presenting with
significantly higher OSI median values than the human ones
(0.0023 [0.0013, 0.0057] and 0.0005 [0.0004, 0.0007] for swine
and human models, respectively, p < 0.001). Such inter-species
difference can be interpreted as a consequence of the observed
inter-species difference in the measured inflow rates at LAD
coronary arteries, presenting with significantly larger peak and
peak-to-peak values in swine than human models (p < 0.05 and
p < 0.01, respectively), thus physically precipitating oscillations of
the WSS vector along the cardiac cycle (Ku et al., 1985; Soulis
et al., 2006; Gallo et al., 2018).

As previous research has shown (De Nisco et al., 2019, 2020),
relatively low WSS multidirectionality is present in coronary
arteries of both ostensibly healthy swine and human coronary
arteries, as reflected by the observed very low OSI and transWSS
values (WSS column in Figure 9). Even though low
multidirectionality was observed, plaque progression was
proven to be significantly related to multidirectional WSS
parameters (Hoogendoorn et al., 2020). However,
multidirectional WSS seems to be more relevant for
atherosclerotic plaque development in later stages of the
disease and therefore this inter-species observed difference in
OSI in the LAD is of less relevance for studies on atherosclerotic
plaque initiation (Gallo et al., 2018; Kok et al., 2019;
Hoogendoorn et al., 2020).

An overall inter-species equivalence emerged also in terms of
intravascular hemodynamics, characterized by the presence of
distinguishable counter-rotating helical flow patterns (Figures 5,
6). The evident similarity of helical flow features in human and
swine coronary models finds confirmation in average helicity

FIGURE 10 | Scatter plots of helicity intensity h2 vs TAWSS. Red color indicates human models; blue color indicates swine models. Right (RCA), left anterior
descending (LAD), and left circumflex (LCX) coronary artery geometries are distinguished by marker shape.
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(h1), and in the balance between counter-rotating helical flow
patterns (h3 and h4, respectively) in the three main coronary
arteries (Helicity column in Figure 9). Significant inter-species
differences emerged only for the helical flow intensity (h2), being
higher in human RCAs (p < 0.05) and LCXs (p < 0.01) compared
to the swine ones (Helicity column in Figure 9). However, despite
the emerged significant difference in helical flow intensity, the
relationship between the latter and WSS in coronary arteries, as
previously reported for swine models (De Nisco et al., 2019), was
also observed in human coronary arteries. Physiological high
values of helical flow intensity keep TAWSS values within a
physiological, atheroprotective range (Figure 10), and thereby
prevent atherosclerotic plaque progression, which was also
demonstrated by a direct association between plaque
progression and helical flow intensity (De Nisco et al., 2020).
Hence, the emerged inter-species difference in helical flow
intensity does not cancel out but confirms previous findings
on its physiological significance in swine coronary arteries (De
Nisco et al., 2019, 2020), and remarks upon its possible use as
surrogate marker of cardiovascular flow disturbances
(Morbiducci et al., 2009, 2013; Gallo et al., 2012, 2015, 2018;
Liu et al., 2015).

Morphometry
The comparative analysis between human and swine coronary
anatomical features confirmed the strong inter-species similarity.
In addition to the already observed equivalence in vessel size and
distribution (Weaver et al., 1986; Lelovas et al., 2014), human and
swine coronary arteries are characterized by comparable values of
mean curvature, mean torsion and tortuosity of the three main
coronary arteries (Morphometry column in Figure 9).
Interestingly, the emerged significant inter-species difference in
coronary eccentricity (SI), revealed that the luminal section of
human coronary arteries is more elliptical than that of swine
coronary arteries.

Limitations
Several limitations could weaken the findings of this study.
Computational hemodynamic modelling suffers from
assumptions and uncertainties. Among them, the assumption
of rigid vascular wall might affect WSS estimation. However,
studies applying fluid-structure interaction approaches reported
that WSS spatial distribution is preserved when using rigid walls
(Torii et al., 2009; Malvè et al., 2012). Additionally, the cardiac-
induced motion of coronary arteries was neglected. This
idealization was based on previous evidences reporting the
minor effect of myocardial motion on coronary flow and WSS
distribution with respect to the blood pressure pulse (Zeng et al.,
2003; Theodorakakos et al., 2008). Moreover, cardiac-induced
motion could markedly affect instantaneous WSS distribution,
but it has a minor effect on cycle-average WSS quantities as the
ones considered in the present study (Torii et al., 2010). Finally,
the limitations above affect swine as well as human populations.

Hence, even not knowing whether their influence is species-
independent, it might be negligible on the outcome of this study.

CONCLUSION

Atherosclerosis is a multifactorial disease with hemodynamics as
one of the main determinants of atherosclerotic plaque localization
and progression. This study demonstrates that individual swine
computational hemodynamic models of the three main coronary
arteries are representative of the human hemodynamics in the same
vessels. In detail, the study points out that swine and human
coronary arteries present the same near-wall and intravascular
hemodynamic features, as well as demonstrate anatomical
similarities. These findings thus support the application of swine-
specific computational models to investigate the hemodynamic-
related risk of coronary atherosclerosis and have a high potential to
translate directly into human coronary artery disease.
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Objectives: To analyze the association between global myocardial work indices

evaluated by non-invasive left ventricular (LV) pressure-strain loop (PSL) and LV

myocardial fibrosis in patients with dilated cardiomyopathy (DCM).

Methods: A total of 57 patients with DCM were included in this prospective study.

Global work index (GWI), global constructive work (GCW), global wasted work (GWW),

global work efficiency (GWE) and global longitudinal strain (GLS) were measured using

LVPSL. LV volumes and LV ejection fraction (LVEF) were evaluated using cardiacmagnetic

resonance imaging (CMRI), LV myocardial fibrosis was estimated at CMRI by qualitative

assessment of late gadolinium enhancement (LGE). According to the CMRI, the studied

population was divided into two groups, namely: patients without LGE (LGE-) and

patients with LGE (LGE+).

Results: The LGE+ group presented with increased age, LV end systolic volume

(LVESV) index and reduced GWI, GCW, GWE, GLS, CMRI-derived LVEF (LVEFCMRI),

the differences between the two groups were statistically significant (P < 0.05). After

correcting for age and LVESV index, LVEFCMRI, GLS, GWI, GCW, and GWE retained

independent associations with LV myocardial fibrosis. According to receiver operating

characteristics (ROC) analysis, LVEFCMRI, and GCW showed larger AUC and higher

accuracy, sensitivity, and specificity than GLS, the accuracy of predicting LV myocardial

fibrosis ranged from high to low as: LVEFCMRI, GCW, GWE, GWI, and GLS.

Conclusions: LVEFCMRI, GWI, GCW, GWE, and GLS remained significant predictors

of LV myocardial fibrosis. LVEFCMRI, and GCW appeared to better predict LV myocardial

fibrosis compared with GLS.

Keywords: dilated cardiomyopathy, myocardial work, left ventricular systolic function, myocardial fibrosis,

magnetic resonance imaging, echocardiography
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INTRODUCTION

Dilated cardiomyopathy (DCM) is defined as the dilatation and
dysfunction of one or both ventricles in the absence of abnormal
loading or coronary heart disease (CHD) (1, 2). This disease can
occur in all age groups but is more common in young adults. The
incidence rate in men is higher than that in women (3). With
progression of the disease, it can lead to various complications,
such as heart failure, shock, arrhythmia, and even sudden death
(4). Accurate assessment of left ventricular function in DCM
patients is extremely important for clinical diagnosis, treatment,
and prognosis (5).

Cardiac magnetic resonance imaging (CMRI) is the gold
standard for the measurement of cardiac function parameters (6,
7). In addition, the application of late gadolinium enhancement
(LGE) is currently the most reliable method for non-invasive
detection of localized myocardial fibrosis, which is helpful
for the diagnosis of DCM and significantly related to its

FIGURE 1 | Flow chart detailing the identification of the study cohort. Contraindications to CMRI include incompatible metallic devices, contrast medium allergy, or

claustrophobia. Significant valvular disease was defined as valvular stenosis or > mild functional regurgitation. Functional mitral regurgitation was secondary to left

ventricular remodeling, mitral valve anatomy was normal. DCM, dilated cardiomyopathy, LVEF, left ventricular ejection fraction, LVEDD, left ventricular end-diastolic

diameter, BSA, body surface area, CMRI, cardiac magnetic resonance imaging, CRT, cardiac resynchronisation therapy, ICD, implantable cardioverter defibrillator.

prognosis (8, 9). However, CMRI takes longer and is expensive,
it is difficult to be used as a routine examination in
clinical practice.

The left ventricular ejection fraction (LVEF) and global
longitudinal strain (GLS) measured using echocardiography are
often recommended for the evaluation of left ventricular systolic
function (LVSF) (10). However, LVEF and GLS are susceptible
to cardiac load. The myocardial work index derived from the
left ventricular pressure-strain loop (LVPSL) is a new method for
non-invasive assessment of LVSF (11). This technique is derived
from the 2D speckle tracking technique, and it considers the
effect of afterload on strain. The method is simple, easy, and
non-invasive, and it could be widely used in clinical practice.

Previous studies by Chan et al. and the author confirmed
the feasibility of the myocardial work index to evaluate LVSF in
patients with DCM (12, 13). The present study aimed to analyze
the correlation between global myocardial work indices and LV
myocardial fibrosis in patients with DCM.
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FIGURE 2 | Image analysis for myocardial work. The upper left corner of the image is the left ventricular PSL curve, the upper right corner is the 17-segment

myocardial work index bull’s eye diagram, and the lower right corner displays the left ventricular global myocardial work indices obtained from the PSL curve. PSL,

pressure-strain loop.

MATERIALS AND METHODS

Study Population
We conducted a prospective study on 101 consecutive patients
with DCM in the heart failure department of Fuwai Central
China Cardiovascular Hospital from January 2019 to February
2021. The diagnosis of DCMwas established according to current
guidelines (14). The inclusion criteria were: (1) LV ejection
fraction (LVEF) ≤ 45% or LV fractional shortening < 25%;
(2) LV end-diastolic diameter > 117% of predicted values
corrected for age and body surface area (BSA), both echo-
determined. Patients with coronary heart disease (> 50%
angiographical stenosis in any epicardial coronary artery, and
patients with an ischemic scar at cardiacMRI), hypertensive heart
disease, significant valvular disease (valvular stenosis or > mild
functional regurgitation), chronic alcohol ingestion, pulmonary
heart disease, congenital heart disease, a history of cardiac
resynchronisation therapy (CRT) and implantable cardioverter
defibrillator (ICD) implantation, or irregular rhythm were
excluded. The 41 patients who had not undergone a CMRI

were excluded. Finally, 3 patients were excluded from this study
because of poor image quality. The final analysis included 57
DCM patients (Figure 1).

We recorded medical history, including New York Heart
Association (NYHA) functional class; biomarkers; cardiovascular
risk factors; currentmedications and 12-lead electrocardiography
(ECG). ECG, Transthoracic echocardiography and CMRI were
performed within 24 h.

Transthoracic Echocardiography
All echocardiographic examinations were performed on a Vivid
E95 ultrasound system (GE Vingmed Ultrasound AS, Horten,
Norway) equipped with an M5Sc-D 1.4–4.6 MHz transducer.
All the study subjects were placed in a left-side position and
synchronously connected to the electrocardiogram. The average
frame rate of the 2D image was 59 ± 7 frames/sec. The LVEF of
each patient was measured using the biplane Simpson method.
The peak velocity of the mitral valve in early diastolic period (E

peak), and the average velocity of the mitral annulus (e
′

) were
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FIGURE 3 | LV function and LGE analysis via cardiac magnetic resonance imaging. The analysis software automatically tracks the left ventricular endocardium and

epicardium to measure left ventricular volume (A), and assesses the presence and distribution of left ventricular LGE through short-axis images (B), which show high

signal intensity in the middle segment of the left ventricular septum, anterior wall. LGE, late gadolinium enhancement.

measured, and E/e
′

was calculated. Apical four-, three-, and two-
chamber images were continuously acquired for at least three
cardiac cycles, and the Doppler blood flow spectrum of the aortic
and mitral valves was obtained. The original data images were
saved to a hard disk for analysis.

Image Analysis for Myocardial Work
Echopac version 203 (GE Vingmed Ultrasound AS, Horten,
Norway) was used for image analysis. According to the Doppler
flow spectrum of the aortic valve and mitral valve, valvular
event time was determined. Tracking was automatic, but if
the tracking was not satisfactory, tracking points were adjusted
manually to determine segmental and global longitudinal strain.
After entering the cuff blood pressure value, the software
automatically generated the LVPSL curve, GLS, and myocardial
work parameters. The absolute value of GLSwas recorded and the
global myocardial work parameters included global work index
(GWI), global constructive work (GCW), global wasted work
(GWW), and global work efficiency (GWE). GWI is equivalent
to the area of the PSL, GCW is a sign of active contraction of the
left ventricular myocardium, GWW is a sign of energy loss, and
GWE is the percentage of GCW in the sum of GCW and GWW
(Figure 2).

Cardiac Magnetic Resonance Imaging
A Siemens MAGNETOM Skyra 3.0 MR scanner (Magnetom
Symphony, Siemens Medical Solutions, Erlanger, Germany), an
18-channel phased array coil for heart, and chest lead ECG gating
technology were used for CMRI. The short- and long-axis images
of the left ventricle were collected using a balance steady-state
free procession sequence with the following parameters: TR,
3.3ms; TE, 1.43ms; FOV, 340 × 340mm; matrix, 208 × 166;
layer thickness, 8mm; layer spacing, 2mm; reversal angle, 80◦;
and dynamic breath-hold scanning, one cardiac cycle. A total of
25 images were collected.

For LGE image acquisition, a high-pressure syringe was
used for elbow vein bolus injection of gadolinium (gadoterate
meglumine, Dotarem, Guerbet, Aulnay-sous-Bois, France; 0.15
mmol/kg; flow rate of 4 mL/s). Segmented inversion was adopted

to restore the gradient echo sequence. The collected short-axis
images of first pass perfusion and delay period had the following
parameters: layer thickness, 8mm; TR, 6.1ms; TE, 2.9ms; and
reversal angle, 25◦. A proper reversal time was chosen to suppress
normal myocardial signals.

LV Function and LGE Analysis via Cardiac
Magnetic Resonance Imaging
All images were reevaluated by two experienced observers,
and all clinical data were blinded for analysis. By using
Siemens Argus post-processing software (Argus software,
Siemens Healthcare Erlangen, Germany), the left ventricular
endocardium and epicardium were automatically tracked and
contoured on the image (Figure 3A). The left ventricular cavity
contained trabecular and papillary muscles. The recognition
errors were corrected manually. Left ventricular end diastolic
volume (LVEDV), left ventricular end systolic volume (LVESV)
and left ventricular mass (LVM) were measured, and LVEF
was calculated:

LVEF = (LVEDV− LVESV)/LVEDV. (1)

LVEDV, LVESV, and LVM were corrected as indices using BSA.
In accordance with the recommendation of the American

Heart Association in 2002 (15), the left ventricular myocardium
was divided into 17 segments, and the presence and distribution
of LGE were evaluated using short-axis images. LGE (+) was
defined as the myocardial signal at the LGE enhancement site
higher than the 5SD threshold of the average signal intensity
of the distal normal myocardium (Figure 3B). According to the
CMRI data, the studied population was divided into two groups:
patients without LGE (LGE-) and patients with LGE (LGE+).

Biochemical Evaluation
Blood samples of patients were drawn to measure the level of
N-terminal pro-brain natriuretic peptide (NT-proBNP). Analysis
was conducted in the clinical laboratory.
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TABLE 1 | Baseline characteristics of the study population and according to presence of LGE.

Clinical characteristics All patients n = 57 LGE+ group n = 32 LGE– group n = 25 P-value

Age, years 43.9 ± 12.7 47.5 ± 12.5 39.4 ± 11.5 0.02

Male, n (%) 45 (78.95) 25 (78.12) 20 (80.00) 0.86

BSA, m² 2.00 ± 0.19 2.02 ± 0.20 1.98 ± 0.20 0.54

Heart rate, bpm 74.26 ± 5.42 73.53 ± 5.56 75.20 ± 5.20 0.25

Systolic blood pressure, mm Hg 118.24 ± 12.46 120.44 ± 12.95 115.44 ± 11.43 0.13

Diastolic blood pressure, mm Hg 75.47 ± 8.88 75.47 ± 9.31 75.48 ± 8.49 0.99

Diabetes mellitus, n (%) 12 (21.05) 6 (18.75) 6 (24.00) 0.63

Dyslipidemia, n (%) 21 (36.84) 12 (37.50) 9 (36.00) 0.91

NYHA functional class II/III/IV, n 11/25/21 6/12/14 5/13/7 0.40

NT-proBNP, pg/mL 1560 (764, 2826.5) 1672 (985.75, 3173.00) 764 (374.50, 1515.00) 0.23

BSA, body surface area; NYHA, New York Heart Association; NT-proBNP, N-terminal pro-Brain Natriuretic Peptide. Data are expressed as mean ± SD, median (IQR), or

number (percentage).

TABLE 2 | Echocardiography parameters for the overall population and according to presence of LGE.

Variables All patients n = 57 LGE+ group n = 32 LGE– group n = 25 P-value

LAV index, mL/m2 40.65 ± 2.35 41.14 ± 2.17 40.02 ± 2.45 0.07

E/e′ 16.15 ± 3.26 16.70 ± 2.87 15.44 ± 3.64 0.15

LVEFSimpson, % 29.32 ± 7.45 27.09 ± 5.59 29.76 ± 4.88 0.07

GWI, mm Hg% 633.61 ± 257.74 507.78 ± 172.75 794.68 ± 261.38 <0.001

GCW, mm Hg% 817.67 ± 323.58 642.25 ± 200.43 1042.20 ± 324.45 <0.001

GWW, mm Hg% 169 (123.50, 276.50) 183 (134.00, 298.25) 141 (105.50, 219.00) 0.05

GWE, % 79.26 ± 10.13 74.22 ± 9.94 85.72 ± 5.87 <0.001

GLS, % 6 (5.00, 8.00) 5 (4.00, 6.75) 8 (5.50, 11.00) <0.001

LAV, left atrial volume; E/e’, ratio of the peak mitral flow velocity (E peak) to the average velocity of the mitral annulus (e’); GWI, global work index; GCW, global constructive work; GWW,

global wasted work; GWE, global work efficiency; GLS, global longitudinal strain; LVEFSimpson, left ventricular ejection fraction measured using the biplane Simpson method; LGE, late

gadolinium enhancement; Data are expressed as mean ± SD, median (IQR).

TABLE 3 | Cardiac magnetic resonance imaging parameters for the overall population and according to presence of LGE.

Variables All patients n = 57 LGE+ group n = 32 LGE– group n = 25 P-value

LVEDV index, mL/m2 157.37 ± 39.93 165.45 ± 34.80 147.04 ± 44.24 0.08

LVESV index, mL/m2 126.79 ± 36.66 139.36 ± 30.84 110.70 ± 37.78 0.003

LVEFCMRI, % 20.09 ± 7.16 15.86 ± 3.85 25.52 ± 6.79 <0.001

LVM index, g/m2 110.19 ± 31.45 112.49 ± 31.19 107.26 ± 32.17 0.54

LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; LVEFCMRI, cardiac magnetic resonance imaging-derived left ventricular ejection fraction; LVM,

left ventricular mass; LGE, late gadolinium enhancement; Data are expressed as mean ± SD.

Statistical Analysis
Continuous variables were expressed by mean ± standard
deviation when the variables obeyed normal distribution;
otherwise, the median (quartile) was used. Categorical variables
are presented as number (%). Baseline characteristics among
patients with and without LGE were compared by chi-square
or Fisher’s exact test (categorical variables), and independent
sample t-test orWilcoxon signed rank test (continuous variables)
as appropriate. To investigate the associations between variables
and LV myocardial fibrosis, univariate and multivariate logistic
regression analyses were performed. Correlations between

independent variables were examined by Pearson correlation
coefficients. For collinearity reasons (Pearson’s coefficient > 0.6),
several multivariate logistic regression models were built. A value
of P < 0.05 was considered statistically significant.

Receiver operating characteristics (ROC) curve analyses
were used to determine optimal cutoff points for variables in
predicting LVmyocardial fibrosis, and to calculate the area under
the curve (AUC), sensitivity, specificity and accuracy. Intra-
observer variability and inter-observer variability of myocardial
work indices were assessed in 20 patients and tested using
intraclass correlation coefficients (ICCs).
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All statistical analyses were performed using a standard
statistical software program (SPSS Version 20.0, IBM, Chicago,
IL, USA).

RESULTS

Study Population and Clinical
Characteristics
As depicted in Figures 1, 101 patients were enrolled, 57 patients
were included in the final analysis. They were divided in two
groups: the LGE+ group (n = 32/57, 56.1%) and LGE - group
(n= 25/57, 43.9%).

Baseline characteristics are presented in Table 1. Medications
and electrocardiographic characteristics are shown in
Supplementary Table 1. In the overall population (n = 57),
mean age was 43.9± 12.7 years, 45 (78.95%) patients were males.
QRS duration 108 (99.50, 130.50) ms, 19 (33.33%) patients had
wide QRS (duration ≥120ms). Eight (14.04%) patients had left
bundle branch block, The LGE+ group presented with increased
age and the difference between the two groups was statistically
significant (P < 0.001). There were no statistically significant
differences in sex, BSA, heart rate, blood pressure, NYHA
functional class, NT-proBNP, concomitant diseases, medications,
or electrocardiographic parameters between the two groups (P
> 0.05).

Parameters Measured by
Echocardiography and Cardiac Magnetic
Resonance Imaging
As shown in Tables 2, 3, the LGE+ group presented with
increased LVESV index (P < 0.05) and reduced LVEFCMRI,
GLS, GWI, GCW, and GWE. The differences between the two
groups were statistically significant (P < 0.001). There were no
statistically significant differences in LAV index, LVEFSimpson,

E/e
′

, or LVM index between the two groups (P> 0.05).

Association Between Parameters and LV
Myocardial Fibrosis
The univariate logistic regression analysis showed an association
between LV myocardial fibrosis and the following parameters
(Table 4): Age, LVESV index, LVEFCMRI, GLS, GWI, GCW, and
GWE. There was no significant correlation between age, LVESV
index and parameters of LV function, including LVEFCMRI, GLS,
GWI, GCW, and GWE. Considering the significant correlations
among parameters of LV function, several multivariate logistic
regression models with one parameter of LV function and age,
and LVESV index were built (Table 5). After correcting for age
and LVESV index, LVEFCMRI, GLS, GWI, GCW, and GWE
retained independent associations with LV myocardial fibrosis.

According to ROC analysis, the AUC of LVEFCMRI was
larger than that of GLS, GWI, GCW, and GWE, as shown in
Figure 4. According to the Youden index, the cutoff point of
LVEFCMRI was 20.50%, the corresponding sensitivity was 93.80%,
the specificity was 72.00%, and the accuracy was 84.21%. The
cutoff point of GWE was 78.50%, the corresponding sensitivity
was 65.60%, the specificity was 88.00%, and the accuracy

TABLE 4 | Univariate logistic regression analysis to identify the determinants of LV

myocardial fibrosis at late gadolinium enhancement.

Variables OR (95% CI) P-value

Age 1.057 (1.009∼1.108) 0.002

Sex, male 0.893 (0.246∼3.242) 0.86

NYHA functional class 1.380 (0.668∼2.848) 0.38

NT-proBNP 1.000 (1.000∼1.001) 0.19

LVESV index 1.026 (1.007∼1.045) 0.01

LVEFCMRI, % 0.649 (0.508∼0.829) 0.001

LVEFSimpson 0.907 (0.817∼1.008) 0.07

GWI 0.994 (0.990∼0.997) 0.001

GCW 0.994 (0.991∼0.997) <0.001

GWE 0.807 (0.715∼0.911) 0.001

GLS 0.541 (0.376∼0.779) 0.001

OR, odds ratio; 95% CI, 95% Confidence Interval; NYHA, New York Heart Association;

NT-proBNP, N-terminal pro-Brain Natriuretic Peptide; LVESV, left ventricular end systolic

volume; LVEFCMRI, cardiac magnetic resonance imaging-derived left ventricular ejection

fraction; LVEFSimpson, left ventricular ejection fraction measured using the biplane Simpson

method; GWI, global work index; GCW, global constructive work; GWE, global work

efficiency; GLS, global longitudinal strain.

TABLE 5 | Multivariate logistic regression models to predict LV myocardial fibrosis.

Multivariate models OR (95% CI) P-value

Model 1 Age 1.073 (0.999∼1.153) 0.05

LVESV index 1.002 (0.975∼1.029) 0.90

LVEFCMRI 0.627 (0.465∼0.844) 0.002

Model 2 Age 1.051 (0.999∼1.041) 0.09

LVESV index 1.016 (0.770∼0.966) 0.15

GLS 0.626 (0.429∼0.912) 0.02

Model 3 Age 1.053 (0.993∼1.117) 0.08

LVESV index 1.019 (0.997∼1.042) 0.09

GWI 0.995 (0.992∼0.999) 0.01

Model 4 Age 1.037 (0.976∼1.101) 0.24

LVESV index 1.014 (0.992∼1.038) 0.21

GCW 0.995 (0.992∼0.999) 0.004

Model 5 Age 1.034 (0.974∼1.096) 0.27

LVESV index 1.016 (0.994∼1.038) 0.15

GWE 0.837 (0.737∼0.951) 0.01

OR, odds ratio; 95% CI, 95% Confidence Interval.

was 75.43%. The cutoff points and corresponding sensitivity,
specificity, accuracy of GWI, GCW, and GLS are shown in
Supplementary Table 2, LVEFCMRI, GCW showed larger AUC
and higher accuracy, sensitivity, and specificity than GLS, the
accuracy of predicting LV myocardial fibrosis ranged from high
to low as: LVEFCMRI, GCW, GWE, GWI, and GLS.

Reproducibility of Myocardial Work Indices
Intra-observer variability and inter-observer variability
of GWI, GCW, GWW, and GWE are presented in
Supplementary Table 3. Intra-observer variability and inter-
observer variability were the lowest for GWI, represented by the
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FIGURE 4 | Receiver operating characteristic analysis of LVEFCMRI, GWI,

GCW, GWE, and GLS for predicting LV myocardial fibrosis. LVEFCMRI, cardiac

magnetic resonance imaging-derived left ventricular ejection fraction; GWI,

Global work index; GCW, Global constructive work; GWE, Global work

efficiency; GLS, Global longitudinal strain.

highest ICCs, ICCs were 0.910 for inter-observer and 0.961 for
intra-observer measurements.

DISCUSSION

This study was the first to analyze the correlation between
myocardial work indices and myocardial fibrosis in patients
with DCM. We found that LVEFCMRI, GWI, GCW, GWE, and
GLS remained significant predictors of LV myocardial fibrosis.
LVEFCMRI, and GCW showed larger AUC and higher accuracy,
sensitivity, and specificity than GLS, the accuracy of predicting
LV myocardial fibrosis ranged from high to low as: LVEFCMRI,
GCW, GWE, GWI, and GLS.

Prognostic Value of Myocardial Fibrosis in
Patients With DCM
The pathological bases of DCM are myocardial degeneration,
atrophy, and fibrosis. Myocardial fibrosis is associated with
increased risk for mortality, arrhythmia events, hospitalizations,
and sudden death, therefore, detection of myocardial fibrosis
has important clinical value in evaluating prognosis (16). CMRI
with LGE detects myocardial fibrosis with high sensitivity and
specificity. Presence of LGE is significantly associated with
adverse outcome and is recommended for risk stratification of
DCM patients (17). Absence of LGE is independently correlated
with LV reverse remodeling, irrespective of the severity of LV
dilatation and dysfunction (18). Progressive myocardial fibrosis
is associated with a more than 3-fold higher risk for mortality
and heart failure outcomes (19).

The association between non-invasive myocardial work
indices and LV myocardial fibrosis in patients with DCM has not
yet been reported. In our study, we found that global myocardial
work indices, including GWI, GCW, GWE, remained significant
predictors of LGE in DCM patients, indicating that these
parameters may be potential surrogate markers for the detection
of fibrosis when CMRI is contraindicated (significant chronic
renal disease, incompatible metallic devices, or claustrophobia).

Association Between Myocardial
Dysfunction and Myocardial Fibrosis in
Patients With DCM
Myocardial fibrosis leads to the decrease in ability of myocardial
movement and deformation, manifested as impairment of
myocardial global systolic function (4, 5, 20). Myocardial
dysfunction is closely related to fibrosis in DCM patients.
Previous studies have found that LVEF is significantly negatively
correlated with myocardial fibrosis in DCM patients (21),
while progressive fibrosis is associated with minimal change
in LVEF (19), and GLS in the LGE+ group is lower than
that in LGE- group (22). In this study, the LGE+ group
presented with reduced GWI, GCW, GWE, GLS, and LVEFCMRI.
These findings confirmed the association between myocardial
dysfunction and fibrosis.

Additionally, in our study, multivariate logistic regression
analysis showed that GWI, GCW, GWE, and GLS were
independent predictors for myocardial fibrosis in addition to
LVEFCMRI. LVEFCMRI, and GCW showed larger AUC and higher
accuracy, sensitivity, and specificity than GLS, the accuracy of
predicting LV myocardial fibrosis ranged from high to low
as: LVEFCMRI, GCW, GWE, GWI, and GLS. Therefore, apart
from CMRI, LV myocardial work indices may provide further
insights into LV myocardial fibrosis in patients with DCM. The
optimal cutoff points of LVEFCMRI, GWI, GCW, GWE, and
GLS might provide valuable information. Galli et al. (23) found
that GCW was significantly correlated with myocardial fibrosis
in patients with hypertrophic cardiomyopathy. In future work,
the application value of LV myocardial work indices in other
cardiovascular diseases will be further explored to verify its
clinical value.

Wide QRS (duration ≥120ms) on the ECG represents
intraventricular conduction delay. In the study, there was no
statistically significant difference in QRS duration between LGE-
and LGE+ patients, indicating no significant association between
QRS duration and LV myocardial fibrosis. A previous study (24)
found that the combination of wide QRS and LGE can provide
additional risk stratification compared with LGE status alone in
DCM patients.

Limitations
This study was conducted in a single center with a small
number of samples and needs to be expanded for further study.
A previous study (25) found that LV midwall LGE showed
an excellent predictive value in identifying high-risk DCM
patients, but the correlation between the localization of LGE
(sub-endocardial, mid-segment, sub-epicardial) and myocardial
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work parameters in this study were not explored. In addition,
the accuracy of myocardial work indices in the evaluation of
therapeutic response to medications were not analyzed. Further
studies with extended follow-up are needed to verify the results
of this study.

CONCLUSION

LVEFCMRI, GWI, GCW, GWE, and GLS remained significant
predictors of LV myocardial fibrosis. LVEFCMRI, and GCW
appeared to better predict LV myocardial fibrosis compared
with GLS. LV myocardial work indices may be potential
surrogate markers for the detection of fibrosis in addition
to LVEFCMRI.
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Accelerated 4D Flow MRI With
Respiratory Motion Correction
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Magnetic resonance imaging (MRI) can potentially be used for non-invasive screening of
patients with stable angina pectoris to identify probable obstructive coronary artery
disease. MRI-based coronary blood flow quantification has to date only been
performed in a 2D fashion, limiting its clinical applicability. In this study, we propose a
framework for coronary blood flow quantification using accelerated 4D flow MRI with
respiratory motion correction and compressed sensing image reconstruction. We
investigate its feasibility and repeatability in healthy subjects at rest. Fourteen healthy
subjects received 8 times-accelerated 4D flow MRI covering the left coronary artery (LCA)
with an isotropic spatial resolution of 1.0 mm3. Respiratory motion correction was
performed based on 1) lung-liver navigator signal, 2) real-time monitoring of foot-head
motion of the liver and LCA by a separate acquisition, and 3) rigid image registration to
correct for anterior-posterior motion. Time-averaged diastolic LCA flow was determined,
as well as time-averaged diastolic maximal velocity (VMAX) and diastolic peak velocity
(VPEAK). 2D flow MRI scans of the LCA were acquired for reference. Scan-rescan
repeatability and agreement between 4D flow MRI and 2D flow MRI were assessed in
terms of concordance correlation coefficient (CCC) and coefficient of variation (CV). The
protocol resulted in good visibility of the LCA in 11 out of 14 subjects (six female, five male,
aged 28 ± 4 years). The other 3 subjects were excluded from analysis. Time-averaged
diastolic LCA flow measured by 4D flow MRI was 1.30 ± 0.39 ml/s and demonstrated
good scan-rescan repeatability (CCC/CV � 0.79/20.4%). Time-averaged diastolic VMAX

(17.2 ± 3.0 cm/s) and diastolic VPEAK (24.4 ± 6.5 cm/s) demonstrated moderate
repeatability (CCC/CV � 0.52/19.0% and 0.68/23.0%, respectively). 4D flow- and 2D
flow-based diastolic LCA flow agreed well (CCC/CV � 0.75/20.1%). Agreement between
4D flow MRI and 2D flow MRI was moderate for both diastolic VMAX and VPEAK (CCC/CV �
0.68/20.3% and 0.53/27.0%, respectively). In conclusion, the proposed framework of
accelerated 4D flow MRI equipped with respiratory motion correction and compressed
sensing image reconstruction enables repeatable diastolic LCA flow quantification that
agrees well with 2D flow MRI.
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INTRODUCTION

The clinical evaluation of obstructive coronary artery disease
(CAD) relies on a combined approach of catheter-based coronary
artery angiography (CAG) and physiological testing with for
example fractional flow reserve (FFR) or instantaneous wave-
free ratio (iFR). Current guidelines recommend non-invasive
testing in patients with stable angina pectoris (SAP) to identify
probable obstructive CAD before performing invasive CAG (Fihn
et al., 2012; Montalescot et al., 2013).

MRI is a non-invasive, non-ionizing imaging technique
that can reliably provide prognostic information in patients
with CAD using stress-induced perfusion imaging (Motwani
et al., 2018). In fact, MRI provides detailed anatomical
information (Albrecht et al., 2018; Bustin et al., 2019; Roy
et al., 2021) and can also measure coronary flow (Hofman
et al., 1996; Davis et al., 1997; Marcus et al., 1999; Johnson
et al., 2008; Zhu et al., 2021), potentially enabling assessment
of the coronary flow reserve (CFR). The CFR is a measure for
the adaptive capacity of the coronary vascular bed to meet the
myocardial oxygen demand during increased oxygen
consumption of the myocardium. Large-scale studies have
shown that a CFR of less than 2.0 is an independent predictor
of cardiac mortality and major adverse cardiac events and has
greater prognostic value than FFR (Murthy et al., 2011; van de
Hoef et al., 2014; Kato et al., 2017). The potential of MRI to
concurrently assess coronary anatomy, CFR and myocardial
perfusion makes it a potential screening modality for accurate
selection and planning of patients with SAP for percutaneous
coronary intervention (PCI).

To date, MRI-based coronary flow quantification has
only been reported using 2D flow MRI (Hofman et al., 1996;
Davis et al., 1997; Marcus et al., 1999; Johnson et al., 2008),
which has limitations for clinical use. It requires prior
knowledge of the desired measurement location(s) and its
accuracy depends highly on correct planning of the imaging
slice, i.e. perpendicular to the vessel, distal to the stenosis of
interest. In contrast, 4D flow MRI (time-resolved three-
dimensional three-directional phase-contrast MRI) provides
volumetric coverage (Markl et al., 2012). Therefore, the
acquisition is easy to plan, analysis planes can be placed after
image acquisition and the flow can be quantified at multiple
locations from a single dataset. Yet, coronary flow quantification
using 4D flow MRI has never been reported, presumably
because the small size of the coronary arteries necessitates
the use of a high spatial resolution (∼1 mm3), leading to
unrealistically long scan times that make it nearly
impossible to avoid patient movement causing image
deterioration.

High spatial resolution 4D flow MRI at clinically feasible
scan times requires sparse sampling. Pseudo-spiral Cartesian
undersampling with compressed sensing image reconstruction
has previously made intracranial flow quantification possible
with good accuracy and repeatability (Gottwald et al.,

2020a). Application of this technique to the coronary
arteries is promising, provided that we can correct for
respiratory motion.

In the current study, we therefore investigate the feasibility
and repeatability of accelerated, high spatial resolution 4D
flow MRI with respiratory motion correction for flow
quantification in the left coronary artery (LCA) of healthy
subjects at rest. We hypothesize that respiratory motion
correction results in improved visibility of the LCA compared
to non-corrected data, and that 4D flow MRI-based
measurements of LCA flow agree well with 2D flow MRI-
based measurements.

MATERIALS AND METHODS

Image Acquisition
Fourteen healthy subjects (eight female, six male, aged 28 ±
4 years) underwent cardiac MRI at 3T (Ingenia Philips, Best,
the Netherlands). The study was approved by the local
institutional review board (METC) of Amsterdam UMC and
all participants gave written informed consent. A Dixon cardiac
angiogram with isotropic spatial resolution of 1.5 mm3 was
acquired for planning purposes using electrocardiographic
(ECG) gating to mid-diastole and respiratory gating using a
lung-liver navigator with an end-expiration acceptance
window of 7 mm. Next, a 4D flow MRI acquisition was
performed with an isotropic spatial resolution of 1.0 mm3,
covering the LCA in a 30-mm thick transversal slab. This
acquisition was directly followed by a 2D flow MRI
acquisition planned perpendicular to the LCA, with a spatial
resolution of 1.0 × 1.0 mm2 and 6.0 mm slice thickness. For the
purpose of repeatability testing, the sequence of the
aforementioned 4D and 2D acquisitions was performed once
more with identical settings.

4D flow MRI was acquired using 8 times-accelerated pseudo-
spiral undersampling (Gottwald et al., 2020b; Peper et al.,
2020). Three-directional velocity-encoding sensitivity (VENC)
was set to 50 cm/s and retrospective ECG-gating enabled cardiac
binning into 24 phases. A pencil beam navigator was played
out on the lung-liver interface to monitor respiratory motion
at a sampling frequency of 2 Hz. To reject outliers caused by
deep inspiration, an acceptance window of 20 mm was
employed. Breath-held 2D flow MRI was acquired using
parallel imaging with a SENSE factor of 2. Through-plane
VENC was set to 35 cm/s (lower than for the 4D flow MRI,
since the larger slice thickness causes spatial velocity averaging
which in our experience conceals local peak velocities observed in
the 4D flow MRI acquisition).

Lastly, a real-time coronal balanced steady state free
precession (bSSFP) series was run for ∼50 s to monitor foot-
head respiratory motion of the LCA with respect to the motion of
the liver. This scan was ECG-triggered to mid-diastole and had a
spatial resolution of 2.0 × 2.0 mm2 and slice thickness of 8.0 mm.
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Respiratory Motion Correction and Image
Reconstruction
Prior to reconstruction of the final images, respiration-induced
motion of the LCA was corrected in both the foot-head (FH) and
anterior-posterior (AP) directions. The methodology is
schematically depicted in Figure 1.

Motion Correction in Foot-Head Direction
FH motion correction was based on the 4D flow respiratory
navigator signal in combination with the real-time coronal scan.
In short, the real-time scan was used to determine the ratio ρ
between the motion of LCA and liver motion in FH direction, to be
able to estimate LCA motion at every k-space readout and correct
for it prior to image reconstruction. LCA and liver motion curves
were determined by rigid image registration on two separate
regions of interest, and their end-expiration heights were
aligned. LCA and liver positions were plotted against each other
and a linear fit was made, the slope of which is equal to ρ. Next, the
lung-liver navigator positions were interpolated to give a position
at the time of every imaging readout. The resulting navigator
positions will be referred to asNAV(t). Offsets from end-expiration
were determined and converted into LCA position offsets by

multiplication with ρ. To correct for these offsets, readout-
specific phase shifts were calculated by multiplying the
normalized k-space coordinate in the FH direction kz(t) with
the corresponding LCA offset. The complex raw k-space data
K(t) was then multiplied with these phase shifts.

Motion Correction in Anterior-Posterior Direction
After sorting NAV(t) into 8 independent respiratory phase bins
with equal amounts of data, bin-specific, time-averaged images
were reconstructed from the FH motion-corrected raw 4D flow
data, using only k-space samples that were acquired during mid-
diastole. From each reconstruction, five central slices were
averaged to remove any remaining unresolved FH motion, and
rigid image registration of bins 2–8 to bin 1 (end-expiration) was
performed over a central region including the LCA. This
produced AP offsets per bin, which were corrected in the
complex raw k-space data in a similar manner as described for
the FH offsets. Right-left offsets were expected to be small and
were thus ignored.

Image Reconstruction
Compressed sensing image reconstruction was performed in
Matlab R2019b (The MathWorks, Inc., Natick, MA), making

FIGURE 1 | Post-processing pipeline used to correct for respiratory motion in the 4D flow MRI acquisitions. 1) a real-time ECG-triggered scan was used to
determine the ratio ρ between the motion of LCA and liver motion in foot-head (FH) direction. Motion curves were determined by rigid image registration on two separate
regions of interest: over the LCA (blue) and over the liver (red). LCA and liver positions were plotted against each other and a linear fit wasmade, the slope of which is equal
to ρ. 2) LCA offsets, calculated by multiplying liver offsets NAV(t) with ρ, were converted into time-dependent phase shifts by multiplying the normalized k-space
coordinate in the FH direction kz (t) with the corresponding LCA offset. The complex raw k-space data K(t) was then multiplied with these phase shifts. 3) NAV(t) was
binned into 8 respiratory phases with equal amounts of data and bin-specific images (time-averaged over mid-diastolic time frames) were reconstructed from the FH
motion-corrected raw data. Rigid image registration of bins 2–8 to bin 1 (end-expiration) was performed over a central region including the LCA, producing AP offsets per
bin. 4) AP offsets were corrected in the complex raw k-space data and final image reconstruction was performed.
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use of a sparsifying total variation transform in time with a
regularization parameter r � 0.001 and 20 iteration steps using
MRecon (Gyrotools, Zürich, Switzerland) and the Berkeley
Advanced Reconstruction Toolbox (BART) (Uecker, 2015). To
assess the effect of the respiratory motion correction on the
images, non-corrected images were reconstructed as well.

Data Analysis
Data analysis was performed in GTFlow V3.2.15 (Gyrotools,
Zürich, Switzerland). 4D flow MRI magnitude images were
used to localize the LCA branching off from the aorta in a
mid-diastolic time frame and to make a longitudinal cross-
section, see Figure 2. The longitudinal view was used to place
5 equidistant analysis planes perpendicular to the LCA,
approximately 1.5 mm apart, to be able to check for
consistency of the measurements over the length of the LCA.
Next, the LCA was visually identified in each plane and
measurement contours were drawn around the lumen.
Additional reference contours were drawn in the adjacent
pericardial fat to verify that the measurements would
amount to zero flow here, see Figure 2. Both the LCA and
the reference contours were copied to all mid-diastolic time
frames and onto the corresponding velocity images. Other
time frames in which the LCA could not be identified because
of blurring due to myocardial contraction and relaxation
were discarded. Diastolic flow curves were calculated for each
contour, as well as streamlines for visualization. Contour-
averaged flow curves were calculated for each subject and
averaged over all subjects. For comparison with velocities
reported in echocardiographic and 2D flow MRI studies,
maximal velocity (VMAX) was determined for each contour
and each time frame by selecting the voxel with the highest

signal within the contour. Next, time-averaged diastolic VMAX

and diastolic peak velocity (VPEAK) were determined for each
subject.

Scan-rescan repeatability of time-averaged diastolic flow,
time-averaged diastolic VMAX and diastolic VPEAK was
evaluated by means of Bland-Altman analysis, coefficient of
variation (CV) and smallest detectable difference.
Furthermore, concordance correlation coefficients (CCC) were
determined based on absolute agreement and a two-way mixed-
effects model (Chen and Barnhart, 2013). CCC was classified as:
poor (<0.5), moderate (0.5–0.75), good (0.75–0.9) and excellent
(>0.9) (Koo and Li, 2016). CV was defined as the standard
deviation of the scan-rescan differences divided by the mean
of all scan and rescan measurements. The smallest detectable
difference was defined as 1.96 times the standard deviation of the
scan-rescan differences. A paired t-test was used to compare
measured flows and velocities with 2D flow MRI and pericardial
fat control measurements. Flow values will be presented as
mean ± SD.

RESULTS

4D Flow MRI
Median scan time was 12:20 min per 4D flow MRI scan (IQR: 11:
30–13:15 min) with a respiratory gating efficiency of
approximately 90%. Three subjects were excluded because of
insufficient visibility of the LCA in both the original and motion-
corrected reconstructions. In these subjects, a pattern of relatively
long inspiration phases and no clear skewness towards end-
expiration was observed. In the remaining eleven subjects (six
female, five male, aged 28 ± 4 years), the LCAwas identified in the

FIGURE 2 | (A) Planning of the 4D flowMRI field of view (orange) on the Dixon water image. (B) Transversal view of the Dixon water image. (C) The LCA is identified
on a transversal 4D flowMRI magnitude image and a longitudinal cross-section is made (shown in red). (D) The resulting coronal view is used to place five analysis planes
perpendicular to the LCA. 1–5) In these planes, measurement contours are placed around the LCA lumen and in adjacent pericardial fat. FOV � field of view, LCA � left
coronary artery, LA � left atrium, RA � right atrium, MPA � main pulmonary artery.
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magnitude images and velocity signal in the phase images. An
overview of all original and corrected reconstructions can be
found in Supplementary Figure S1. Figure 3 shows example
images of phase-contrast magnitude and velocity in right-left
direction. Figure 4 shows streamlines in the LCA, splitting into
left anterior descending (LAD) and left circumflex (LCX)
coronary artery. A video of the streamlines can be found in
Supplementary Video S1. Flow curves from this acquisition are
presented in Figure 5 (top). Seven out of 24 time frames were

examined in this subject. In the other subjects, the number of
examined cardiac frames ranged from 5 to 8.

Averaged over all subjects, time-averaged diastolic flows of
1.30 ± 0.39 ml/s in the LCA and 0.11 ± 0.14 ml/s in adjacent
pericardial fat were measured, see Figure 5 (bottom). Mean scan-
rescan difference and limits of agreement were −0.05 [−0.57; 0.47]
ml/s in the LCA - resulting in a smallest detectable difference of
0.52 ml/s - and −0.04 [−0.59; 0.51] ml/s in the pericardial fat
(Figure 6). LCA and pericardial fat control measurements of
diastolic flow differed significantly (p < 0.001). Averaged over all
subjects, time-averaged diastolic VMAX in the LCA was 17.2 ±
3.0 cm/s and diastolic VPEAK was 24.4 ± 6.5 cm/s. Statistical
results regarding repeatability and agreement between 4D flow
MRI and 2D flowMRI are summarized in Table 1. 4D flow-based
diastolic LCA flow measurements had good scan-rescan
repeatability (CCC � 0.79, CV � 20.4%). Time-averaged
diastolic VMAX measurements were moderately repeatable
(CCC � 0.52, CV � 19.0%), as were diastolic VPEAK

measurements (CCC � 0.68, CV � 23.0%).

2D Flow MRI
Time-averaged diastolic LCA flow as measured by 2D flow MRI
was 1.47 ± 0.50 ml/s (Figure 5). Mean scan-rescan difference and
limits of agreement were −0.08 [−0.63; 0.48] ml/s (Figure 6),
resulting in a smallest detectable difference of 0.56 ml/s. Time-
averaged diastolic VMAX in the LCA was 17.8 ± 5.6 cm/s and
diastolic VPEAK was 22.1 ± 7.0 cm/s. 2D flow-based diastolic LCA
flow measurements had good scan-rescan repeatability (CCC �
0.84, CV � 19.4%), time-averaged diastolic VMAX measurements
were excellently repeatable (CCC � 0.92, CV � 11.2%) and
diastolic VPEAK measurements demonstrated good repeatability
(CCC � 0.81, CV � 20.5%) (Table 1).

4D flow- and 2D flow-based diastolic LCA flow agreed well
(CCC � 0.75, CV � 20.1%) and did not significantly differ (p �

FIGURE 3 | (A) Transversal 4D flowMRImagnitude image and (B) phase
image showing velocities in right-left direction during mid-diastole. Arrows
indicate the location of the left coronary artery, where velocity signal can be
observed.

FIGURE 4 | Streamline reconstruction of 4D flow MRI-derived velocities
in the LCA for amid-diastolic time frame. Streamlines initiate from five contours
placed in the LCA and split into LAD and LCX. Velocity color-coding shows
that the measured velocities in the LAD and LCX are lower than in
the LCA.
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0.07), despite a trend towards higher measurements by 2D flow
MRI as compared to 4D flow MRI (mean difference and limits of
agreement: 0.17 [−0.38; 0.71] ml/s). Moderate agreement and no
significant differences between 4D flow MRI and 2D flow MRI
were found in measurements of time-averaged diastolic VMAX

(CCC � 0.68, CV � 20.3%, p � 0.60) and diastolic VPEAK (CCC �
0.53, CV � 27.0%, p � 0.25).

DISCUSSION

In this study, we investigated the feasibility and repeatability of
accelerated 4D flowMRI for blood flow quantification in the LCA
of healthy subjects at rest. Prospective 8-fold undersampling,
respiratory motion correction and compressed sensing image
reconstruction facilitated 4D flow MRI-based LCA flow
quantification during mid-diastolic time frames. Flow
measurements were repeatable and agreed well with 2D flow
MRI-based measurements.

CFR assessment is a possible application of the non-invasive
LCA flowmeasurement performed in the current study. Based on
the scan-rescan repeatability found in this study, the difference of
baseline flow and hyperemic flow should at least be 0.52 ml/s to be
detected using the current MRI protocol. Given that the CFR is
4–5 (i.e. an increase from roughly 1.5 to 6.5 ml/s in the LCA) in
healthy subjects and around 2 in patients (i.e. an increase from
roughly 1.5 to 3.0 ml/s in the LCA), the actual difference will be
well above the detection threshold of the presented method.

The observation that 4D flow MRI demonstrates lower
repeatability in maximal velocity measurement than 2D flow
MRI may be explained by the inherently lower signal-to-noise
ratio of the 4D flow MRI acquisition due to smaller voxel size
along the length of the LCA (1.0 vs 6.0 mm for 2D flow MRI).

Furthermore, unlike 2D flow MRI, 4D flow MRI does not benefit
from the slice in-flow effect. The measured velocities were also
less repeatable than has been reported for Doppler
echocardiography (Hozumi et al., 1998; Kasprzak et al., 2000;
Pizzuto et al., 2001; Ciampi et al., 2019).

Literature on healthy LCA diastolic peak velocities is limited.
In the early 90’s, studies appeared using transesophageal
echocardiography for LCA flow quantification. These studies
report baseline values - under general anesthesia - of 29 ±
12 cm/s, 34 ± 8 cm/s and 71 ± 19 cm/s in patients without left
main coronary artery stenosis (Yamagishi et al., 1991; Yasu et al.,
1993; Kasprzak et al., 2000). More recent studies focus on the
LAD using transthoracic echocardiography (Hozumi et al., 1998;
Pizzuto et al., 2001; Wittfeldt et al., 2016; Ciampi et al., 2019) or
LAD, LCX and RCA using intracoronary Doppler (Ofili et al.,
1993; Anderson et al., 2000; van de Hoef et al., 2015) and no
longer report LCA velocities. The 24.4 ± 6.5 cm/s (4D flow MRI)
and 22.1 ± 7.0 cm/s (2D flowMRI) peak velocities wemeasured in
the LCA are lower than previously reported in studies using
transesophageal echocardiography (Yamagishi et al., 1991; Yasu
et al., 1993; Kasprzak et al., 2000), but similar to values measured
using 2D flow MRI (Schiemann et al., 2006).

Studies using 2D flowMRI that measured LAD - as opposed to
LCA - flow have reported time-averaged values of 0.5–1.4 ml/s
(Davis et al., 1997; Marcus et al., 1999; Johnson et al., 2008; Zhu
et al., 2021). Other studies measured LAD peak flow velocities
with 2D flow MRI to determine the CFR and found good
correlations with CFR obtained by Doppler guide wire (in
patients) and by PET (in healthy subjects) (Hundley et al.,
1996; Shibata et al., 1999; Sakuma et al., 2000; Bedaux et al.,
2002; Nagel et al., 2003). Interestingly, measured peak velocities
were significantly lower by 2D flow MRI than by Doppler guide
wire, despite the good correlation between CFRs by the two

FIGURE 5 | Diastolic flow measured by 4D flow MRI and 2D flow MRI in the LCA and by 4D flow MRI in the adjacent pericardial fat (“4D flow - control”) in a single
subject (A–C), same subject as in Figure 4) and averaged over all subjects (D–F), displayed for scan and rescan 4D flowMRI acquisitions. Single-subject flow curves are
the result of averaging over all five measurement contours. All-subjects flow curves are the average over all eleven subject-specific (contour-averaged) flow curves.
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techniques (Shibata et al., 1999; Bedaux et al., 2002; Nagel et al.,
2003; Keegan et al., 2015). These differences were probably a
result of the different nature of the two measurements: Doppler

guide wire measures velocities along a line whereas in
phase-contrast MRI, velocity profiles are spatially smoothed
when averaged over the volume of a voxel. Other MRI studies
have focused on global CFR assessment based on velocity or flow
measurement in the coronary sinus or based on myocardial
perfusion by contrast-enhanced MRI (Ibrahim et al., 2002;
Lund et al., 2003; Aras et al., 2007; Kato et al., 2017). In short,
a variety of studies has reported on coronary flows and velocities,
but differences in modalities and anatomical locations of
measurement complicate meaningful comparison between
studies.

We quantified LCA flow at rest only. For CFR assessment,
the flow should also be quantified in the hyperemic state,
which may introduce more blurring due to a higher heart
rate and heavier breathing, but may also result in higher
SNR due to higher velocities and a larger luminal area.
Hyperemia can be induced in different ways, the most
common being administration of a vasodilatory drug.
Another possibility is physical exercise testing with the use
of an MRI-compatible ergometer, but this introduces subject
motion and has a smaller effect on the myocardial blood flow
than a vasodilatory drug. Furthermore, inducing
hypercapnia, an increased arterial CO2-pressure, with the
use of a gas control breathing mask has been shown to
have an effect similar to physical exercise (Pelletier-
Galarneau et al., 2018).

Not only MRI, but also CT, PET-CT, and myocardial
perfusion scintigraphy are potentially available non-invasive
techniques to investigate different and sometimes overlapping
characteristics of coronary artery disease (CAD) (Heo et al., 2014;
Alexanderson-Rosas et al., 2015; Smulders et al., 2017). PET-CT
is a powerful technique because it can combine anatomical
evaluation and corresponding functional status including
coronary flow velocity (reserve) and the assessment of
microvascular resistance. However, the limited availability, use
of ionizing radiation and costs of PET-CT has prevented its
widespread application in clinical practice. MRI may provide a
more accessible alternative.

Recent developments in the field of cardiac MRI have enabled
whole-heart 5D (4D + a respiratory motion dimension) flow
imaging, 5D anatomical imaging of the heart including the
coronary arteries, and high-resolution coronary angiography
(Feng et al., 2018; Bustin et al., 2019; Ma et al., 2020). The
current study is the first to combine and implement high spatial
resolution imaging, 3D time-resolved velocity encoding, and 2D
respiratory motion correction to achieve coronary flow
quantification. Vital to the successful combination of these
assets are a number of design elements of the proposed
framework. First, the use of pseudo-spiral Cartesian k-space
sampling allows for a targeted FH field of view to enable
1.0 mm3 resolution at a scan time of approximately 12 min. In
contrast, Ma et al. (2020) and Feng et al. (2018) employ a radial
phyllotaxis sampling scheme which requires a cubic field of view.
This sampling strategy is relatively efficient for high-resolution
respiratory motion-resolved whole-heart application (2.5 mm3 at
a scan time of 8 min, or 1.15 mm3 at a scan time of 14 min with
the aid of MR contrast), but would require impractically long scan

FIGURE 6 | Bland-Altman plots of (A) scan and rescan 4D flow MRI
measurements, (B) scan and rescan 2D flow MRI measurements and (C) 4D
flow MRI and 2D flow MRI scan-rescan-averaged measurements of time-
averaged diastolic LCA flow. Data points are subject-specific. Mean
differences and 95% limits of agreement are indicated on the right.
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times for 1.0 mm3 resolution coronary application. For coronary
angiography, Bustin et al. (2019) employed a k-space sampling
scheme similar to the current one, however their approach was
optimized for diastolic vessel depiction instead of time-resolved
flow measurement. Another important design element is the
two-dimensional respiratory motion correction based on a one-
dimensional navigator in combination with rigid image
registration. Multi-dimensional motion correction or
resolution is typically achieved using self-navigation (Feng
et al., 2018; Bustin et al., 2019; Ma et al., 2020), which
requires frequent sampling of the k-space center making it
not readily compatible with non-radial sequences. A
disadvantage of the 1D navigator-based approach we
introduced is the necessary acquisition of an extra scan,
prolonging the total scan time by approximately 1 min.
Furthermore, our motion correction pipeline is not fully
automated and AP motion correction based on image
registration requires interim image reconstruction. These aspects
further prolong reconstruction time.

The current proof of concept study has a couple of limitations.
Firstly, we performed measurements in the LCA only. For
meaningful clinical measurements, the approach should be
extended to also encompass the LAD and LCX, as well as the
right coronary artery (RCA). However, the spatial resolution
employed in our study does not allow for accurate
measurements in these smaller diameter (2.9–3.9 mm) vessels
considering the fact that the luminal area should contain at least
16 voxels to keep the measurement error below 10% (Dodge et al.,

1992; Tang et al., 1993). An average LCA has a lumen diameter of
4.5 ± 0.5 mm and fits exactly 16 voxels of the size we used in this
study (Dodge et al., 1992). Hence, a higher spatial resolution has
to be achieved for clinical application.

Secondly, we only considered diastolic time frames because of
the presence of myocardial contraction- and relaxation-induced
blurring of the LCA in the systolic images. To resolve this issue, a
higher temporal resolution must be achieved while maintaining
high spatial resolution. To date, this has only been achieved in
single-slice through-plane flow imaging with an efficient k-space
sampling scheme (Zhu et al., 2021). Nevertheless, for CFR
assessment, diastolic flow values should suffice to determine
the ratio between resting flow and hyperemic flow.

Lastly, we tested for repeatability by performing two 4D flow
MRI acquisitions in direct succession, without repositioning the
subject. Consequently, differences in patient position or
acquisition planning were not accounted for.

In general, the main difficulty with high-resolution 4D flow
MRI applied to small diameter vessels is that it is prone to motion
artifacts, due to the long acquisition time needed. The
acquisitions may contain (involuntary) patient movement
resulting in image blurring, and breathing motion may induce
blurring or ghosting despite respiratory motion compensation,
as opposed to single breathhold acquisition used in 2D flow
MRI (Dyverfeldt and Ebbers, 2017). A recent advancement,
called focused navigation, enables non-rigid image registration
in 3D, and can in the future potentially be applied to flow imaging
(Roy et al., 2021). Non-Cartesian k-space sampling, in

TABLE 1 | Statistical results regarding scan-rescan repeatability and agreement between 4D flow MRI and 2D flow MRI.

4D flow - LCA 2D flow - LCA LCA 4D flow - control

Statistic Scan Rescan Scan Rescan 4D flow 2D flow Scan Rescan

Time-averaged diastolic flow (ml/s)

Mean ± SD [ml/s] 1.27 ± 0.46 1.32 ± 0.36 1.43 ± 0.53 1.51 ± 0.52 1.30 ± 0.39 1.47 ± 0.50 0.09 ± 0.23 0.12 ± 0.15
Mean diff. [ml/s] −0.05 −0.08 0.17 −0.04
LOA [ml/s] −0.57; 0.47 −0.63; 0.48 −0.38; 0.71 −0.59; 0.51
CV [%] 20.4 19.4 20.1 n/a
CCC 0.79 0.84 0.75 n/a
SDD [ml/s] 0.52 0.56 n/a n/a

Time-averaged diastolic VMAX (cm/s)

Mean ± SD [cm/s] 17.6 ± 4.0 16.8 ± 2.6 17.3 ± 5.4 18.3 ± 5.9 17.2 ± 3.0 17.8 ± 5.6
Mean diff. [cm/s] 0.83 −1.03 0.58
LOA [cm/s] −5.56; 7.22 −4.92; 2.86 −6.38; 7.54
CV [%] 19.0 11.2 20.3
CCC 0.52 0.92 0.68
SDD [cm/s] 6.39 3.89 n/a

Diastolic VPEAK (cm/s)

Mean ± SD [cm/s] 24.8 ± 6.7 24.1 ± 7.5 21.9 ± 7.3 22.4 ± 7.4 24.4 ± 6.5 22.1 ± 7.0
Mean diff. [cm/s] 0.66 −0.50 −2.33
LOA [cm/s] −10.37; 11.69 −9.37; 8.38 −14.66; 10.0
CV [%] 23.0 20.5 27.0
CCC 0.68 0.81 0.53
SDD [cm/s] 11.0 8.9 n/a

LOA, limits of agreement; CV, coefficient of variation; CCC, concordance correlation coefficient; SDD, smallest detectable difference; control, pericardial fat reference measurements.
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combination with a high temporal resolution, might make the
acquisition more robust against motion in general (Glover and
Pauly, 1992). This way, systolic time frames might be taken into
account as well and flow curves over the entire cardiac cycle can
be obtained.

CONCLUSION

The proposed framework of accelerated 4D flow MRI with
respiratory motion correction and compressed sensing image
reconstruction enables non-invasive, diastolic LCA flow
quantification that agrees well with 2D flow MRI. Important
assets of the developed methodology are the use of pseudo-spiral
k-space sampling which allows for a targeted FH field of view, and
the 2D respiratory motion correction based on a 1D navigator.
Opportunities for further optimization exist in enhancing the
temporal resolution, automating the entire reconstruction
pipeline, and improving robustness for atypical breathing
patterns using more advanced k-space sampling and motion
correction schemes. The observed scan-rescan repeatability
justifies future experiments on quantification of hyperemic LCA
flow, to investigate whether the current acquisition can be used to
determine CFR.
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A Combined Computational Fluid
Dynamics and Arterial Spin Labeling
MRI Modeling Strategy to Quantify
Patient-Specific Cerebral
Hemodynamics in Cerebrovascular
Occlusive Disease
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Cerebral hemodynamics in the presence of cerebrovascular occlusive disease (CVOD) are
influenced by the anatomy of the intracranial arteries, the degree of stenosis, the patency of
collateral pathways, and the condition of the cerebral microvasculature. Accurate
characterization of cerebral hemodynamics is a challenging problem. In this work, we
present a strategy to quantify cerebral hemodynamics using computational fluid dynamics
(CFD) in combination with arterial spin labeling MRI (ASL). First, we calibrated patient-
specific CFD outflow boundary conditions using ASL-derived flow splits in the Circle of
Willis. Following, we validated the calibrated CFD model by evaluating the fractional blood
supply from the main neck arteries to the vascular territories using Lagrangian particle
tracking and comparing the results against vessel-selective ASL (VS-ASL). Finally, the
feasibility and capability of our proposed method were demonstrated in two patients with
CVOD and a healthy control subject. We showed that the calibrated CFDmodel accurately
reproduced the fractional blood supply to the vascular territories, as obtained from VS-
ASL. The two patients revealed significant differences in pressure drop over the stenosis,
collateral flow, and resistance of the distal vasculature, despite similar degrees of clinical
stenosis severity. Our results demonstrated the advantages of a patient-specific CFD
analysis for assessing the hemodynamic impact of stenosis.

Keywords: arterial spin labeling, computational fluid dynamics, cerebral hemodynamics, cerebrovascular occlusive
disease, circle of willis, collateral flow, carotid stenosis

INTRODUCTION

Cerebrovascular occlusive disease (CVOD), characterized by the presence of stenosis in the arteries
supplying the brain, is a major risk factor for ischemic stroke. Clinical diagnosis and stratification of
CVOD patients relies routinely onmeasuring the maximum narrowing of the lumen based on duplex
ultrasound or computed tomography angiography (CTA). However, the degree of luminal stenosis is
only one factor in the assessment of stroke risk. Plaque characteristics, downstream brain perfusion,
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and patency of collateral pathways also play an important role in
the overall risk evaluation of cerebral ischemia (Saba et al., 2018;
Liebeskind, 2003; Liebeskind and Feldmann, 2012). Collateral
flow in the circle of Willis (CoW) has been associated with
reduced stroke risk in patients with severe carotid stenosis
(Henderson et al., 2000; Bisschops et al., 2003; Hendrikse
et al., 2001). Collateral flow is highly dependent on the
cerebral vasculature anatomy, availability of collateral
pathways, degree of stenosis in the arteries supplying the brain
and, critically, the condition of the cerebral microcirculation and
its autoregulatory response (Ramsay et al., 1991; Russell et al.,
2008).

The clinical gold standard for evaluating collateral flow is
digital subtraction angiography (DSA). Despite providing high-
resolution images of blood supply in the cerebral arteries, the
procedure is invasive and strictly qualitative. MRI arterial spin
labeling (ASL) has become an increasingly popular method for
measuring cerebral perfusion, and it provides a non-invasive
quantitative alternative to DSA. In non-selective ASL (NS-
ASL), brain tissue perfusion is measured by magnetically
labeling blood in the neck arteries and acquiring a series of
slices of the brain after a short transit delay (Alsop et al.,
2014). More recently, ASL has been extended to vessel-
selective labeling to measure the perfusion territory of
individual arteries (Helle et al., 2010; Schollenberger et al.,
2020). The diagnostic capabilities of vessel-selective ASL (VS-
ASL) have previously been demonstrated in patients with
extracranial stenosis and arteriovenous malformation (Richter
et al., 2017; Helle et al., 2013). Additionally, cerebral angiograms
have been performed based on VS-ASL to visualize blood supply
in the cerebral arteries (Jensen-Kondering et al., 2015), rendering
similar qualitative information on cerebral flow patterns as DSA.
Nevertheless, the information provided by VS-ASL on collateral
flow patterns has thus far been qualitative.

Image-based computational fluid dynamics (CFD) provides a
powerful tool for analyzing cerebral hemodynamics. Compared
to experimental approaches, CFD renders velocity, pressure, wall
shear stress, etc. throughout entire vascular territories with
arbitrarily high spatial and temporal resolutions. The feasibility
of CFD to assess cerebral hemodynamics has been previously
demonstrated for intracranial stenoses (Liu et al., 2017; Leng
et al., 2014) and aneurysms (Castro et al., 2006; Rayz et al., 2008;
Raschi et al., 2012). However, patient-specific calibration of
cerebral blood flow CFD models remains challenging. Previous
studies have heavily relied on literature data for determining flow
splits in the CoW (Xiao et al., 2013; Mukherjee et al., 2016) or
used simplistic allometric scaling assumptions to calibrate
outflow boundary conditions (Bockman et al., 2012).

In this paper, we propose a novel strategy to quantitatively
characterize regional cerebral blood flow and perfusion using
CFD in combination with PC-MRI and ASL data. First, a
method to calibrate the cerebral blood flow CFD model based
on NS-ASL perfusion data is presented. The calibration
includes estimation of flow splits in the CoW from non-
selective perfusion images and total inflow to the CoW
from PC-MRI, followed by tuning of the outflow boundary
conditions to match the estimated flow splits. Second, the

calibrated CFD model is validated against territorial perfusion
maps from VS-ASL based on the blood supply to each cerebral
territory using Lagrangian particle tracking (LPT). Lastly, the
proposed strategy is demonstrated via an in-depth
quantification of patient-specific cerebral hemodynamics in
a healthy control subject and two CVOD patients.

MATERIALS AND METHODS

Patient Details
Two CVOD patients and a healthy control subject were enrolled
in a feasibility study and underwent a research MRI exam. The
protocol was approved by the local Institutional Review Board
and all subjects provided informed written consent
(HUM00114275 and HUM00018426). The reconstructed
geometric models of the three subjects are illustrated in
Figure 1. The models include the ascending and proximal
descending thoracic aorta, its upper branches (brachiocephalic
trunk, left carotid and left subclavian), the main neck arteries
(internal and external carotids, vertebral arteries), and the main
intracranial arteries including the CoW. The healthy control and
patient 1 were reconstructed based on magnetic resonance
angiography (MRA) and patient 2 based on CTA.

The healthy control subject (male, 28 years old) presented
without evidence of CVOD. The CoW anatomy was incomplete
with both right and left posterior communicating arteries
hypoplasia. Patient 1 (female, 55 years old) presented with an
asymptomatic 70–99% stenosis (duplex ultrasound, velocity
criteria) in the right proximal internal carotid artery (RICA).
The left internal carotid artery (LICA) was patent with no
evidence of hemodynamically significant stenosis. Patient 1 has
a complete CoW anatomy. Patient 2 (male, 64 years old)
presented with asymptomatic bilateral carotid stenosis. The
RICA revealed a tandem stenosis of 80–90% (CTA, ECST
criteria), stretching from the carotid bifurcation to the distal
end of the carotid bulb. The LICA showed a 60% stenosis (CTA,
ECST criteria). Patient 2 has an incomplete CoW anatomy with
right P1 segment and distal right vertebral artery (RVA)
hypoplasia.

Imaging Data
All subjects underwent an MRI study to collect data on vascular
anatomy, brain tissue perfusion, and flow. The protocol was
performed at 3T (MR750; GE Healthcare, Waukesha, WI)
with a 32-channel receive-only head coil for the head and
neck and the scanner’s build-in coil for the upper chest. At
the end of the study, the subject’s blood pressure was
measured in the upper arm in the supine position.

Anatomy
Anatomical information from the ascending thoracic aorta to the
carotid bifurcation level was acquired with a 2D T1-weighted
spoiled gradient echo sequence (voxel size � 0.58 × 0.58 × 2 mm3,
TR/TE � 75/3.3 ms). The remaining anatomy from the neck to
the CoW was acquired with a 3D Time-of-Flight sequence (voxel
size � 0.42 × 0.42 × 1.5 mm3, TR/TE � 21/2.5 ms). Additionally,
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structural images of the brain were collected with a 2D T1-
weighted spoiled gradient echo sequence (voxel size � 0.46 × 0.46 ×
7 mm3, TR/TE � 100/3.0 ms). For patient 2, an additional
CTA data of the neck and head vasculature was available (voxel
size � 0.39 × 0.39 × 0.62mm3). For patient 2, the CTA dataset was
chosen over the MRA for reconstruction due to the higher
resolution.

Brain Tissue Perfusion
Using a pseudo-continuous ASL scheme, non-selective and
vessel-selective cerebral perfusion images were collected. Prior
to image acquisition, an off-resonance calibration pre-scan
was performed to correct for B0-inhomogeneity in the label
plane. For the NS-ASL acquisition, sequence parameters were
set following consensus recommendations (Alsop et al., 2014):
Label duration � 1,800 ms, post-labeling delay � 2,000 ms, TR/
TE � 4,600/4, voxel size � 3.75 × 3.75 × 7 mm3, 3D spiral
acquisition, 18 slices, 8 pairs of label/control images. The slice
prescription was the same as for the T1-weighted structural
images. The label plane was positioned above the carotid
bifurcation where the arteries of interest (carotid and

vertebral) run perpendicular to the plane and with a
maximum distance between them. The start of the labeling
period was cardiac-triggered to reduce pulsatility artifacts. A
proton density image was collected, followed by a non-
selective perfusion scan. Subsequently, four VS-ASL scans
of the vertebral and carotid arteries were collected. The
position of vertebral and carotid arteries within the label
plane was determined from the Time-of-Flight acquisition.
Keeping all parameters of the NS-ASL scan unchanged, vessel-
selective labeling was performed based on a super-selective
labeling scheme (Helle et al., 2010), whereby additional in-
plane gradients rotate clockwise every radiofrequency pulse to
create a circular labeling spot. Finally, the vessel-selective
labeling efficiency was measured by collecting an image
2 cm above the labeling plane 10 ms after labeling for
500 ms. Image reconstruction was performed in MATLAB
to a resolution of 128 × 128 using zero-padding in k-space.
The ASL perfusion signal was calculated by subtracting label
and control images and averaging over all acquired pairs. A
detailed explanation of the sequence setup and parameters can
be found elsewhere (Schollenberger et al., 2020).

FIGURE 1 | 3D-reconstructed geometric models of a healthy control and two CVOD patients. (A) For each patient, a close-up of the stenosis is shown. The red
arrows indicate the location of the stenosis. An axial cross-section of the stenosis illustrates a comparison between image data and model contours (this comparison is
also shown for the healthy volunteer). (B) Posterior view of the CoW. The black arrows indicate variations in the CoW anatomy. RICA, right internal carotid artery; RECA,
right external carotid artery; LICA, left internal carotid artery; LECA, left external carotid artery. R and L indicate the right and left side from the subject’s perspective.
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Flow
Volumetric blood flow waveforms were measured using 2D
cardiac-gated phase-contrast (PC-MRI) at the level of the
ascending aorta (voxel size � 0.58 × 0.58 × 5 mm3, TR/TE �
5.2/3.1 ms, velocity encoding � 130 cm/s) and above the carotid
bifurcation (voxel size � 0.31 × 0.31 × 5 mm3, TR/TE � 6.0/
3.7 ms, velocity encoding � 100 cm/s). The slice was positioned
perpendicular to the arteries of interest and velocity was encoded
in the through-plane direction. PC-MRI data were processed in
MATLAB to calculate flow rates.

Computational Modeling
The key computational modeling tasks, namely three-
dimensional anatomical reconstruction, mesh generation,
boundary condition specification, and finite element analysis
were performed using the validated open-source
computational hemodynamics framework CRIMSON (Arthurs
et al., 2021).

Anatomical Reconstruction and Mesh Generation
3D geometric models of the aorta and head and neck vessels,
including the CoW, were reconstructed from the anatomical
imaging data. Briefly, centerlines and 2D vessel contours were
defined for each vessel of interest. Contours were then lofted to
create an analytical representation of each vessel and
ultimately define a 3D geometric model of the vasculature
(Xiao et al., 2013). This 3D model was then discretized using
linear tetrahedral elements. A mesh-adaptation algorithm
(Sahni et al., 2006) was used to refine the mesh locally
based on local velocity gradients. The final mesh sizes for
healthy subject, patient 1, and patient 2 consisted of 2.16 × 106,
1.84 × 106, and 2.39 × 106 elements, respectively. Mesh-
independence was evaluated for patient 1 by creating an
additional highly-refined mesh with 6.86 × 106 elements,
which resulted in a difference of less than 1% for the flow
rates at each outlet and a maximum difference of 2% for peak
velocity in the center of the stenosis.

Boundary Conditions
A pulsatile inflow waveform reconstructed from PC-MRI was
mapped to a parabolic velocity profile and prescribed at the
inlet of the ascending aorta for each geometric model. Each
vessel outlet was coupled to a three-element Windkessel
model, which consists of a proximal resistance (Rp), a distal
resistance (Rd), and a capacitor (C) (Vignon-Clementel et al.,
2010). For each subject, the total arterial resistance is RT �
Pmean/QT, where the mean pressure Pmean � 1/3 Psystolic + 2/3
Pdiastolic and QT is total cardiac output. The total arterial
compliance is CT � (QT,max−QT,min)/(Psystolic−Pdiastolic)*Δt,
where QT,max and QT,min are maximum and minimum
values of aortic inflow, and Δt is the time lapse between
these values. Initial estimates for the Windkessel model
parameters were obtained by distributing RT and CT among
the different outlets, to obtain Ri and Ci for vessel i � 1,. . .,13,
as described in (Xiao et al., 2014). The Windkessel parameters
were then iteratively adjusted following the scheme described
in detail in Patient-specific calibration of outflow boundary

conditions for the CFD models. Lastly, a no-slip boundary
condition was assigned to all vessel walls.

Finite Element Analysis
Blood was modeled as an incompressible Newtonian fluid with a
dynamic viscosity of 0.004 kg m−1s−1 and a density of
1,060 kg m−3. A stabilized finite-element formulation for the
incompressible Navier-Stokes equations was employed to solve
for blood flow velocity and pressure in the models (Whiting and
Jansen, 2001). Computations were performed using 80 cores on a
high-performance computing cluster. Simulations were run using
a time step size of 0.1 ms until cycle-to-cycle periodicity was
achieved, typically after 5 cardiac cycles.

Patient-Specific Calibration of Outflow
Boundary Conditions for the CFD Models
Calculation of Mean Flow at Model Outlets
Intracranial Arteries
The flow distribution among cerebral and cerebellar arteries was
derived from the NS-ASL perfusion images, a cerebral territory atlas,
and the total inflow to the brain as illustrated inFigure 2. First, theNS-
ASL perfusion images were mapped into a standardized template
space (Montreal Neurological Institute ch2better) using the toolbox
SPM12 (Wellcome Trust Center for Neuroimaging, London,
United Kingdom). Next, the standardized perfusion images were
segmented using a vascular territory atlas. The atlas was extended
to include the cerebellum. This extended vascular territory atlas with a
resolution of 370 × 301 × 316 is given as a NIfTI dataset in the
Supplementary Materials. In this work, we assumed the following
relationship between eight intracranial arteries and seven vascular
territories (see Figure 2): 1) RACA territory, perfused by the RACA
(yellow); 2) LACA territory, perfused by the LACA (magenta); 3)
RMCA territory, perfused by the RMCA (green); 4) LMCA territory,
perfused by the LMCA (light blue); 5) RPCA territory, perfused by the
RPCA (orange); 6) LPCA territory, perfused by the LPCA (dark blue);
7) Cerebellum territory, perfused evenly by RSCA and LSCA (red). A
perfusion split psj was then calculated by dividing the integral of
perfusion signal over the volume of each territory j � 1,. . .,7 by the
integral of perfusion signal over the entire brain volume. The total
mean inflow to the CoW (Q̅CoW) was calculated from the PC-MRI
data on left and right ICAs and VAs. Mean flow rates through each
intracranial vessel (Q̅target,i) were calculated as the product of the total
mean inflow to the CoW and the perfusion split psj corresponding to
the territory perfused by vessel i � 1,. . .,8.

Extracranial Arteries
Mean flow rates in the external carotid arteries were calculated from
PC-MRI. In the subclavian arteries, we assumed a mean flow rate of
5.6% of cardiac-output (Xiao et al., 2013). Finally, the difference
between inflow and intracranial, external carotid arteries, and
subclavian arteries flow was assigned to the descending thoracic aorta.

Calibration of Windkessel Model Parameters
Patient-specific calibration of the Windkessel model parameters
for each outflow branch was performed in three stages. Stage 1:
the distal resistance Rd was iteratively adjusted during simulation
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runtime using Python controller scripts (Arthurs et al., 2016) to
match the target mean flow rates. At each simulation time step, Rd

was adjusted proportional to the error between the current mean
flow and the target flow. Simulations were terminated once the flow
at each outlet was fully converged (error <1%). Stage 2: The ratio of
Rp/Rd was adjusted for each cerebral and cerebellar branch such
that the computed and measured PC-MRI flow waveforms in the
ICAs and VAs had similar pulsatility. The total resistance Ri � Rp +
Rd at each outlet was kept constant to preserve mean flow. Stage 3:
Measurements of brachial pressure (Psystolic and Pdiastolic) were
matched by adjusting RT and CT. The percentage change in RT and
CT through the iterations was proportionally assigned to Ri and Ci

at each outlet i � 1,. . .,13. The final Windkessel parameters are
summarized in Supplementary Table S1.

Validation of the Calibrated CFD Models
The calibrated CFD models were validated against VS-ASL by
comparing the fractional blood supply (FBS) in each vascular
territory. We defined the fractional blood supply for a vascular
territory j from a neck artery k as FBSj,k � Qj,k/Ʃk Qj,k, where j �
1,. . .,7 is the vascular territory index and k � 1,. . .,4 is the neck
artery index (1:RIVA, 2:RVA, 3:LVA, 4:LICA), and Qj,k is the flow
contribution from the neck artery k to the vascular territory j. The
process for calculating FBSj,k from VS-ASL and CFD data is
described next.

Fractional Blood Supply Based on VS-ASL
The process for calculating FBSj,k fromVS-ASL images is outlined
in Figure 3. The perfusion signal in the VS-ASL images is
determined by the blood supply from a single neck artery to
the vascular territories. The signal in the VS-ASL images was first
scaled based on the measured labeling efficiency. Then, scaled

VS-ASL images were transformed into the standardized template
space (panel 1). The sum of all scaled VS-ASL images produces
the total perfusion image. The FBSj,k maps were then calculated
by dividing each scaled VS-ASL image by the total perfusion
image on a voxel-by-voxel basis (panel 2). Then, the FBSj,k maps
were segmented into different territories using the vascular
territory atlas. Lastly, due to noise in the raw ASL data,
negative values of FBSj,k distribution are possible on a given
voxel. Therefore, we characterize the FBSj,k distribution by its
median (M) and median absolute deviation (MAD) (see panel 3).

Fractional Blood Supply Based on CFD Lagrangian
Particle Tracking
To validate the CFD results using the VS-ASL data, one must
develop a method to assess the fractional blood supply of the
intracranial arteries/territories and compare it with the
median (M) of the FBSj,k obtained with VS-ASL for each
artery/territory. This can be achieved via a further post-
processing analysis on the CFD data, known as “Lagrangian
particle tracking” (LPT), whereby virtual boluses of blood are
created by seeding mass-less particles in different regions of
the vasculature and advected by the velocity field over multiple
cardiac cycles. This is an established technique with multiple
applications in cardiovascular flows (Di Achille et al., 2014;
Van Bakel et al., 2018; Nauta et al., 2017; Suh et al., 2011;
Arzani et al., 2014).

In this work, particles were seeded continuously at the
base of the carotid and vertebral arteries. LPT was performed
individually for each carotid and vertebral artery over 4
cardiac cycles (Supplementary Figure S1). The number of
particles seeded in each artery, over multiple re-injections
over the 4 cardiac cycles, was proportional to the flow rate of

FIGURE 2 |Workflow of calculating the flow split among the arteries of the CoW based on NS-ASL perfusion imaging, a vascular territory atlas, and total inflow to
the CoW from PC-MRI. RACA/LACA, right/left anterior cerebral artery; RMCA/LMCA, right/left middle cerebral artery; RPCA/LPCA, right/left posterior cerebral artery;
RSCA/LSCA, right/left superior cerebellar artery.
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each artery. Particles were then counted at each outlet of the
intracranial arteries, and once cycle-to-cycle periodicity in
the number of tracked particles was achieved, the total
number of particles collected per vessel over a full cardiac
cycle was extracted. Lastly, for each intracranial vessel,
assigned to a vascular territory j, its fractional blood
supply FBSj,k from each neck artery k was calculated by
dividing the particle count of the LPT analysis for neck
artery k by the sum of the particle counts of each of the
four LPT analyses of the neck arteries.

RESULTS

Validation of Calibrated CFD Model
Fractional Blood Supply: CFD LPT Versus VS-ASL
Qualitative Analysis
A qualitative comparison between FBS obtained from VS-ASL and
CFD LPT is illustrated in Figure 4. The VS-ASL images (Figure 4A)
show the perfusion territories of the four neck arteries, from the
inferior region of the cranium (bottom row slices) to the superior
region (top row slices). Each image voxel was color-coded based on

FIGURE 3 | Processes to calculate FBSj,k from VS-ASL images, illustrated for the LICA. (1) Scaled VS-ASL perfusion images in standardized template space. (2)
Calculation of spatial FBSj,k maps. (3) Segmentation of territories using a vascular territory atlas and calculation of median (M) and median absolute deviation (MAD) from
the FBSj,k distribution in each territory.
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the FBS of the neck arteries. For visualization purposes, we limited
the FBS in each voxel to positive fraction values between 0 and 1 (cf.
Figure 3 panel 3). LPT analyses results (Figure 4B) show maps of
the advection of particles, color-coded based on the seeding artery in
the neck, as well as temporal histograms of particles collected at the
outflow of selected intracranial arteries.

1. Middle cerebral arteries: The VS-ASL data revealed that the
perfusion territories of the RMCA (arrow 1) and LMCA
(arrow 2) were primarily supplied by the ipsilateral carotid
artery for all subjects regardless of the degree of stenosis. This
perfusion pattern was also replicated in the LPT analyses,
where particles exiting the RMCA primarily originated in the
RICA (green particles) and particles leaving the LMCA
predominantly originated in the LICA (blue particles).

2. Anterior cerebral arteries: All three subjects displayed flow
compensation from the LICA to the RACA territory (arrow
3) in the VS-ASL images. The LPT analysis also reproduced this
flow compensation in the RACA via the anterior communicating
artery (AComA) for all subjects. The histograms of LPT RACA
particles illustrate clear differences in the amount of
compensation among subjects. The healthy control subject
revealed significant blood supply from the LICA (blue
particles) to the RACA, despite the absence of stenosis. The
severe RICA stenosis in patient 1 resulted in the RACA being
predominantly supplied by the LICA. In contrast, the severe
stenosis in the RICA and the mild stenosis in the LICA in patient
2 only led to a small amount of collateral flow in the RACA.

3. Posterior cerebral arteries: The VS-ASL images revealed
large differences in blood supply in the RPCA (arrow 4) and
LPCA (arrow 5) territories between subjects. These
differences in blood supply were also replicated in the
LPT analyses. In the healthy control subject, the
posterior circulation received mixed supply from both
vertebral arteries as seen in the LPCA histogram. In
patient 1, the RPCA territory was predominantly
perfused by the LVA whereas the LPCA territory was
predominantly perfused by the RVA (see histogram). The
VS-ASL data revealed a switch in blood supply to the
posterior circulation between right and left hemisphere, a
switch also mirrored in the LPT analysis which shows
vortex-like flow patterns in the basilar artery resulting in
crossing of particles originating in the VAs. In patient 2, the
posterior circulation was supplied by the ipsilateral carotid
arteries. In this patient, the VAs did not contribute to
cerebral blood flow. Instead, the LVA supplied most of
the cerebellum flow with some small contribution from the
LICA, as also apparent in the VS-ASL data (arrow 6).

Quantitative Analysis
A quantitative comparison of FBSj,k obtained with VS-ASL and CFD
LPT is summarized in Figure 5. For each vascular territory j, the
percentage supply contributions from the neck arteries k, obtained
from VS-ASL (red bars) and LPT (blue bars), are shown. VS-ASL
data includes the median absolute deviation. Due to noise in the VS-
ASL signal, FBS results show small negative values in territories for
which the perfusion contribution from a given neck artery k is small.

Conversely, the LPT data is “noise-free” and given by a single value
of FBS, instead of by a distribution. Overall, VS-ASL and LPT
estimates of FBSj,k agreed well for all subjects. The LPT analysis
correctly identified the artery contributing the largest % of perfusion
in vascular territories predominately perfused by a single neck artery
in all subjects (e.g., LACA, LMCA, RMCA). Furthermore, the
magnitude of flow compensation from the LICA to the RACA
territory was correctly reflected in the LPT analyses for all subjects.
The main sources of perfusion in the RPCA and LPCA territories
were correctly identified by the LPT in both patients and only
partially matched in the healthy control subject.

A correlation coefficient of FBSj,k between VS-ASL and LPT
was calculated for each subject over all vascular territories j and
neck arteries k (Figure 6). The correlation coefficients were R �
0.92, R � 0.94, and R � 0.95 for the healthy subject, patient 1, and
patient 2, respectively.

Flow: CFD Versus PC-MRI
Mean flow rates from the calibrated CFD model were
compared to PC-MRI flow data in the vertebral and carotid
arteries above the carotid bifurcation. The difference in mean
flow rates in each neck artery was smaller than 10% for all
subjects. A comparison of the flow waveforms in the vertebral
and carotid arteries between CFD and PC-MRI is shown in
Figure 7 for patient 1, Figure 8 for patient 2, and
Supplementary Figure S2 for the healthy control subject.

CFD-Based Quantification of
Patient-specific Cerebral Hemodynamics
Once the validation of the CFD results using VS-ASL and PC-
MRI data was established, we used the calibrated models to assess
alterations in cerebral hemodynamics. Specifically, pressure and
flowwaveforms, the hemodynamic impact of the carotid stenoses,
and the resistances of the distal cerebral vascular territories were
quantified in the two patients of the study.

Figure 7 shows pressure and flowwaveforms in six arteries of the
neck and head for patient 1. The mean pressure drop over the
stenosis was defined as ΔP � Pprox-Pdist, where Pprox and Pdist are the
mean cross-sectional-averaged pressures 2 cm proximal and distal to
the maximum diameter reduction, respectively. The mean pressure
drop over the RICA was ΔPRICA � 26.25mmHg, compared to a
ΔPLICA � 0.58 mmHg mean pressure drop over the unstenosed
LICA. Another metric of the hemodynamic significance of the
stenosis is given by the fractional flow (FF) index (Liebeskind
and Feldmann, 2012; Liu et al., 2017; Miao et al., 2016), defined
as FF � Pdist/Pprox. This index produced FFRICA � 0.71 and FFLICA �
0.99. The stenosis resulted in a substantial difference in flow between
the RICA and LICA, with mean flow rates of QRICA � 3.25 ml/s and
QLICA � 6.79 ml/s. In the CoW, the RMCA and LMCA exhibit
substantially different mean values of pressure (PRMCA �
47.62 mmHg, PLMCA � 74.91mmHg, mean difference:
27.29 mmHg). Despite the pressure difference between
hemispheres, the mean flow rates in the RMCA and LMCA were
comparable with QRMCA � 3.74ml/s and QLMCA � 3.92 ml/s. This
preservation of flow at the RMCA was achieved through a
reduction in the total resistance of its distal vasculature, resulting
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in RRMCA � 1.7 × 109 Pa s m−3 compared to RLMCA � 2.54 × 109 Pa s
m−3 at the contralateral LMCA.

Figure 8 shows the pressure and flow waveforms for patient 2.
The mean pressure drop over the stenoses and FF indices in the
RICA and LICA were ΔPRICA � 1.75 mmHg, ΔPLICA �
0.71 mmHg, FFRICA � 0.98, and FFLICA � 0.99, respectively.
The mean flow rates in the RICA and LICA were QRICA �
4.00 ml/s and QLICA � 5.25 ml/s. Despite the severe RICA
stenosis and moderate LICA stenosis, the mean pressure at the
RMCA and LMCAwere similar (PRMCA � 106.42mmHg, PLMCA �
106.37 mmHg, mean difference: 0.05mmHg). The mean flow
rates, as well as the corresponding total resistances, at the
outlets of the RMCA and LMCA were comparable with QRMCA �
2.50ml/s and QLMCA � 2.60ml/s, and RRMCA � 5.64 × 109 Pa sm−3

and RLMCA � 5.44 × 109 Pa sm−3, respectively.
Pressure and flow waveforms for the healthy control subject

are provided in Supplementary Figure S2.

DISCUSSION

Patient-specific Calibration of Outflow
Boundary Conditions
We presented a strategy for calibrating patient-specific outflow
boundary conditions in the CoW. Our strategy relies on deriving
mean flow splits in the main arteries of the CoW using ASL
perfusion data, and on knowledge of the total flow to the head
given by PC-MRI data in the neck arteries. The perfusion data in the
different cerebral territories is the result of the spatial distribution of
blood supply to the brain tissue, which is determined by the overall
distal microvascular resistance and potentially cerebral auto-
regulatory effects that seek to compensate deficits in flow in a
region of the brain. Therefore, the calibrated outflow boundary
condition parameters include the effect of all these mechanisms.
Cerebral auto-regulatory compensation was apparent in patient 1,
where the ASL-derived flow rates in the right and left MCA of the

FIGURE 4 |Qualitative comparison between FBS obtained from VS-ASL and CFD LPT (A) VS-ASL images show the perfusion territories of the main neck arteries
from the inferior of the cranium (bottom row slices) to the superior (top row slices). The images were created by color-coding the FBS maps of the main neck arteries
on a voxel-by-voxel basis. For visualization purposes, we limited the fractional contributions of each neck artery to a positive range between 0 and 1. The arrows indicate
the vascular territories of the 1) RMCA, 2) LMCA, 3) RACA, 4) RPCA, 5) LPCA, and 6) cerebellum. (B) LPT analyses show the advection of particles in the large
arteries of the CoW. Particles are color-coded based on the artery of origin in the neck. Histograms demonstrate mixed supply in the RACA and LPCA over the cardiac
cycle T.
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FIGURE 5 |Comparison of the FBSj,k, obtained from VS-ASL and LPT, in each vascular territory j and for each neck artery k. For VS-ASL, values of FBSj,k represent
the median of the FBSj,k distribution in each vascular territory. The error bar represents the median absolute deviation. For LPT, values of FBSj,k were calculated based on
the particle count at each outlet of the CoW. RACA/LACA, right/left anterior cerebral artery; RMCA/LMCA, right/left middle cerebral artery; RPCA/LPCA, right/left
posterior cerebral artery; SCA, superior cerebellar arteries; RVA/LVA, right/left vertebral artery; RICA/LICA, right/left internal carotid artery.

FIGURE 6 |Correlation of FBSj,k between VS-ASL and LPT. For each subject, the correlation coefficient and linear fit of FBSj,k over all territories j and neck arteries k
was calculated.
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CoWwere comparable despite a severe RICA stenosis. Tomatch the
ASL-derived mean flow rates in the CFD analysis, the distal
resistance of each Windkessel model for the vessels in the CoW
was iteratively adjusted during stage 1 of the calibration (cf.
Calibration of Windkessel model parameters). The calibrated
RMCA resistance was significantly lower than its LMCA
counterpart. This finding points to a substantial vasodilation of
the distal vasculature of the RMCA to maintain adequate blood
supply to the brain tissue.

Previous CFDmodeling studies of cerebral blood flow have relied
primarily on assumptions on the flow distribution in the CoW,
either based on literature data of healthy vasculatures (Xiao et al.,
2013; Mukherjee et al., 2016) or allometric scaling laws (Bockman
et al., 2012). However, in situations of cerebrovascular disease, the
distribution of flow between the different vessels of the CoWmay be
substantially different from that given by idealized allometric scaling
principles based on healthy data. Ultimately, incorrect values of flow
in the vessels of the CoW will affect the quality of the CFD results.
Zhang et al. (2016) previously presented a calibrated 1D-0D
computational model of cerebral blood using single photon
emission computed tomography (SPECT) to estimate the flow
distribution in the CoW (Yamada et al., 2014). In this work, we

built on this approach by acquiring non-invasive and non-
radioactive NS-ASL perfusion images and using 3D models of
blood flow, given by the incompressible Navier-Stokes equations,
which are essential to capture complex hemodynamics around the
stenosis and in the small and tortuous vessels of the CoW.

Validation of Calibrated CFD Model
In this work, we demonstrated that our CFD calibration strategy of
using NS-ASL perfusion images, in combination with a vascular
territory atlas and PC-MRI, can accurately characterize flow in the
main arteries of the CoW in a small group of subjects. The LPT
analysis performed using the calibrated CFD model was validated
using VS-ASL data by comparing their respective values of FBS in
each vascular territory. Results showed an overall good agreement
between LPT and VS-ASL with high correlation coefficients.

Bockman et al. (2012) developed a CFD model of the
vertebrobasilar system with outflow boundary conditions defined
via allometric scaling on healthy subjects without flow-altering
CVOD. They studied the agreement in the laterality of the VA
blood supply for the cerebral and cerebellar circulations between
CFD and vessel-encoded ASL. ASL perfusion data was therefore not
used to calibrate the outflow BC of the CFD model. Here, we

FIGURE 7 | Velocity and pressure fields at peak systole for patient 1. Flow and pressure waveforms are evaluated in the internal carotid (ICA), vertebral (VA), and
middle cerebral arteries (MCA). The flow waveforms in the neck arteries are compared to PC-MRI measurements above the carotid bifurcation (dotted lines). The mean
pressure drop ΔP̅ � P̅prox−P̅dist was calculated over the RICA stenosis and the same vessel segment in the LICA.
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modeled the entire CoWand validated blood supply to each vascular
territory in both healthy and CVOD subjects. Furthermore, we
demonstrated that the calibrated CFDmodels captured the collateral
flow observed in the VS-ASL data.

Assessment of Patient-Specific Cerebral
Hemodynamics
Using the validated CFD model, we performed an in-depth
quantification of cerebral hemodynamics in the two CVOD
patients. Both patients presented with a severe RICA stenosis
(70–99% diameter reduction) according to the velocity criteria
(Patient 1), which correlates the peak systolic velocity measured
with Duplex Ultrasound to a percentage diameter reduction, and
the ECST criteria (Patient 2), which is defined as the diameter
reduction relative to the original vessel diameter based on CTA.
Despite similar degrees of clinical stenosis severity, the cerebral
hemodynamics varied significantly between these two patients. In
patient 1, the RICA stenosis led to severe ipsilateral pressure and
flow drop compared to the contralateral unstenosed LICA. Despite

the pressure difference between right and left hemisphere, there was
no significant difference in flow between the right and left MCAdue
to collateral flow compensation and vasodilation of the distal
vasculature. In contrast, the RICA stenosis in patient 2 did not
result in a notable drop in ipsilateral pressure or flow. Consequently,
the flow compensation between hemispheres was small. The
difference in flow compensation between the two patients is
explained by the much smaller stenosis diameter of patient 1
(1.4 mm in our geometric model, 74.7% diameter reduction
relative to the distal diameter) compared to patient 2 (3.0 mm,
52.3% diameter reduction relative to distal diameter), see Figure 1.
Flow compensation is highly dependent on accurate
characterizations of the degree of stenosis, the cerebral anatomy,
and the cerebrovascular reserve and can vary significantly between
patients.

Medical imaging used for cerebral hemodynamics assessment
(e.g. Transcranial Doppler, 4D Flow MRI, etc.) only provide
information on velocity. However, the above results (similar
cerebral flow between the two subjects while having
substantial differences in pressure) highlight the shortcomings

FIGURE 8 | Velocity and pressure fields at peak systole for patient 2. Flow and pressure waveforms are evaluated in the internal carotid (ICA), vertebral (VA), and
middle cerebral arteries (MCA). The flow waveforms in the neck arteries are compared to PC-MRI measurements above the carotid bifurcation (dotted lines). The mean
pressure drop ΔP̅ � P̅prox−P̅dist was calculated over the RICA and LICA stenosis.
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of describing the hemodynamic significance of CVOD lesions
purely from the perspective of velocity. In contrast, blood
pressure is highly sensitive to changes in vascular resistance
induced by the stenosis, as illustrated in patient 1. Therefore,
substantial changes in cerebral blood pressure may be a more
sensitive marker for diminished vascular flow reserve. While
pressure catheter measurements are commonly acquired in
other vascular territories (e.g. coronary arteries), cerebral
blood pressure is generally not acquired during clinical
assessment of CVOD patients due to increased stroke risk.
While there have been efforts to derive pressure gradients
from 4D Flow MRI data, application in the small and tortuous
CoW arteries remains challenging due to limited spatial
resolution (Vali et al., 2019). In contrast, patient-specific CFD
overcomes these shortcomings by providing highly resolved
velocity and pressure.

To quantify the stenosis hemodynamic significance, we
calculated the fractional flow index, defined as the ratio of the
pressures distal and proximal to the stenosis under baseline
flow conditions (e.g., non-hyperemic). The fractional flow in
the RICA stenosis was FFRICA � 0.71 for patient 1 and FFRICA
� 0.98 for patient 2. Using a threshold of FF � 0.8 (Miao et al.,
2016), only the RICA stenosis in patient 1 would be deemed
to be hemodynamically significant. While the clinical metric
of diameter reduction resulted in a similar value of 70–99% in
the RICA for both patients, the fractional flow index captured
better the large differences in cerebral hemodynamics
between the patients. The metric of fractional flow reserve
(FFR) has become widely used in coronary artery disease
(CAD) to evaluate the risk for myocardial ischemia. FFR-
guided intervention has been shown to reduce myocardial
ischemia, rate of death, and revascularization compared to
anatomical-based intervention (Tonino et al., 2009; De
Bruyne et al., 2014). However, the use of fractional flow
for the risk assessment of ischemic stroke in CVOD has
not yet been established.

In this work, the CFD analysis focused primarily on assessing the
hemodynamic effects of carotid stenosis on flow and pressure, as
well as the cerebral vasculature’s capacity to compensate flow.
However, it is important to note that the formation of emboli
from the carotid plaque is thought to be the major mechanism of
ischemic stroke in patients with carotid stenosis, especially in
asymptomatic patients (King et al., 2011). The assessment of
plaque composition, in particular the size of the lipid-rich
necrotic core and the fibrous cap, is key to determining plaque
vulnerability and embolic stroke risk. However, hemodynamic
factors (e.g. wall shear stress and blood pressure) are suspected to
also play an important role in plaque vulnerability (Chen et al.,
2020).

FBS obtained from CFD and LPT provided important
information about collateral flow in the anterior circulation
and mixed VA supply in the posterior circulation. Beyond
flow compensation, FBS in the cerebral vascular territories can
provide clinically relevant information about the etiology of
embolic stroke. Even after thorough diagnostic evaluation, the
cause of embolic stroke remains uncertain in one third of cases
(Nouh et al., 2016). It is common that multiple atherosclerotic

lesions within the same patient are identified. Evaluation of FBS
in the region of the stroke could help to determine the source of
emboli and ultimately guide clinical treatment.

These results illustrate the level of insight on hemodynamic
assessment of CVOD patients that calibrated patient-specific
CFD analysis can bring.

Limitations
Vascular Territory Atlas
In this work, the flow splits between the main intracranial arteries
were estimated from non-selective ASL perfusion images. The
segmentation of the perfusion images relied on knowledge of the
vascular territories corresponding to the intracranial arteries.
Since the precise location of the territories was not available,
which is generally the case, a vascular territory atlas was used to
define the boundaries of each territory. Vascular territory atlases
are routinely used in the radiologic assessment of infarctions to
investigate the stroke mechanism and to guide further therapy
(Phan et al., 2005). A major limitation of most available atlases
(Tatu et al., 2012) is the small sample size of subjects used to
derive territory maps, resulting in large uncertainties in the
border zones. The atlas used in this work was recently
developed by Kim et al. based on a large population study of
1,160 stroke patients with intracranial stenosis (Kim et al., 2018).
In their study, the authors showed that the border zones of the
derived atlas were much narrower than previously assumed,
which justified assigning territory boundaries based on the
probability of each image voxel of being associated with each
intracranial artery. However, some degree of variability in the
vascular territories is expected among patients. For example, the
formation of leptomeningeal collaterals between the distal
branches of the CoW can lead to changes in the vascular
territories (Tariq and Khatri, 2008). In the presence of patent
leptomeningeal collaterals, the additional pathways would have to
be accounted for in the geometric model and in the segmentation
of the territories.

VS-ASL
The acquisition of VS-ASL images is generally challenging due to
the inherently low signal-to-noise ratio. Cardiac pulsatility, B0-
field inhomogeneity, and subject movement can lead to further
artifacts in the territorial perfusion maps (Schollenberger et al.,
2020). For example, signal fluctuations between label and control
images can result in spurious perfusion signal in vascular
territories not perfused by the labeled neck artery. Previous
applications of VS-ASL have been limited to a qualitative
description of territorial perfusion. In this work, we quantified
VS-ASL image data by deriving the fractional blood supply. To
account for the spatial variability of FBS within a vascular
territory due to noise and image artifacts, we included the
median absolute deviation in the data as shown in Figure 5.

PC-MRI
Estimation of mean flow rates in the intracranial arteries relies
on knowledge of the total flow to the CoW. However, PC-MRI
flow measurements in the neck arteries might not always be
available. As an alternative approach, intracranial flow rates
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could be estimated exclusively from the non-selective ASL data. In
this work, we quantified the ASL image data by calculating the
averaged signal difference between control and label images. While
the signal difference is proportional to perfusion, the units are
arbitrary. However, one of the advantages of ASL is the ability to
quantify the difference images in units of perfusion (e.g. ml/min/
100 g). This can be achieved by using for example a single
compartment model (Buxton et al., 1998). Once the perfusion
images are quantified, mean intracranial flow rates can be
derived by integrating perfusion over each segmented territory
using the vascular territory atlas and multiplying with the brain
tissue density. While the resulting total flow to the CoW might be
different from the onemeasuredwith PC-MRI, the ratio of flow rates
across the intracranial arteries and consequently the collateral flow
would be maintained.

CONCLUSION

In this work, we presented a strategy to quantify cerebral
hemodynamics using CFD in combination with ASL and PC-MRI
data. We demonstrated that our calibrated CFD model accurately
reproduced the fractional blood supply to the vascular territories, as
obtained from VS-ASL. In particular, the flow compensation between
hemispheres was captured well by the calibrated CFD models. The
assessment of cerebral hemodynamics in two CVOD patients using
calibrated patient-specific CFD analysis showed significant differences
in cerebral hemodynamics between the patients despite similar
degrees of clinical stenosis severity. We further illustrated the
advantages of CFD-based pressure data for assessing the
hemodynamic significance of carotid stenosis. Future studies are
needed to investigate the benefits of using of a hemodynamic-
based metric (fractional flow) versus an anatomy-based metric
(diameter reduction) for the risk assessment of CVOD patients.
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Genetic testing provides valuable insights into family screening strategies, diagnosis,

and prognosis in patients with hypertrophic cardiomyopathy (HCM). On the other hand,

genetic testing carries socio-economical and psychological burdens. It is therefore

important to identify patients with HCM who are more likely to have positive genotype.

However, conventional prediction models based on clinical and echocardiographic

parameters offer only modest accuracy and are subject to intra- and inter-observer

variability. We therefore hypothesized that deep convolutional neural network (DCNN,

a type of deep learning) analysis of echocardiographic images improves the predictive

accuracy of positive genotype in patients with HCM. In each case, we obtained

parasternal short- and long-axis as well as apical 2-, 3-, 4-, and 5-chamber views.

We employed DCNN algorithm to predict positive genotype based on the input

echocardiographic images. We performed 5-fold cross-validations. We used 2 reference

models—the Mayo HCM Genotype Predictor score (Mayo score) and the Toronto

HCM Genotype score (Toronto score). We compared the area under the receiver-

operating-characteristic curve (AUC) between a combined model using the reference

model plus DCNN-derived probability and the reference model. We calculated the p-

value by performing 1,000 bootstrapping. We calculated sensitivity, specificity, positive

predictive value (PPV), and negative predictive value (NPV). In addition, we examined

the net reclassification improvement. We included 99 adults with HCM who underwent

genetic testing. Overall, 45 patients (45%) had positive genotype. The new model

combining Mayo score and DCNN-derived probability significantly outperformed Mayo

score (AUC 0.86 [95% CI 0.79–0.93] vs. 0.72 [0.61–0.82]; p< 0.001). Similarly, the

new model combining Toronto score and DCNN-derived probability exhibited a higher

AUC compared to Toronto score alone (AUC 0.84 [0.76–0.92] vs. 0.75 [0.65–0.85];
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p= 0.03). An improvement in the sensitivity, specificity, PPV, and NPV was also achieved,

along with significant net reclassification improvement. In conclusion, compared to

the conventional models, our new model combining the conventional and DCNN-

derived models demonstrated superior accuracy to predict positive genotype in patients

with HCM.

Keywords: hypertrophic cardiomyopathy, echocardiography, deep learning, genotype, prediction

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common
genetic cardiac disease, affecting ∼1 in 200–500 people (1).
HCM is caused by mutations in the genes coding for proteins
constructing the contractile apparatus of the myocardium (2).
Investigators have documented dozens of genes and >1,000 gene
mutations associated with HCMpathogenesis (2). Genetic testing
has now become a powerful tool for family screening, diagnosis,
and prognostication in HCM (3, 4). For example, genetic testing
can determine whether each of the first-degree relatives is at risk
of developing HCM (3, 5). Genetic testing can also help clinicians
establish the diagnosis of HCM in patients with atypical clinical
features (5). Furthermore, positive genotype carries a significant
prognostic impact (6). On the other hand, genetic testing is time-
and resource-intensive, and can introduce substantial financial
(7, 8), social (e.g., insurability) (9), and psychological burdens
(10). Thus, it is important to precisely determine the pre-
test probability in each patient with HCM prior to performing
genetic testing.

Several prediction tools have been developed to
predict positive genotype in HCM—e.g., the Mayo
HCM Genotype Predictor score (“the Mayo score” in
this manuscript), the Toronto HCM Genotype score
(“the Toronto score”) (11, 12). These scoring systems
are based on a limited number of clinical parameters
including echocardiographic features [e.g., left ventricular
(LV) wall thickness, interventricular septal morphology]
(11, 12). However, these measurements can be subjective
and are prone to intra- and inter-observer variability.
Further, these scoring systems only offer limited predictive
accuracy (11–15).

Deep learning is a rapidly evolving approach in a variety
of medical settings including cardiovascular imaging (16–
20). This technology has the potential to overcome the
aforementioned human limitations (21). In the HCM
population, a previous study demonstrated that deep learning-
derived classification model using echocardiographic images
can distinguish HCM from other cardiovascular diseases
(22). Nonetheless, no previous studies examined the ability
of deep learning to predict positive genotype in HCM.
We therefore designed the present study to investigate, in
patients with HCM, whether deep convolutional neural
network (DCNN, a type of deep learning) analysis of
echocardiographic images improves the ability to predict
positive genotype compared to the conventional models based
only on clinical parameters.

METHODS

Study Design and Population
We prospectively enrolled patients who were seen at the Center
for Advanced Cardiac Care at Columbia University Medical
Center (New York, NY, USA) and ≥18 years of age with
a clinical diagnosis of HCM between 1988 and 2018. We
diagnosed HCM if there was echocardiographic evidence of
LV hypertrophy—i.e., max LV wall thickness ≥15 mm—out of
proportion to systemic loading conditions and a non-dilated
LV (3, 23, 24). We excluded patients based on the following
criteria; (1) Patients who have never had genetic testing; (2)
Patients with HCM phenocopies such as Fabry disease and
cardiac amyloidosis confirmed with appropriate testing (3); and
(3) Patients who underwent septal reduction therapy—i.e., septal
myectomy, alcohol septal ablation—or heart transplant before
enrollment. We collected baseline characteristics of the study
sample including medical and family history, medication use,
and echocardiographic parameters at the time of genetic testing.
The institutional review boards of Columbia University Irving
Medical Center and Tokushima University Hospital approved
this study.

Outcome Measure
The primary outcome was positive genotype. By convention,
variants categorized as “definitely pathogenic” or “likely
pathogenic” were regarded positive in the present analysis
(6, 11, 12). Variants classified as “variant of uncertain
significance,” “likely benign,” or “benign” were considered
negative (6, 11, 12). This definition of positive genotype was
used in the present study because only these mutations are
clinically actionable (i.e., allow treating physicians and the
proband’s family members to proceed with cascade genetic
screening) and carry diagnostic and prognostic impact (3–5). All
the patients were offered genetic testing for HCM using one of
the commercially available testing kits (e.g., GeneDx, Invitae).
Genetic testing kit was chosen based on available insurance
reimbursement and patient preference. A sensitivity analysis
was also performed after excluding patients with variant of
uncertain significance.

The Reference Models
We used 2 reference models: (1) the Mayo score and
(2) the Toronto score. To calculate the Mayo score, we
assigned 1 point for the presence of the following variables:
age at diagnosis ≤45 years, maximal LV wall thickness
≥20mm on transthoracic echocardiography, reverse curve
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septal morphology on transthoracic echocardiography, positive
family history of HCM, and positive family history of sudden
cardiac death (11). We subtracted 1 point from the score
if hypertension was present (11). We made the diagnosis of
hypertension based on past medical history, blood pressure
measurements, and antihypertensive medication use. We did
not count antihypertensives solely used for non-antihypertensive
purposes—e.g., β-blockers and/or non-dihydropyridine calcium
channel blockers for symptomatic relief of obstructive HCM
and/or rate control of atrial fibrillation. For the calculation of
the Toronto score, we used the following weighted variables: age
at diagnosis, sex, hypertension, family history of HCM, septal
morphological subtype (i.e., reverse or neutral), and the ratio of
maximal LV wall thickness to posterior wall thickness (12).

Acquisition of Echocardiographic Images
Standard echocardiographic examinations were performed using
a commercially available ultrasound system (iE33, Philips
Healthcare, Amsterdam, The Netherlands) as a part of routine
clinical care according to the guideline recommendations (25).
The 2-dimensional echocardiographic images of all subjects were
obtained from the parasternal short- (SAX) and long-axis (LAX)
views as well as the apical 2- (AP2), 3- (AP3), 4- (AP4), and 5-
chamber (AP5) views. We selected cases with good or adequate
imaging quality on the basis of the visualization of the LV walls
and endocardial borders. Echocardiographic images were stored
digitally as a DICOM file and analyzed offline.

Import of the Echocardiographic Images
Echocardiographic images from the SAX, LAX, AP2, AP3, AP4,
and AP5 views were analyzed. All DICOM images were rigidly
registered and rescaled into a reference image to adjust the size of
the echocardiographic images. The images were cut and down-
sampled to 18.07 × 18.07 cm with 120 × 120 monochrome
pixels. Simultaneously, metadata presented in the periphery of
the images were removed. To adjust for differences in frame rate

and heart rate between patients, 10 equally-spaced images per
1 cardiac cycle were chosen with the use of a semi-automatic
heartbeat analysis algorithm. The starting frame was defined
by the R wave on the electrocardiogram as a recording of
echocardiographic images are triggered by the R wave. The
methodological details are provided in Supplementary Methods

and have been published previously (16).

Deep Learning Algorithm
Figure 1 visualizes the processing steps of DCNN. Positive
genotype was predicted by a DCNN algorithm using the 6
views (SAX, LAX, AP2, AP3, AP4, and AP5). All data were
randomly divided into 5 groups and 4 of the groups were used
as the training set to develop the model, and the rest was
used as the test set to examine the model performance (i.e.,
5-fold cross-validation; Supplementary Figure 1). To avoid an
unexpected extraction of undesired features for the evaluation,
training data were augmented in each dataset. The output
was the probability of positive genotype. Model training was
performed on a graphics processing unit (GeForce GTX 1080
Ti, NVIDIA, Santa Clara, California, USA). The Adam optimizer
was used for training (Supplementary Figure 2) (26). The details
are provided in Supplementary Methods. Deep learning was
performed with the Python 3.6 programming language with
Keras 2.1.5. Additionally, to visually display which part of
the heart the DCNN-based models were focused on, gradient-
weighted class activation mapping (grad-CAM) analysis was
performed (27).

Statistical Analysis
For comparisons of the baseline characteristics between patients
with positive and negative genotype, Fisher’s exact test, Student’s
t-test, or chi-squared test was used, as appropriate. The following
steps were taken to compare the area under the receiver operating
characteristics curve (AUC) of one of the reference models
(i.e., the Mayo score or the Toronto score) and that of a

FIGURE 1 | Steps of the deep convoluted neural network analysis using echocardiographic images. DCNN, deep convoluted neural network; AP2, apical 2-chamber

view; AP3, apical 3-chamber view; AP4, apical 4-chamber view; AP5, apical 5-chamber view; LAX, parasternal long-axis view; SAX, parasternal short-axis view.
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TABLE 1 | Baseline clinical characteristics of the study sample.

Characteristics* Genotype

Positive Negative P-value

n = 45 n = 54

Demographics

Age (year) 40 ± 17 55 ± 22 <0.001

Female 17 (38) 18 (33) 0.80

NYHA functional class 1 [1–2] 1 [1–2] 0.70

Race/ethnicity 0.77

Caucasian 36 (80) 46 (85)

African-American 1 (2) 2 (4)

Asian 1 (2) 0 (0)

Other or unidentified 7 (16) 6 (11)

Medical history

Prior AF 26 (58) 29 (54) 0.83

Prior sustained VT/VF 8 (18) 3 (6) 0.10

Prior non-sustained VT 13 (29) 9 (17) 0.49

Prior syncope 9 (20) 6 (11) 0.34

Family history of sudden cardiac death 10 (22) 7 (16) 0.34

Family history of HCM 21 (47) 6 (13) <0.001

Medications

β-blocker 26 (58) 29 (54) 0.83

Calcium channel blocker 11 (24) 21 (39) 0.19

ACE inhibitor 2 (4) 8 (15) 0.10

ARB 1 (2) 10 (19) 0.02

Diuretic

Loop diuretic 4 (9) 7 (13) 0.74

Thiazide 1 (2) 11 (20) 0.01

Potassium-sparing diuretic 1 (2) 7 (13) 0.07

Disopyramide 17 (38) 5 (9) 0.001

Amiodarone 2 (4) 4 (2) 0.69

Echocardiographic measurements

Left atrial diameter (mm) 43 ± 8 44 ± 8 0.65

Systolic blood pressure (mmHg) 117 ± 17 129 ± 19 0.001

Diastolic blood pressure (mmHg) 71 ± 10 74 ± 11 0.17

Interventricular septum thickness (mm) 19 ± 5 18 ± 5 0.38

Posterior wall thickness (mm) 12 ± 3 13 ± 3 0.08

Left ventricular outflow tract gradient (mmHg) at rest 18 [0–25] 26 [0–40] 0.18

Left ventricular outflow tract gradient (mmHg) with Valsalva maneuver 35 [0–51] 38 [0–64] 0.79

Left ventricular ejection fraction (%) 60 ± 10 60 ± 12 0.97

Left ventricular end-diastolic diameter (mm) 43 ± 7 44 ± 9 0.65

Left ventricular end-systolic diameter (mm) 29 ± 7 28 ± 9 0.80

Systolic anterior motion of mitral valve leaflet 24 (53) 29 (54) >0.99

Degree of mitral regurgitation† 1 [1–2] 1 [1–2] 0.67

Genotype –

MYBPC3 20 (44) –

MYH7 12 (27) –

TNNT2 5 (11) –

MYL2 3 (7) –

ACTN2 1 (2) –

THBD 1 (2) –

Multiple 1 (2) –

Other 2 (4) –

(Continued)
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TABLE 1 | Continued

Characteristics* Genotype

Positive Negative P-value

n = 45 n = 54

Predictors of positive genotype

Age at diagnosis 34 ± 17 49 ± 21 <0.001

Reverse septal contour 21 (47) 13 (24) 0.03

Maximal left ventricular wall thickness 19 ± 5 18 ± 5 0.38

Hypertension 26 (58) 34 (63) 0.74

Ratio of maximal wall thickness to posterior wall thickness 0.03

<1.46 16 (36) 33 (61)

1.47–1.70 13 (29) 9 (17)

1.71–1.92 9 (20) 5 (9)

1.93–2.26 4 (9) 4 (7)

>2.27 3 (7) 3 (6)

*Data were expressed as number (percentage), mean ± standard deviation, or median [interquartile range].
†
Degree of mitral regurgitation was converted to numerical values according to the following rule: none = 0, trace = 1, trace to mild = 1.5, mild = 2, mild to moderate = 2.5, moderate

= 3, moderate to severe = 3.5, severe = 4.

ACE, angiotensin converting enzyme; AF, atrial fibrillation; ARB, angiotensin II receptor blocker; HCM, hypertrophic cardiomyopathy; NYHA, New York Heart Association; VT/VF, ventricular

tachycardia or ventricular fibrillation.

TABLE 2 | Predictive performance of Mayo score and a new model combining Mayo score and deep convolutional neural network-based probability to predict positive

genotype in patients with hypertrophic cardiomyopathy.

Prediction model AUC P-value* NRI† P-value† Sensitivity

(%)

Specificity

(%)

PPV (%) NPV

(%)

Mayo score (reference) 0.72 (0.61–0.82) Reference Reference Reference 71 (56–84) 81 (69–91) 76 (61–87) 77 (63–88)

Mayo score + DCNN 0.86 (0.79–0.93) <0.001 0.71 (0.30–1.24) <0.001 71 (56–84) 81 (69–91) 76 (61–87) 77 (63–88)

*P-value was calculated to compare AUC of the reference model with that of the combined model.
†
Continuous NRI and associated p-values were displayed.

AUC, area under the receiver-operating-characteristic curve; DCNN, deep convoluted neural network; NPV, negative predictive value; NRI, net reclassification improvement; PPV, positive

predictive value.

new model combining the reference model with the DCNN-
derived model. First, logistic regression model was constructed
to estimate the coefficient values and the constant to combine
the reference model and the DCNN-derived probability. Second,
the AUC of the reference model and that of the combined
model were compared using non-parametric receiver operating
characteristic estimation with 1,000 bootstrapping. The Stata
command rocreg with auc option was used to perform this step.
Additionally, the net reclassification improvement was examined
using the Stata command incrisk. The sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were also calculated. Statistical significance was declared
if the 2-sided p-value was <0.05. These analyses were performed
using Stata Statistical Software: Release 12 (StataCorp LP, College
Station, TX).

RESULTS

Initially, 105 patients with HCM who underwent genetic testing
and had at least 1 echocardiographic study were screened. In
this cohort, six patients were excluded based on the exclusion

criteria. The most common reasons for exclusion were prior
septal reduction therapy and prior heart transplant. As a result, 99
patients were included in the analysis. A total of 45 (45%) patients
had positive genotype. This proportion is similar to what has been
reported in the literature (6). Baseline patient characteristics are
shown in Table 1. Patients with positive genotype were younger
and more likely to have family history of HCM as well as reverse
septal contour, and had lower systolic blood pressure.

The DCNN-predicted probability showed the AUC of 0.76
(95% CI 0.66–0.86). The AUC of the Mayo score was 0.72
(95% CI 0.61–0.82). Table 2 summarizes the net reclassification
improvement, sensitivity, specificity, PPV, and NPV using
the Mayo score as the reference model. The new model
combining theMayo score with the DCNN-predicted probability
significantly improved the predictive accuracy compared to the
Mayo score (AUC= 0.86; 95%CI 0.79–0.93; p< 0.001; Figure 2).
There was also a significant net reclassification improvement
(Table 2), indicating that a larger number of patients were
reclassified in the right direction compared to the number
of patients who were reclassified in the wrong direction. The
coefficients and constant to construct the combined model are
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shown in Supplementary Results. The sensitivity analysis after
excluding patients with variant of uncertain significance showed
similar findings; the AUC of the Mayo score was 0.73, whereas
that of the combined model was 0.87 (p= 0.0002).

When the Toronto score was used as the reference model,
the AUC was 0.75 (95% CI 0.65–0.85; Table 3). The new
model combining the Toronto score with the DCNN-predicted
probability exhibited significant improvement in the AUC
compared to the Toronto score alone (AUC 0.84, 95% CI
0.76–0.92, p = 0.03; Figure 2). A significant net reclassification
improvement was also achieved along with improvement in the
sensitivity, specificity, PPV, and NPV (Table 3). After excluding
patients with variant of uncertain significance, the AUC of the
Toronto score was 0.74 and that of the combined model was 0.85
(p= 0.01).

To improve the interpretability of DCNN models,
representative visualizations generated by grad-CAM are
shown in Figure 3. This visualization method revealed that the
DCNN-based models applied a large weight on the LV walls
(e.g., the interventricular septum and posterior wall) and the
left atrium.

DISCUSSION

Summary of Findings
In this study that examined the incremental value of
deep learning-based models to predict positive genotype,
the predictive ability of our novel models combining the
conventional model and the deep learning-based probability

significantly outperformed that of the conventional models. The
present study serves as the first investigation demonstrating
the additional value of deep learning-based analysis of
echocardiographic images in predicting positive genotype
in patients with HCM.

Impact of Positive Genotype on Family
Screening, Diagnosis, and Prognostication
Genetic testing is useful in determining family screening
strategies in HCM. Without genetic testing, first-degree relatives
have to undergo phenotypic screening with electrocardiogram
and echocardiography every 5 years, and more frequently if the
age is<18 years (3, 5). This burden can be relieved if the proband
has positive genotype and the family member does not carry the
identified gene mutation (3, 5). Furthermore, genetic testing has
both diagnostic and prognostic values. In patients with suspected
HCM, positive genotype confirms the diagnosis of HCM (2).
With regard to prognostication, patients with positive genotype
had a 2-fold higher risk of adverse outcomes (e.g., heart failure,
atrial fibrillation) compared to those with negative phenotype
in a prospective cohort study of patients with HCM (6). Thus,
positive genotype can have a substantial impact on the clinical
management of patients with HCM and their family members.

On the other hand, genetic testing can carry substantial
financial and social burdens. For example, genetic testing costs
a few thousand dollars in the US, and the proportion of the
patient’s out-of-pocket payment depends on the insurance type
and plan. With regard to the social burden of genetic testing,
while the Genetic Information Non-discrimination Act prohibits

FIGURE 2 | Receiver operating characteristics curve of the reference scoring system and new model combining the reference scoring system and deep convolutional

neural network-based probability to predict positive genotype in patients with hypertrophic cardiomyopathy. The reference scoring system was the Mayo score in (A)

and the Toronto score in (B). The dots represent different threshold levels. DCNN, deep convoluted neural network; AUC, area under the receiver operating

characteristic curve; CI, confidence interval.
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TABLE 3 | Predictive performance of Toronto score and a new model combining Toronto score and deep convolutional neural network-based probability to predict

positive genotype in patients with hypertrophic cardiomyopathy.

Prediction model AUC P-value* NRI
†

P-value
†

Sensitivity

(%)

Specificity

(%)

PPV (%) NPV (%)

Toronto score (reference) 0.75 (0.65–0.85) Reference Reference Reference 73 (58–85) 72 (58–84) 69 (54–82) 76 (62–86)

Toronto score + DCNN 0.84 (0.76–0.92) 0.03 0.64 (0.34–1.22) <0.001 80 (65–90) 78 (64–88) 75 (61–88) 82 (69–91)

*P-value was calculated to compare AUC of the reference model with that of the combined model.
†
Continuous NRI and associated p-values were displayed.

AUC, area under the receiver-operating-characteristic curve; DCNN, deep convoluted neural network; NPV, negative predictive values; NRI, net reclassification improvement; PPV,

positive predictive value.

FIGURE 3 | Spatial display of important features detected by the deep convoluted neural network analysis models. Note that the important features were localized to

(A) the interventricular septum, (B) the LV posterior wall, and (C) the left atrium. Ao, aorta; LA, left atrium; LAX: parasternal long-axis view; LV, left ventricular/ventricle.

discrimination of insurability based on genetic testing results,
the law is silent regarding life, disability, and long-term care
insurance (9, 28, 29). As such, genetic testing can result in
non-negligible burdens, and accurate identification of patients
with HCM who have high pre-test probability carries clinical,
socio-economical, and psychological importance.

Nevertheless, the currently available conventional models—
i.e., the Mayo score, the Toronto score—offer only modest ability
to predict positive genotype. The AUCs of these scoring systems
have been reported to be ∼0.75 (11–15), which is in agreement
with those in the present study (0.72 with the Mayo score and
0.75 with the Toronto score). In this context, findings in the
current analysis add to the body of knowledge by demonstrating
that the deep learning-based analysis of echocardiographic
images provides incremental value to the conventional models in
predicting positive genotype in patients with HCM.

Advantages of Deep Learning-Based
Approach Over the Conventional
Prediction Methods
TheMayo and Toronto scoring systems include a limited number
of parameters determined by echocardiography—e.g., maximal
LV wall thickness, septal morphological subtypes. However, these
parameters have been known to have large intra- and inter-
observer variability (11, 30). It is a time- and cost-intensive
process to train physicians until they can accurately measure

the wall thickness and classify the septal morphology (31). Even
after going through such specialized trainings, the interpretation
of echocardiographic images still remains interpreter-dependent
and subjective, and can be affected by fatigue (31). Moreover,
these parameters used in the conventional models do not account
for dynamic (i.e., non-static) image information.

By contrast, deep learning has a potential to overcome
such variability in human assessment of echocardiographic
measurements (32). Deep learning is also able to extract
information that is not readily apparent to humans (33). Thus,
deep learning-based models can offer a new avenue to generate
an accurate, consistent, rapid, and automated interpretation of
echocardiographic images while reducing the risk of human
errors. Its application has shown a high potential to revolutionize
the process of diagnosis and prognostication, with promising
results in the fields of dermatology (34), radiology (35), and
cardiology (16, 36). In the HCM population, a prior study
reported that a deep learning-derived classification model
using echocardiographic images can differentiate HCM from
cardiac amyloidosis and pulmonary arterial hypertension (22).
Furthermore, our DCNN approach utilizes not only spatial
but also temporal information by incorporating the additional
dimension of time.

Despite the potential usefulness, no prior studies have applied
deep learning-based methods to predict positive genotype
in HCM. The present analysis represents the first study to
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exhibit the incremental value of deep learning-based analysis of
echocardiographic images in addition to the conventional clinical
parameters to predict positive genotype in the HCM population.
The ability of our deep learning-based approach to analyze
echocardiographic images obtained in routine clinical care—as
opposed to “research-quality” images gained for investigational
purposes—further underscores the feasibility and generalizability
of this novel method.

Spatial Visualization of Important Features
to Identify Genotype-Positive Patients
Deep learning technology is frequently referred to as a black
box—i.e., it does not provide information as to which features
are mainly used for the development of discrimination models.
Our deep learning method is not an exception. To address this
issue, in the present study, we have performed the grad-CAM
analysis and provided visualization of the important features that
the deep learning models focused on, which greatly enhances the
interpretability (27). This analysis demonstrated an interesting
finding—in addition to the LV, features spatially located in the
left atrium were frequently used to distinguish between patients
with positive and negative genotype in HCM. This observation
is consistent with our prior knowledge; the left atrial diameter
has been known to predict sudden cardiac death (37) and
cardiovascular death in the HCMpopulation (38). The inferences
from our study suggest that echocardiographic parameters
related to the left atrium—e.g., left atrial diameter, volume, and
ejection fraction—have a potential to predict positive genotype
in the HCM population.

Potential Limitations
Findings in the present study should be interpreted with several
limitations in mind. First, the present study is subject to selection
bias. The study sample was limited to patients with HCM who
underwent genetic testing. Second, positive genotype was defined
by the currently available classification ofmutations; however, the
classification of each mutation can change in the future. Third,
validation with external samples was not performed. This study
should prompt model validation with a new cohort. Last, the
study samples were relatively homogeneous in terms of race and
sex. Further, there is a possibility that the spectrum of mutations
observed in the study samples may not exactly represent those
in the general HCM population. Therefore, generalizability of
the results to other HCM populations (e.g., those who are not
followed at HCM referral centers) needs to be established.

Conclusions
Compared to the conventional models based on clinical and
echocardiographic parameters, our new models integrating
the conventional and deep learning-based analysis of
echocardiographic images demonstrated a superior ability
to predict positive genotype in patients with HCM. For patients
and treating physicians, the novel deep learning-based method
introduced in the present study can be used as an assistive
technology to inform the decision-making process of performing

genetic testing; deep learning coupled to human expertise can
provide more accurate pre-test probability. For researchers,
the current analysis would prompt further investigation into
developing a better deep learning model to predict positive
genotype in patients with HCM.
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Aims: Despite the prognostic value of coronary microvascular dysfunction (CMD) in

patients with ST-segment-elevation myocardial infarction (STEMI), its assessment with

pressure-wire-based methods remains limited due to cost, technical and procedural

complexities. The non-hyperaemic angiography-derived index of microcirculatory

resistance (NH IMRangio) has been shown to reliably predict microvascular injury in

patients with STEMI. We investigated the prognostic potential of NH IMRangio as a

pressure-wire and adenosine-free tool.

Methods and Results: NH IMRangio was retrospectively derived on the infarct-related

artery at completion of primary percutaneous coronary intervention (pPCI) in 262

prospectively recruited STEMI patients. Invasive pressure-wire-based assessment of the

index of microcirculatory resistance (IMR) was performed. The combination of all-cause

mortality, resuscitated cardiac arrest and new heart failure was the primary endpoint.

NH IMRangio showed good diagnostic performance in identifying CMD (IMR > 40U);

AUC 0.78 (95%CI: 0.72–0.84, p < 0.0001) with an optimal cut-off at 43U. The primary

endpoint occurred in 38 (16%) patients at a median follow-up of 4.2 (2.0–6.5) years.

On survival analysis, NH IMRangio > 43U (log-rank test, p < 0.001) was equivalent to

an IMR > 40U(log-rank test, p = 0.02) in predicting the primary endpoint (hazard ratio

comparison p= 0.91). NH IMRangio > 43U was an independent predictor of the primary

endpoint (adjusted HR 2.13, 95% CI: 1.01–4.48, p = 0.047).

Conclusion: NH IMRangio is prognostically equivalent to invasively measured IMR and

can be a feasible alternative to IMR for risk stratification in patients presenting with STEMI.

Keywords: STEMI, NH IMRangio, IMR, prognosis, coronary angiography, coronary physiology
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INTRODUCTION

Coronary microvascular dysfunction in patients admitted
with ST-segment-elevation myocardial infarction (STEMI) is
biologically (1) and prognostically relevant (2, 3). An early
assessment of CMD in the catheterisation laboratory is desirable
to triage additional therapies and/or plan ad-hoc clinical care
strategies. This can be achieved by measuring the index of
microvascular resistance (IMR) with a conventional pressure-
wire and thermodilution technique (4). Our group and others
have previously shown the good diagnostic performance of IMR
in predictingmicrovascular injury diagnosed by cardiacmagnetic
resonance (CMR) imaging (1, 5). Contemporary studies highlight
the early- and long-term prognostic implications of an IMR >

40U in patients with STEMI (6, 7). Recently, IMR has also been
proposed as a tool to triage novel or additional therapies in
STEMI, with promising clinical and research implications (8, 9).

Despite its proposed role as a prognostic biomarker (9)
the clinical adoption of IMR remains limited. Additional
cost, procedural time, an extra—though small—procedural risk
associated with the manipulation of a pressure wire in the infarct
related artery (IRA) and patient discomfort due to intravenous
adenosine infusion, are amongst some of the barriers to its
widespread use. The recent development and application of
computational flow dynamics to three-dimensional modeling
of the coronary artery represents an excellent opportunity
to derive angiographic indices of coronary physiology (such
as fractional flow reserve (FFR) or IMR) avoiding the use
of a pressure wire (10). Our group has recently described
a novel, angiography-derived, pressure-wire free index of
microcirculatory resistance (IMRangio) (11). This index showed
a good diagnostic performance in predicting an invasive IMR
> 40U in patients with STEMI. Whilst IMRangio accurately
diagnoses CMD in patients with STEMI, it would be desirable to
have an adenosine free angiographic index of CMD. It is reported
that in most patients with STEMI the vasodilatory capacity of
the microvascular coronary bed is blunted and consequently
the response of coronary microcirculation to adenosine is often
minimal or incomplete. (12, 13). In this regard, we have
recently described the non-hyperaemic version of IMRangio–
NH IMRangio, and shown it retains its diagnostic reliability in
most patients with STEMI (14). Thus, we hypothesized that
NH IMRangio would provide similar prognostic information to
invasively-measured IMR.

The aim of this work was to evaluate the prognostic
performance of NH IMRangio in patients with STEMI.

METHODS

Patient Population
Patients with a diagnosis of STEMI presenting between January
2010 and March 2020 with STEMI at the Oxford Heart Centre

Abbreviations: CFR, coronary flow reserve; CMD, coronary microvascular
dysfunction; IMR, index of microcirculatory resistance; LVEF, left ventricle
ejection fraction; NH IMRangio, non-hyperaemic IMRangio; pPCI, primary
percutaneous coronary intervention; QFR, quantitative flow ratio; RRR, resistive
reserve ratio; STEMI, ST-segment elevation myocardial infarction.

were enrolled in the prospective OxAMI (Oxford Acute
Myocardial Infarction) cohort study (15). The current study is
based on prospectively enrolled participants who had pressure-
wire based IMR measurements, unless they met any specific
exclusion criteria for enrolment (Supplementary Material,
Supplementary Figure 1). This analysis includes all
participants on whom both invasive IMR measurement
and angiography-derived coronary physiology assessment
was possible.

Primary percutaneous coronary intervention (pPCI)
was performed in standard fashion with the use of
adjunctive therapies (manual thrombectomy, glycoprotein
IIb/IIIa) and choice of stenting technique at the operator’s
discretion. ST-segment resolution was calculated using
surface electrocardiography acquired before and at 90min
after pPCI as described previously (16), and defined as
complete if ≥70%. Post-pPCI left ventricular ejection fraction
(LVEF) was derived from echocardiogram performed prior to
hospital discharge.

The study protocol was approved by the local ethics
committee (10/H0408/24) and conducted in accordance with the
Declaration of Helsinki.

Non-hyperaemic IMRangio Measurement
The methodology for the derivation of NH IMRangio and its
reproducibility have been published previously (14). According
to the published methodology, we measured NH IMRangio on
the IRA, using two dedicated coronary angiographic projections
acquired at the end of the pPCI procedure. Angiographic views
were acquired at resting conditions (not during adenosine
intravenous infusion). In brief, three-dimensional quantitative
coronary angiography and quantitative flow ratio (QFR) analyses
were performed using QAngio R© XA 3D software (Medis,
Leiden, the Netherlands). NH IMRangio was computed using the
following formula:

NH IMRangio = Pa(resting) × QFR ×
Nframes

fps

where Pa was the post PCI mean aortic pressure at resting
conditions, Nframes was the number of angiographic frames
from contrast dye to travel from the guiding catheter to a
distal reference (placed at the distal third of the IRA) in resting
conditions and fps was the frame-acquisition rate (Figure 1).

All analyses were performed at the OxACT core lab
(University of Oxford, Oxford Heart Centre, Oxford, UK)
by independent operators blinded to physiology and clinical
outcome data.

Invasive Measurement of Coronary
Physiology Indices
Invasive assessment of coronary physiology indices on the
IRA was performed with pressure-wire technology (Pressure
Wire X, Abbott, California, US or Certus, St. Jude Medical,
Minnesota, US) and thermodilution technique at the end of
the pPCI as previously reported (Supplementary Material) (15).
We routinely collected IMR, coronary flow reserve (CFR) and
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FIGURE 1 | NH IMRangio derivation. fps, frames per second; Nframes, number of angiographic frames from contrast dye to travel from the guiding catheter to a distal

reference in resting conditions; NH IMRangio, non-hyperaemic IMRangio; Pa, post percutaneous coronary intervention mean aortic pressure at resting conditions; QFR,

quantitative flow ratio.

resistive reserve ratio (RRR) data. Based on established literature,
IMR and CFR were dichotomized using thresholds of 40U and
2.0, respectively (5).

Clinical Follow-Up
The primary clinical outcome of the study was the composite
endpoint of all-cause mortality, resuscitated cardiac arrest and
new heart failure diagnosis. The secondary clinical outcome
of the study was the composite endpoint of cardiac mortality,
resuscitated cardiac arrest and new heart failure diagnosis. Heart
failure was defined as the development of new heart failure
symptomatology and/or prescription of diuretics in conjunction
with supporting new non-invasive imaging findings of left
ventricular systolic dysfunction (LVEF) < 50% and/or raised
levels of brain natriuretic peptide. Outcome data was collected
from scheduled study follow-up visits and annual telephone
calls and review of electronic case records and contacting the
participants’ General Practitioners.

Statistical Analysis
We tested the normality assumption of continuous variables with
statistical (Shapiro-Wilk test) and graphical (histogram) means.
We expressed continuous variables as mean± standard deviation
or median (25–75 percentile) as appropriate and categorical
variables as numbers (percentage). Between-group comparisons

for categorical variables were performed using Pearson’s χ
2 or

Fisher’s exact test as appropriate, while continuous variables
were compared using Student’s t-test, Mann-Whitney U test
or Kruskal-Wallis test. Correlations between variables were
expressed using Spearman rho coefficients.

We used receiver operator characteristic curve analysis to
explore the diagnostic utility of NH IMRangio to predict an
IMR > 40U. We then selected the optimal NH IMRangio

cut-off value by identifying the value that maximizes the
Youden’s J statistic.

We subsequently performed survival analyses for the primary
and secondary endpoints stratified according to (i) NH
IMRangio, (ii) IMR and (iii) CFR (expressed as dichotomous
variables) using Kaplan Meier and Cox proportional hazard
regression modeling methods. We compared the hazard ratios of
dichotomised NH IMRangio, IMR and CFR with paired Student’s
t-tests (17).

To evaluate the prognostic utility of NH IMRangio (as a
dichotomous variable) for our primary endpoint we constructed
multivariate Cox regression models adjusted for clinical,
procedural, angiographic and echocardiographic variables. We
measured the goodness of fit using concordance (C-statistic)
statistics. By adding NH IMRangio in a baseline multivariate
model, we assessed for improvement in model performance by
performing a likelihood ratio test.
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Statistical analyses were performed with SPSS version 26
(IBM Inc. New York USA) and R studio version 1.3 (survival,
survminer, forestplot and survcomp packages). All tests were
two-sided and α was set at 0.05.

RESULTS

Study Population
A total of 262 patients with both post pPCI invasive IMR and
NH IMRangio assessment were included in the current analysis.
Complete follow-up data was available for 241 participants (92%)
with a median follow-up of 4.2 (2.0–6.5) years. Baseline clinical,
procedural, imaging and post pPCI coronary physiology data are

TABLE 1 | Clinical, procedural and echocardiographic characteristics.

All

Total number 262

Clinical

Age, years 62 ± 11

Male gender, n (%) 215 (82)

Hypertension, n (%) 119 (46)

Hypercholesterolemia, n (%) 101 (39)

Diabetes, n (%) 41 (16)

Smoker, n (%) 110 (42)

Previous cardiology history, n (%) 37 (14)

Family history of IHD, n (%) 101 (39)

Procedural

Ischemic time (minutes) 180 (122, 317)

Target vessel

LAD, n (%) 119 (45)

LCX, n (%) 25 (10)

RCA, n (%) 109 (42)

Other, n (%) 9 (3)

TIMI flow—pre-PCI

0 197 (75)

1 22 (8)

2 30 (12)

3 13 (5)

TIMI flow—post-PCI

0 0 (0)

1 3 (1)

2 33 (13)

3 226 (86)

Myocardial Blush Grade

0 21 (8)

1 46 (18)

2 106 (40)

3 89 (34)

Complete ST segment resolution, n (%) 151 (73)

Discharge echocardiography LVEF (%) 50 (45, 56)

IHD, ischaemic heart disease; LAD, left anterior descending artery; LCx, left circumflex

artery; LVEF, left ventricle ejection fraction; PCI, percutaneous coronary intervention; RCA,

right coronary artery; TIMI, the Thrombolysis in Myocardial Infarction.

reported inTables 1, 2. Themedian IMR andNH IMRangio values
at the end of the procedure were 33 (20–55) and 43 (30–59)
units respectively.

Diagnostic Performance of NH IMRangio
NH IMRangio was significantly correlated with IMR (rho = 0.50,
p < 0.0001) and predicted an IMR > 40U with an AUC of
0.78 (95% CI: 0.72–0.84, p < 0.0001) (Supplementary Figure 2).
The optimal NH IMRangio cut-off to predict an IMR >

40U was 43U (Sensitivity: 77%, Specificity: 67%, Diagnostic
accuracy: 70%) coinciding with the median NH IMRangio value
of 43U observed in the overall study cohort. Patients with
a high NH IMRangio (>43U) were characterized by longer
ischaemic times, worse post pPCI TIMI flow grade, lower
occurrence of complete ST-segment resolution, and lower left
ventricular ejection fraction at discharge than patients with a
lowNH IMRangio (Supplementary Table 1). A highNH IMRangio

(>43U) was associated with a significantly higher degree
of invasively assessed microvascular dysfunction (expressed
by either IMR, CFR or RRR) than a low NH IMRangio

(Supplementary Table 2).

Prognostic Value of NH IMRangio
At 7 years of follow-up, the primary and secondary endpoints
occurred in 38 (16%) and 30 (12%) participants respectively.
All-cause death occurred in 13 (5%) participants (4 cardiac, 1
sepsis-related and 6 neoplasm-related deaths), two (1%) had a
resuscitated cardiac arrest and 28 (12%) had a new diagnosis
of heart failure. Cox regression analyses showed that a post
pPCI NH IMRangio >43U was significantly associated with
a higher risk of both the primary and secondary endpoints,

TABLE 2 | Post PCI pressure-wire- and angiography-derived coronary physiology

indices.

All

Total number 262

Pressure-wire-derived

Resting Pa, mmHg 92 ± 18

Resting transit time, s 0.69 (0.48, 1.13)

Hyperaemic Pa, mmHg 83 ± 16

Hyperaemic Pd, mmHg 76 (67, 87)

Hyperaemic transit time, s 0.43 (0.28, 0.78)

FFR 0.94 (0.90, 0.98)

IMR 33 (20, 55)

CFR 1.5 (1.1, 2)

RRR 1.7 (1.3, 2.3)

Angiography-derived

NH IMRangio 43 (30, 59)

Fixed flow QFR 0.95 (0.90, 0.98)

Contrast QFR 0.96 (0.90, 0.99)

CFR, coronary flow reserve; FFR, fractional flow reserve; IMR, index of microvascular

resistance; NH IMRangio, non-hyperaemic IMRangio; Pa, aortic pressure; Pd, distal

pressure; PCI, percutaneous coronary intervention; QFR, quantitative flow ratio; RRR,

resistive reserve ratio.
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(HR 3.43, 95% CI: 1.67–7.07, p = 0.001 and HR 3.32, 95%
CI: 1.48–7.47, p = 0.004, respectively). A post pPCI IMR
>40U was also significantly associated with a higher risk of
the primary and secondary endpoints (HR 2.07, 95% CI: 1.09–
3.92, p < 0.03 and HR 2.17, 95% CI 1.06–4.48, p < 0.04,
respectively). The comparison of the hazard ratio estimates
of NH IMRangio > 43U and IMR > 40U did not yield a
statistically significant difference for either endpoint (p = 0.91
and p= 0.85).

In an exploratory analysis, a CFR ≤ 2.0 was significantly
associated with a higher risk of the primary and secondary
endpoints (HR 3.82, 95% CI 1.17–12.43, p < 0.03 and HR 4.56,
95% CI 1.08–19.18, p < 0.04, respectively). Pairwise comparisons
of CFR ≤ 2.0 with IMR > 40U and NH IMRangio > 43U hazard
ratios were not statistically significant.

The Kaplan Meier curves displaying the relationship between
survival-free from the primary and secondary endpoints for
participants with high vs. low NH IMRangio and IMR have
a similar profile (Figures 2, 3 respectively). The analysis of
participants dichotomised according to low vs. high CFR
yield similar Kaplan Meier survival curve profiles to the
profiles observed when participants were dichotomised
according to IMR and NH IMRangio for both endpoints
(Supplementary Figures 3, 4). In a landmark analysis excluding

FIGURE 2 | Kaplan Meier curves of freedom from all-cause mortality,

resuscitated cardiac arrest, new heart failure diagnosis with high vs. low (i) NH

IMRangio and (ii) IMR (A). Forrest plot displaying the hazard ratio of high (i) NH

IMRangio and (ii) IMR (B). HR, hazard ratio; IMR, index of microcirculatory

resistance; NH IMRangio, non-hyperaemic IMRangio.

participants who experienced a primary or secondary endpoint
event at 30 days, survival free from a primary and secondary
endpoint was significantly lower in participants with an NH
IMRangio > 43U (Figure 4). In a further sub-analysis excluding
patients with post pPCI TIMI Flow grade <3, NH IMRangio >

43U was significantly associated with a higher risk of the primary
endpoint (Supplementary Figure 5).

To further evaluate the prognostic utility of NH IMRangio

>43U a multivariate Cox regression analysis was performed. The
univariate and multivariate predictors of the primary endpoint
are listed in Table 3. Post pPCI TIMI flow grade <3, myocardial
blush grade <3 and incomplete ST-segment resolution were
not significant predictors (Table 3). NH IMRangio >43U was an
independent predictor of the primary endpoint (adjusted HR
2.13, 95% CI: 1.01–4.48, p = 0.047) alongside age, ischaemic
time, and discharge LVEF (Figure 5). NH IMRangio >43U
was an independent predictor of long-term outcome even
when patients with post pPCI TIMI flow <3 were excluded
from the analysis (adjusted HR 2.82, 95% CI: 1.28–6.19, p
= 0.01). The addition of NH IMRangio >43U as a variable
to a cox regression model including age, ischaemic time and
discharge LVEF% yielded a good model (C-statistic 0.82, χ

2:
67) with a significant improvement in predictive performance
(χ2 difference: 4.30, p= 0.04).

FIGURE 3 | Kaplan Meier curves of freedom from cardiac mortality,

resuscitated cardiac arrest, new heart failure diagnosis with high vs. low (i) NH

IMRangio and (ii) IMR (A). Forrest plot displaying the hazard ratio of high (i) NH

IMRangio and (ii) IMR (B). HR, hazard ratio; IMR, index of microcirculatory

resistance; NH IMRangio, non-hyperaemic IMRangio.
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FIGURE 4 | Landmark analysis (30 days onward) Kaplan Meier curves of freedom from all-cause mortality, resuscitated cardiac arrest, new heart failure diagnosis (A)

and cardiac mortality, resuscitated cardiac arrest and new heart failure diagnosis (B) stratified according to high versus low NH IMRangio. NH IMRangio,

non-hyperaemic IMRangio.

DISCUSSION

This study extends our preliminary findings (14) and explores the
prognostic value of a dedicated pressure-wire and adenosine-free
angiographic index (NH IMRangio) for the assessment of CMD in
patients with STEMI.

Coronary microvascular dysfunction in STEMI is
prognostically important (2, 7) due to the resulting poor
structural and functional myocardial recovery (1, 18).
Physiological measurements derived from invasive assessment of
coronary microvascular function at the time of pPCI (e.g. IMR)
provide a grading of the severity of CMD and correlate well with
CMR-defined structural microvascular injury (1, 4). However,
the routine clinical adoption of IMR remains limited due to a
number of factors including additional cost and procedural time.
These constraints can be overcome with angiography-derived,
pressure wire-free indices of coronary physiology indices. Our
recent validation of the non-hyperaemic angiography-derived
index of microcirculatory resistance (NH IMRangio) against
pressure-wire-based IMR represented a preliminary dataset (14).

Diagnostic Performance of NH IMRangio
In the current analysis, we expand our preliminary findings to
a larger cohort and show that the non-hyperaemic version of
IMRangio–NH IMRangio reliably predicts CMD as defined by an
IMR >40U in the IRA of patients with STEMI. Using a non-
hyperaemic index to evaluate CMD in the IRA of patients with

STEMI could have a certain value, as the response of coronary
microcirculation to a vasodilatory agent is highly likely to be
blunted and compromised as a reflection of distal embolisation
and ischaemia-reperfusion injury (5, 13). As a confirmation
of this hypothesis, in our cohort, the median value of RRR—
a dedicated index to express the vasodilatory capacity of the
coronary microcirculation—was 1.7. This value is suggestive of
a depressed coronary microvascular vasodilatory capacity in this
cohort of patients with STEMI, a finding consistent with previous
reports (12, 13). This depressed vasodilatory capacity can explain
why, particularly in patients with STEMI, a non-hyperaemic
index such as NH IMRangio retains some diagnostic accuracy in
identifying microvascular injury (14).

Prognostic Value of NH IMRangio
The main finding of the current study is the observation that
an NH IMRangio >43U, measured in the IRA of patients with
STEMI at the end of pPCI, is equivalent to an IMR >40U
in predicting long-term adverse events. The survival curves of
patients stratified according to low or high values of IMR or
NH IMRangio present a similar profile, while the stratification is
prognostically significant for both indices. The hazard ratios of a
high IMR (>40U) or NH IMRangio (>43U) are not significantly
different, further supporting the prognostic equivalence of the
two indices. The prognostic equivalence is also maintained
when analysing a stricter cardiac endpoint excluding non-cardiac
mortality. These findings are consistent with the results and effect
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TABLE 3 | Univariate and multivariate analysis results for predictors of all-cause

mortality, resuscitated cardiac arrest, new heart failure.

Univariate predictors Hazard ratio 95% CI p-value

Age (per 1 year increase) 1.07 1.03–1.10 <0.01

Male gender 2.02 1.00–4.07 0.05

LAD as IRA 2.09 1.09–4.00 0.03

Ischaemic time (per 1min delay) 1.00 1.00–1.00 0.04

Incomplete ST segment resolution 2.20 0.82–5.91 0.12

TIMI Flow Grade < 3 1.32 0.58–3.00 0.51

Myocardial Blush Grade < 3 1.61 0.76–3.39 0.22

IMR > 40 2.07 1.09–3.92 <0.03

CFR ≤ 2.0 3.82 1.17–12.43 <0.03

Discharge echocardiography LVEF

(per % increase)

0.91 0.89–0.94 <0.01

NH IMRangio > 43U 3.43 1.67–7.07 <0.01

Multivariate predictors

Age (per 1 year increase) 1.07 1.03–1.11 <0.01

Ischaemic time (per 1min delay) 1.00 1.00–1.00 0.03

Discharge echocardiography LVEF

(per % increase)

0.92 0.90–0.95 <0.01

NH IMRangio > 43U 2.13 1.01–4.48 <0.05

CI, confidence interval; CFR, coronary flow reserve; IMR, index of microvascular

resistance; IRA, infarct related artery; LAD, left anterior descending artery; LVEF, left

ventricle ejection fraction; NH IMRangio, non-hyperaemic IMRangio; TIMI, Thrombolysis in

Myocardial Infarction. Values in bold denote a statistically significant result (p-value<0.05).

estimates reported in the previous work by Fearon et al. on
the prognostic role of invasive and pressure-wire based IMR in
patients with STEMI (7).

Kaplan-Meier survival curves separate early on, suggesting a
prognostic role of NH IMRangio for early cardiac complications;
a finding corroborated by previous IMR based work (6). Since
this early separation could influence our analysis, we conducted a
landmark analysis from 30 day onwards. An NH IMRangio >43U
retained its significance in this landmark analysis suggesting
that the long-term prognostic performance is not exclusively
driven by early events. This may be explained by the significant
contribution of new heart failure diagnoses to our combined
study endpoints. In our previous work, we have already shown
that non-hyperaemic IMRangio is significantly elevated in patients
with clinically significant microvascular obstruction assessed
by cardiac magnetic resonance (14). This provides a further
biologically plausible explanation for the prognostic significance
of NH IMRangio we report herein (14).

Finally, this study suggests that an NH IMRangio >43U is an
independent predictor of adverse events, with an associated two-
fold increased risk of a poor clinical outcome at 7 years follow-up.
Our findings resonate with previously published findings of the
independent prognostic value of an IMR > 40U in predicting
long-term outcomes in patients with STEMI (5, 7). Specifically,
adding NH IMRangio into a model with other clinically relevant
and universally available variables incrementally improved the
predictive performance of the model itself, supporting the
independent and incremental prognostic significance of NH
IMRangio as a novel alternative tool for risk stratification.

FIGURE 5 | Kaplan Meier curves of freedom from all-cause mortality,

resuscitated cardiac arrest, new heart failure diagnosis with high vs. low NH

IMRangio adjusted for age, ischaemic time, LVEF%. HR, hazard ratio; CI,

confidence interval; LVEF, left ventricle ejection fraction; NH IMRangio,

non-hyperaemic IMRangio.

Limitations
Firstly, we acknowledge that the relatively small sample size,
low number of cardiac events and single-centre origin of our
study is amongst the limitations of our work. For this reason,
further testing in larger and external cohorts is needed to
corroborate and to increase the precision of the findings. We
also recognize that our cohort study might have been subject
to selection bias due to the exclusive inclusion of patients
in whom invasive coronary physiology measurements were
performed. This might have led to the unintentional inclusion of
a relatively intermediate-low risk cohort of patients with STEMI,
as reflected by the relative low rate of adverse events at follow
up. However, on a practical level it must also be considered that
the real unmet need is to improve risk-stratification in patients
at intermediate risk of adverse events. Patients presenting
with high-risk features (multiple comorbidities, haemodynamic
instability, complex coronary anatomy) have already “declared”
their risk category, whilst it is the majority of “intermediate
risk” patients (like the patients included in our analysis) that
may benefit the most from personalized and stratified medicine
approaches (19).

In addition, we recognize the limitations arising from the
use of a non-hyperaemic index to study coronary microvascular
function. A future large-scale, prospective study assessing the
prognostic value of the hyperaemic angiography-derived index
is indeed needed, and it could abate the limitations of the
current analysis focused on a non-hyperaemic version of the
index. Nonetheless, it must be acknowledged that in the current
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study, NH IMRangio resulted prognostically equivalent to invasive
IMR. Whilst this observation is evident in STEMI patients, we
do not anticipate that a non-hyperaemic index will work as
well in patients with coronary syndromes characterized by a
lesser degree of CMD, as also already recently reported (14).
Finally, a limitation of this work is the off-line evaluation of
NH IMRangio and our ability to perform the analysis in 71%
of patients. Even though our tool should be formally evaluated
in a “real-time” setting, there is little doubt about its suitability
as a real-time catheterisation laboratory tool. A large body
of evidence suggests that real-time measurement of QFR is
not only feasible but significantly quicker than pressure-wire
based coronary physiology evaluation (20). Indeed, we expect
that dedicated acquisitions for real-time assessment of NH
IMRangio in a prospective study would enable analysis in >95%
of cases.

CONCLUSION

In an analysis of 262 patients with STEMI, NH IMRangio is
reliable at predicting CMD defined as an IMR >40U. An
NH IMRangio of >43U was an independent multivariate
associate of long-term all-cause mortality, resuscitated
cardiac arrest and new heart failure diagnosis. Since the
prognostic profile of NH IMRangio was equivalent to
that of IMR, it can be a feasible alternative to IMR for
catheterisation laboratory assessment of CMD and long-term
risk stratification.
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Background: Pericoronary adipose tissue (PCAT) is considered as a source of

inflammatory mediators, leading to the development of coronary atherosclerosis. The

study aimed to investigate the correlation between PCAT quality derived from dual-layer

spectral detector CT (SDCT) and the severity of coronary artery disease (CAD), and

whether PCAT parameters were independently associated with the presence of CAD.

Materials and Methods: A total of 403 patients with symptoms of chest pain who

underwent SDCT were included. PCAT quality including fat attenuation index (FAI)

measured from conventional polychromatic CT images (FAI120kvp) and spectral virtual

mono-energetic images at 40 keV (FAI40keV), slope of spectral HU curve (λHU), and

effective atomic number (Eff-Z) were measured around the lesions representing the

maximal degree of vascular stenosis in each patient. Meanwhile, overall epicardial

adipose tissue (EAT) attenuation was acquired in the conventional polychromatic

energy imaging.

Results: FAI40keV, λHU, Eff-Z, and FAI120kvp increased along with the degree of CAD

in general and were superior to the overall EAT attenuation for detecting the presence

of CAD. Multivariate logistic regression analysis indicated that FAI40keV was the most

powerful independent indicator (odds ratio 1.058, 95% CI 1.044–1.073; p < 0.001) of

CAD among these parameters. Using an optimal cut-off (−131.8 HU), FAI40keV showed

higher diagnostic accuracy of 80.6% compared with the other parameters.

Conclusions: These preliminary findings suggest that FAI40keV on SDCT may be an

appealing surrogate maker to allow monitoring of PCAT changes in the development

of CAD.

Keywords: pericoronary adipose tissue, dual-layer spectral detector CT, coronary artery disease, fat attenuation

index, epicardial adipose tissue
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INTRODUCTION

It is widely recognized that epicardial adipose tissue (EAT) plays a
crucial role in the development of coronary artery disease (CAD)
(1–3). Compared with EAT volume, EAT attenuation is more
sensitive in showing the pathological changes of EAT, such as
inhibition of adipocyte differentiation, interstitial fibrosis and
microvascular proliferation (4, 5). Although EAT attenuation
was associated with CAD risk factors and the presence of
CAD, it was not associated with the presence of a significant
coronary artery lesion (6). As an important component of
EAT, pericoronary adipose tissue (PCAT) wrapping around
coronary arteries secretes the inflammatory cytokines which
may affect the adjacent vessel wall, and the resulting vascular
inflammation leads to the formation and progress of coronary
atherosclerosis (7–9). This complex interplay between vascular
inflammation revealed by PCAT attenuation and coronary
stenosis caused by atherosclerosis has been a focus of recent
research. PCAT attenuation had been found to be associated with
hemodynamically significant lesions, an increased risk of acute
coronary syndrome, cardiac mortality and poor prognosis (10–
13). Yu et al. found that perivascular fat attenuation index (FAI)
provided incremental value to diameter stenosis for identifying
hemodynamically significant lesions (11). However, this study
included only patients with moderate to severe stenosis. The
relationship between PCAT changes and the degree of coronary
stenosis is still uncertain. Therefore, we conducted a preliminary
study to investigate the association of PCAT attenuation and EAT
attenuation with different stages of CAD in a large cohort of
patients with chest pain.

Dual-layer spectral detector CT (SDCT) was introduced
in recent years, which has shown to be highly suitable for
coronary CTA in a clinical setting (14, 15). The use of spectral
reconstructions such as virtual monochromatic imaging (VMI)
at the low energy level of 40 keV can increase the contrast of
soft tissue significantly (15–17). Effective atomic number (Eff-
Z) and the slope of the spectral HU curve (λHU) are important
energy spectrum parameters, which can help to differentiate the
tissue characteristics (18, 19). Based on the knowledge learned
above, we hypothesized that the index of PCAT on SDCTmay be
more sensitive and accurate than conventional CT to reflect the
changes of PCAT.

To the best of our knowledge, there are no reports of
relationship of PCAT quality derived from SDCT with different
degrees of CAD. Therefore, the current study aimed to (i)
investigate the association between PCAT index derived from
SDCT and severity of CAD, and (ii) explore whether the PCAT
index can be used as an independent risk factor for CAD.

MATERIALS AND METHODS

Patients
This retrospective study was approved by the institutional
review board of Shengjing Hospital of China Medical University
(NO.2020PS231K). Because it was a retrospective study and
the scans were performed as part of clinical routine, informed
consent was exempted. Data from 468 patients with chest

pain and suspected coronary artery disease who underwent
coronary CT angiography (coronary CTA) on a spectral detector
CT between April 2018 and July 2020 were reviewed in this
study. The exclusion criteria were as follows: (1) patients with
incomplete clinical records; (2) poor image quality; (3) previous
history of percutaneous coronary intervention (PCI) or coronary
artery bypass grafting (CABG); and (4) patients suffering from
malignancy or cardiomyopathies. As a result, a total of 403
patients were included in this study (Figure 1). Among them,
121 patients were diagnosed with moderate or severe stenosis by
coronary CTA, and catheter coronary angiography (CAG) was
performed to further confirm the extent of lesions.

The relevant clinical data of the patients was collected by
reviewing the electronic medical database. Body mass index
(BMI) was calculated as weight (kg)/height2 (m2). Patients
on insulin therapy or oral anti-diabetic drugs, or showing
HbA1c ≥ 6.5%, fasting glucose ≥ 126 mg/dL or non-fasting
glucose ≥ 200 mg/dL were considered to have Diabetes Mellitus
Type 2. Systolic blood pressure ≥ 140mm Hg, or diastolic
blood pressure ≥ 90mm Hg, or use of antihypertensive drugs
was considered as an indication of hypertension. Current and
previous smoking and drinking histories were reviewed. Total
cholesterol (TC), triglycerides (TG), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) were collected.

CT Acquisition and Reconstruction
The coronary computed tomography angiography (coronary
CTA) scans were performed on a spectral detector CT
scanner (IQon, Philips Healthcare, Best, The Netherlands)
using prospective electrocardiogram (ECG) gating (Step &
Shoot Cardiac). The scans were performed with the following
parameters: 120 kVp, 0.27s rotation time, 64 × 0.625mm slice
collimation, and the Dose Right Index set to 13. The scan trigger
was centered around a physiologic cardiac phase of ventricular
diastasis corresponding to 78% of the R–R interval, with a
±3% buffer used. Patients with a heart rate >70 bpm received
intravenous ß-receptor blocker before the scan regularly (see
Supplementary Material for detailed information).

Raw data were reconstructed using spectral iterative
reconstruction algorithm with the spectral reconstruction level
set to 4 (Philips Healthcare). Axial images were reconstructed
at a slice thickness of 0.9mm with an overlapping increment
of 0.45mm. The resulting spectral base image (SBI) datasets
included the true conventional polychromatic (120 kVp) images
along with a wide variety of spectral reconstructions. The
SBI corresponding to the best cardiac phase was identified
from which VMI were generated—for the purpose of image
assessment, VMIs from 40 to 70 keV in steps of 10 keV
were assessed.

According to the degree of coronary stenosis from CCTA and
CAG, all patients were first divided into non-CAD group [< 50%
luminal diameter stenosis (DS)] and CAD group (≥ 50% DS).
In order to further explore the relationship of PCAT index on
degrees of DS, the patients were then divided into four subgroups:
Group A (minimal stenosis, < 25% DS), Group B (mild stenosis,
25%-49% DS), Group C (moderate stenosis, 50%-69% DS) and
Group D (severe stenosis, ≥ 70% DS) according to the 2014
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FIGURE 1 | Flow diagram of patient recruitment and grouping. PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; DS, diameter stenosis.

guidelines provided by the Society of Cardiovascular Computed
Tomography (SCCT) (20). Furthermore, the coronary plaques
of the maximal coronary stenosis were divided into calcified,
non-calcified, and mixed plaques (21). The PCAT indices in the
different plaque groups were further analyzed.

Quantification of EAT and PCAT Measures
The EAT attenuation was assessed using the semi-automated
software (cardiac risk assessment version 1.2.0, Siemens
Healthineer, Germany). Attenuation values within −190
HU to −30 HU were considered to represent adipose
tissue (13). See Supplementary Material for details on EAT
attenuation measurement.

PCAT was sampled in three-dimensional layers radially
outwards from the outer vessel wall and measured (7, 13).
Adipose tissue was identified as all voxels with attenuation
thresholds of −190 to −30 HU in conventional polychromatic
energy imaging, −280 to −40 HU in VMI at 40 keV, and −220
to −30 HU in VMI at 70 keV, respectively (22). PCAT analysis
was performed in the adipose tissue around the plaque that
caused the maximal degree of vascular stenosis in each patient
(Figure 2). FAI was measured within the predefined volume of
interest at the following energy levels: conventional 120 kVp,
and at spectral VMI levels of 40 keV and 70 keV using the
semi-automated software (Dr.Wise R© Coronary Artery CTAided
Diagnosis Software V200831), reported as FAI120kvp, FAI40keV,

FAI70keV, respectively and the slope of the spectral HU curve
(λHU) was calculated using the formula: λHU = (FAI40keV-
FAI70keV)/30. The effective atomic number (Eff-Z) was measured
using the dedicated workstation (IntelliSpace Portal Version 6.5,
Philips Healthcare).

All measurements were repeated three times by a radiologist
with 8 years of experience in coronary CTA and averaged in
order to ensure the accuracy of the data, and the investigator was
blinded to clinical information and grouping situation. In order
to verify the repeatability of the PCAT measures, 60 cases were
randomly selected in a blinded manner and re-measured by the
same investigator after 6 weeks.

Statistical Analysis
Datasets were analyzed using commercially available software
(SPSS version 20.0, USA and MedCalc Statistical Software,
version 15.2). Continuous variables were presented as means
± standard deviation. Inter-group comparisons were performed
with independent–samples t-test or ANOVA. Welch’s t-test was
used in data with heterogeneity of variance among multiple
groups. And the LSD or Dunnett’s T3 test was used for paired
comparison. Multivariate binary logistic regression was used
to evaluate the association of EAT and PCAT measures with
coronary stenosis. In order to compare the relative weight values
of EAT and PCAT measures, each variable was standardized,
and then performing multivariate logistic regression analysis

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 September 2021 | Volume 8 | Article 720127142

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Dang et al. PCAT and Coronary Artery Disease

FIGURE 2 | Quantitative PCAT analysis in a case example of a 56-years old

male patient with significant coronary artery stenosis (severe stenosis in

proximal LAD). Axial view and the corresponding curved multiplane and

straightened view of PCAT of the proximal LAD in the conventional 120 kVp

(A–C) and 40 keV VMI (D–F). (G,H) Represented the corresponding panels of

Eff-Z imaging and spectral attenuation curve, respectively. LAD, left anterior

descending artery; VMI, virtual monochromatic images.

to compare the standard partial regression coefficient of each
variable. The receiver-operating characteristic (ROC) curve was
drawn and the corresponding optimal cut-off value for predicting
the presence of CAD was determined. The intra-class correlation
coefficient (ICC) was used to evaluate intra-reader reliability of
PCAT measurements. Generally, an ICC value ≥ 0.75 indicates
excellent reliability, between 0.40 and 0.75 indicates fair to
moderate reliability, and < 0.40 indicates poor reliability (23). A
two-sided p < 0.05 was considered significant.

RESULTS

Patients
There were 403 subjects included in this study. Clinical
characteristics in different groups of the study cohort are shown
in Table 1.

Comparison of the EAT Attenuation and
PCAT Parameters on SDCT in Patients
With and Without CAD
All PCAT indices showed excellent reliability (ICC > 0.75)
(Supplementary Table 1). The FAI40keV, λHU, Eff-z, and

FAI120kvp were significantly larger in patients with CAD
than those in non-CAD group (both p < 0.001). EAT
attenuation in the two groups were also statistically different
(p < 0.001) (Figure 3).

PCAT Parameters and EAT Attenuation
From SDCT With Relation to the Degree of
Coronary Stenosis
Patients were further divided into four subgroups according to
the degree of coronary stenosis, Group A (minimal), Group
B (mild), Group C (moderate), and Group D (severe) (see
Methods). Lesion characteristics are shown in Table 2. There
were significant differences in PCAT index and EAT attenuation
among the groups. In view of the overall situation, FAI40keV,
λHU, Eff-Z, FAI120kvp, and EAT attenuation all showed an
increasing trend along with an increased degree of vascular
stenosis (Table 3). Additionally, significant differences were
seen in FAI40keV and λHU between Groups C and D, with
no significant differences seen in the other parameters of the
two groups.

Furthermore, FAI40keV was larger in the maximal stenosis
segments with the non-calcified or mixed plaques than those
with the calcified plaques in CAD group (p < 0.05, Figure 4A).
While no significant difference was observed between the
patients with non-calcified and mixed plaques. Interestingly, the
opposite results were obtained in non-CAD group, which showed
that FAI40keV adjacent to non-calcified plaques was the lowest
(Figure 4B). However, there were no significant differences in
FAI40keV between patients with different type of plaques.

The Association of PCAT and EAT
Measures With the Presence of CAD
On multivariate binary logistic analysis, after adjusting the
conventional cardiovascular risk factors (age, gender, BMI,
Diabetes Mellitus Type 2, hypertension, smoking, drinking, TC,
TG, HDL, LDL) and type of plaques, FAI40keV, λHU, Eff-Z,
FAI120kvp, and EAT attenuation were found to be significantly
associated with the presence of CAD (Table 4). It should be noted
that due to the collinearity between the above-mentioned PCAT-
related parameters (FAI40keV, λHU, Eff-Z, FAI120kvp, and EAT
attenuation), we, respectively, substituted these parameters into
the regression equation for analysis. According to the standard
partial regression coefficient, among these parameters, FAI40keV
was the most powerful independent indicator.

ROC Analysis for Prediction of CAD
The ROC curve for FAI40keV, λHU, Eff-Z, and FAI120kvp showed
them as superior predictors of CADwith the corresponding areas
under curve (AUC) 0.811, 0.756, 0.646, and 0.731, respectively,
which were greater than AUC of EAT attenuation (0.614)
(Figure 5 and Table 5). FAI40keV showed the highest AUC with
the optimal cutoff value of −131.8 HU to predict CAD, with a
diagnostic accuracy of 80.6% compared to the other parameters.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 September 2021 | Volume 8 | Article 720127143

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Dang et al. PCAT and Coronary Artery Disease

TABLE 1 | Baseline characteristics of study cohort (n = 403).

All patients Non-CAD CAD p

(n = 403) (n = 282) (n = 121)

Age (years) 57.4 ± 10.1 56.0 ± 10.6 60.5 ± 8.1 < 0.001*

Males (%) 229 (56.8) 145 (51.4) 84 (69.4) 0.001*

BMI (kg/m2) 25.5 ± 3.8 24.9 ± 3.6 26.9 ± 3.9 < 0.001*

History

Smoking (%) 116 (28.8) 70 (24.8) 46 (38.0) 0.011*

Drinking (%) 98 (24.3) 58 (20.6) 40 (33.1) 0.012*

Diabetes mellitus (%) 121 (30.0) 78 (27.7) 43 (35.5) 0.125

Hypertension (%) 142(35.2) 86 (30.5) 56 (46.3) 0.003*

Laboratory index

Total cholesterol (mmol/L) 4.76 ± 1.10 4.71 ± 1.00 4.86 ± 1.29 0.273

Triglycerides (mmol/L) 1.40 ± 1.02 1.33 ± 0.74 1.58 ± 1.46 0.074

HDL -cholesterol (mmol/L) 1.11 ± 0.44 1.17 ± 0.46 0.96 ± 0.36 < 0.001*

LDL -cholesterol (mmol/L) 2.97 ± 0.94 2.82 ± 0.86 3.33 ± 1.01 < 0.001*

Compared with the non-CAD group, *p < 0.05 was statistically significant.

FIGURE 3 | SDCT-related parameters of PCAT and EAT attenuation in CAD and non-CAD groups. FAI40keV (A), λHU (B), Eff-z (C) and FAI120kvp (D) and EAT

attenuation (E) were significantly larger in patients with CAD than those in non-CAD group (both p < 0.001). A value of p < 0.05 indicated statistical significance.

DISCUSSION

Our preliminary findings demonstrated that FAI40keV and
λHU obtained from SDCT were superior to conventional
polychromatic CT for detecting the pathologic changes of
PCAT during the development and progression of coronary

atherosclerosis. Furthermore, PCAT index on SDCT was
independently associated with the presence of CAD and FAI40keV
was found to be the most powerful independent indictor
for CAD.

To the best of our knowledge, this is the first study exploring
the relationship between PCAT indicators derived from SDCT
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TABLE 2 | Lesion characteristics of coronary CTA in the four subgroups.

Characteristics Group A Group B Group C Group D

Number of cases 142 140 74 47

Number of lesion branches

Single-vessel lesion 73 50 6 7

Double-vessel lesions 46 25 7 10

Triple-vessel/ LM lesions 23 65 61 30

Localization of the most serious lesions

LM 4 6 3 0

LAD 70 77 47 30

LCX 13 7 4 3

RCA 55 50 20 14

Types of plaques characters of the maximal coronary stenosis

Non-calcified plaques 53 40 29 14

Mixed plaques 11 41 32 25

Calcified plaques 78 59 13 8

Group A, minimal stenosis; Group B, mild stenosis; Group C, moderate stenosis; and Group D, severe stenosis.

Number of lesion branches: the presence of any plaque in the coronary artery (LAD, LCX, RCA and LM), irrespective of the degree of stenosis.

LM, Left main coronary artery; LAD, left anterior descending artery; LCX, Left circumflex coronary artery; RCA, Right coronary artery.

TABLE 3 | SDCT-related parameters of PCAT and EAT attenuation in different degree of stenosis groups.

Group A Group B Group C Group D F p

PCAT indices on SDCT

FAI40keV (HU) −159.6 ± 32.5# −160.9 ± 35.4# −131.0 ± 25.3*# −113.0 ± 22.5* 57.168 < 0.001

λHU −2.0 ± 0.8# −2.1 ± 0.8# −1.5 ± 0.7*# −1.2 ± 0.6* 25.692 < 0.001

Eff-Z 6.3 ± 0.5# 6.3 ± 0.5# 6.6 ± 0.4* 6.6 ± 0.5* 8.187 < 0.001

FAI120kvp (HU) −89.8 ± 15.3# −88.3 ± 18.4# −77.7 ± 13.0* −71.4 ± 14.8* 26.381 < 0.001

EAT attenuation (HU) −86.5 ± 5.5# −87.6 ± 6.0# −83.4 ± 8.9* −82.1 ± 9.5* 7.818 < 0.001

*p < 0.05 vs. Group A; #p < 0.05 vs. Group D.

FIGURE 4 | Comparison of FAI40keV (HU) based on plaque type in CAD group (A) and non-CAD group (B). *p < 0.05 compared to calcified plaques.
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TABLE 4 | The association of PCAT measures and EAT attenuation with the

presence of CAD.

Analyses Standard partial OR p

regression (95% CI)

coefficient

1st: FAI40keV (HU) 2.029 1.058 (1.044–1.073) <0.001

2nd: λHU 1.429 5.733 (3.514–9.352) <0.001

3rd: Eff-Z 0.752 4.857 (2.449–9.635) <0.001

4th: FAI120kvp (HU) 1.265 1.076 (1.054–1.099) <0.001

5th: EAT attenuation (HU) 0.688 1.100 (1.056–1.146) <0.001

OR, odds ratio; CI, confidence interval. p < 0.05 was regarded as indicating

statistical significance.

FIGURE 5 | Receiver operating characteristic (ROC) curve analysis showed

that compared with other parameters, the FAI40kev had the highest the area

under curve (AUC).

with coronary stenosis. The present study showed statistical
differences in FAI40keV, FAI120kvp, and EAT attenuation between
the non-CAD and CAD groups. The results are consistent with
previous studies (6, 24), which found EAT attenuation was
significantly higher in the CAD group than that in the non-CAD
group. In the early stage of atherosclerosis, perhaps due to the
expansion of adipose tissue and accumulation of lipid (25), FAI is
relatively low. With the progression of coronary atherosclerosis,
as there exists a complex, bidirectional interplay between
the vascular wall and perivascular fat (26), pro-inflammatory
cytokines released from the vessel wall diffuse directly into
the surrounding peri-coronary fat the resulting perivascular
inflammation promotes the adipose tissue remodeling and
fibrosis (27, 28). Meanwhile, the maturity of the adipocytes and
accumulation of intracellular lipids are inhibited (29–31), the
adipocyte size get smaller, the lipid droplet content are reduced

(10, 32), resulting in FAI increases. In the late stage of coronary
atherosclerosis, fibrosis of adipose tissue could aggravate the
increase in FAI. As a result, themore severe the coronary stenosis,
the higher FAI level.

Furthermore, significant differences were seen in the values
of FAI40keV and λHU between the moderate and severe stenosis
groups, with no significant differences between the FAI120kvp and
EAT attenuation between the two groups. Correspondingly, the
AUCs for FAI40keV and λHU were higher than those of FAI120kvp
and EAT attenuation. Based on the results, it is speculated that
the spectral information from SDCT is superior to conventional
polychromatic CT in detecting subtle changes in adipose tissue
caused by PCAT remodeling during atherosclerosis progression.
SDCT is an imaging technology introduced in recent years,
which addresses the limitation of conventional polychromatic
CT which assess coronary lesions only from a morphological
point of view, by providing spectral results such as VMI at a
wide range of energy levels (33). In addition, SDCT enables
multiple quantitative results, including λHU and Eff-Z, which
make it possible to perform tissue characterization (34, 35).
With the capability of simultaneous, homologous and isotropic
information, and not requiring any a priori scan decisions, the
SDCT provides workflow benefits making it more convenient for
routine clinical use. Compared with the values obtained from
a polychromatic beam, the CT value under single energy can
more accurately reflect the X-ray absorption characteristics of
the materials (36). We suggest that the PCAT derived from
single energy reconstructions at the low end of the spectrum
(corresponding to 40 keV) can better differentiate the fat
densities. This is consistent with prior work of Rodriguez-
Granillo et al. that showed that VMI at low energy levels (40
keV) can detect differences of fat densities in different locations
(22). In our work, we also observed a similar trend in λHU

and Eff-Z. Since PCAT itself is a fat component, the energy
spectrum curve is a curve with the back of the arch arched
upwards, and the attenuation increased with higher keV. λHU in
the energy range of 40 to 70 keV is negative, and it is significantly
higher in the CAD group than that in the non-CAD group. λHU

may be one of the markers reflecting the inflammatory state of
PCAT. However, Eff-Z is not sensitive to FAI40keV and λHU in
reflecting pathological changes of PCAT because of its insufficient
resolution. These findings highlight the potential value of SDCT
in displaying fine changes of PCAT adjacent to plaques that
could not be observed using conventional polychromatic CT.
Our preliminary results suggest that FAI40keV and λHU could
be the novel surrogate image-markers reflecting the remodeling
of PCAT.

Our findings also suggest that PCAT has a better ability to
predict vascular stenosis than overall EAT. The possible reasons
can be interpreted from the following aspects: Firstly, in terms
of pathophysiology, PCAT could act adjacent coronary arteries
directly contributing to the development of atherosclerosis
through secretion of a large number of pro-inflammatory
adipocytokines relating to energy metabolism and causing
inflammation in a paracrine and vasocrine manner more than as
a systemic inflammatory effect (3, 37), whereas EAT attenuation
more reflects the effect of abnormal lipid metabolism on
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TABLE 5 | Cut-off values of PCAT indices and EAT attenuation for the detection of CAD.

Parameters Cut-off value AUC (95% CI) Sensitivity (%) Specificity (%) Accuracy (%)

FAI40keV (HU) −131.8 0.811 (0.769–0.848) 75.2 83.0 80.6

λHU −1.4 0.756 (0.712–0.798) 70.3 79.4 77.2

Eff-Z 6.7 0.646 (0.597–0.693) 42.2 81.6 66.0

FAI120kvp (HU) −83.0 0.731 (0.685–0.774) 73.6 63.5 66.5

EAT attenuation (HU) −87.0 0.614 (0.564–0.662) 67.8 53.9 54.6

AUC, area under the curve.

atherosclerosis, that is, it reflects its role as a visceral fat bank
rather than local inflammatory effects. Additionally, when the
lesion is mainly on a single coronary artery, the predictive value
of global EAT attenuation for vascular stenosis may be weakened
as the peri-coronary fat around normal or non-significantly
stenosis vessels was relatively normal.

Marwan et al. (38) support a hypothesis of different types or
activity of PCAT, the more metabolically active of which might
exert local effects on the coronary vessels, thus contributing
to atherogenesis. The current study showed that FAI40keV was
significantly higher in the maximal stenosis segments with non-
calcified or mixed plaques than those with the calcified plaques
in CAD cases. This may suggest that PCAT surrounding the
atherosclerotic plaques with non-calcified component has higher
metabolically activity. This may be related to the characteristic of
highly inflamed atherosclerotic plaque, which has been discussed
in detail in another separate work of our research team (39).
Interestingly, the opposite results were obtained in non-CAD
cases, which showed that FAI40keV adjacent to non-calcified
plaques was the lowest, although the differences between the
groups were not statistically significant. The reason might be that
low-stage inflammation causing more lipid droplets accumulated
in adipocytes and an increase in cell size (40, 41) in the early stage
of atherosclerotic plaque formation. Previous research (21, 42)
has shown that EAT volume was significantly greater in coronary
segments with non-calcified or mixed plaques compared than
those with calcified plaques. This may lead to the low attenuation
of PCAT adjacent non-calcified plaques. The results seemed to
suggest that the effect of different types of plaque on the adjacent
PCAT is not invariable with the progress of atherosclerosis.

Recent studies (10) show that FAI can non-invasively monitor
the vascular inflammation and the development of CAD in vivo.
Our results demonstrated that FAI40keV was the best predictor
for CAD with the optimal cut-off value of −131.8 HU. FAI40keV
achieved higher AUC, sensitivity and accuracy than other
parameters because of its higher sensitivity in detecting adipose
attenuation differences. And with the degree of atherosclerotic
lesion, FAI40keV tended to increase as mentioned in the above
discussion, which reflected that FAI40keV could detect the subtle
changes of PCAT around the lesions in different stages of
CAD. Monitoring changes in FAI40keV during at different phases
of CAD may help to better understand the mechanism of
PCAT promotes atherogenesis. This may make FAI40keV a new
promising imaging marker to identify and monitor the course
of coronary atherosclerosis. However, there are few studies on

PCAT based on SDCT, and it is difficult for us to compare with
other studies.

Several limitations should be noted. First, this study is only
a single-center retrospective study with limited sample size. The
results need to be verified in a large prospective cohort. Second,
this was a cross-sectional study, with the initial state of the
study subjects unknown, and a longitudinal study would be
more helpful to reveal the relationship between progression of
atherosclerosis and PCAT. And lastly, the optimal cut-offs of
identified need further validation.

CONCLUSIONS

Our preliminary results support the superiority of the FAI
derived from spectral CT images (FAI40keV) along with the slope
of the spectral attenuation curve (λHU) over the corresponding
index from conventional polychromatic CT reconstructions
(FAI120kvp) and EAT attenuation for detecting the pathologic
changes of PCAT during the development and progression of
atherosclerosis. FAI40keV could be a novel dynamic surrogate
imaging marker of vascular inflammation and if its potential
value was further verified in larger clinical trials with outcomes
data, this could be a powerful indicator of a potential occurrence,
development and prognostic information of a coronary lesion.
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Objective: Intravascular ultrasound (IVUS) parameters, for example, minimal lumen area

(MLA) and area stenosis (AS), poorly identified functional intermediate coronary stenosis

(ICS). For detecting functional ICS defined by coronary angiography-derived fractional

flow reserve (caFFR), our study aims to determine whether IVUS parameters integrated

with lesion length (LL) by three-dimensional quantitative coronary analysis (3D-QCA)

could improve diagnostic value.

Methods: A total of 111 patients with 122 ICS lesions in the non-left main artery were

enrolled. MLA and ASwere calculated in all lesions by IVUS. Diameter stenosis (DS%) and

LL were measured by 3D-QCA. caFFR was computed by the proprietary fluid dynamic

algorithm, a caFFR ≤ 0.8 was considered as functional stenosis. Receiver-operating

curve analyses were used to compare the diagnostic accuracy among indices to predict

functional stenoses.

Results: Mean caFFR values in all lesions were 0.86 ± 0.09. Lesions with caFFR ≤ 0.8

showed lower MLA and higher AS (MLA: 3.3 ± 0.8 vs. 4.1 ± 1.2, P = 0.002; AS:

71.3 ± 9.6% vs. 63.5 ± 1.3%, P = 0.007). DS% and LL were more severe in lesions

with caFFR ≤ 0.8 (DS%: 45.5 ± 9.6% vs. 35.5 ± 8.2%, P < 0.001; LL: 31.6 ± 12.9

vs. 21.0 ± 12.8, P < 0.001). caFFR were correlated with MLA, AS, and LL (MLA:

r = 0.36, P < 0.001; AS: r = −0.36, P < 0.001; LL: r = −0.41, P < 0.001).

Moreover, a multiple linear regression analysis demonstrated that MLA (β = 0.218,

P = 0.013), AS (β = −0.197, P = 0.029), and LL (β = −0.306, P > 0.001) contributed

significantly to the variation in caFFR. The best cutoff value of MLA, AS, and LL for

predicting caFFR ≤ 0.8 were 3.6 mm2, 73%, and 26mm, with area under the curve

(AUC) of 0.714, 0.688, and 0.767, respectively. Combined with MLA, AS, and LL for

identifying functional ICS, the accuracy was the highest among study methods (AUC:

0.845, P < 0.001), and was significantly higher than each single method (All P < 0.05).
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Conclusion: Lesion length can improve the diagnostic accuracy of IVUS-derived

parameters for detecting functional ICS.

Keywords: intravascular ultrasound, computational angiography-derived fractional flow reserve, intermediate

coronary artery stenosis, three dimensional quantitative coronary angiography, diagnostic accuracy

INSTRUCTIONS

Intermediate coronary artery lesion refers to stenoses with 40–
70% of stenosis severity found by coronary angiography (1).
Currently, percutaneous coronary intervention (PCI) is one of
the most common invasive therapeutic techniques worldwide,
showing a tremendous survival benefit in patients with acute
coronary syndromes and patients with significant stenosis
deemed myocardial ischemia (2–4). However, the decision of
revascularization or medical therapy remains controversial in
patients with intermediate coronary stenosis (ICS), in which
the optimal assessment method of these functional significances
was essential.

Functional assessment was essential to explore myocardial
perfusion for ICS lesion. Fractional flow reserve (FFR) is a
validated index for evaluating functional severity of coronary
artery lesions (3, 5). FFR < 0.8 is usually considered as
a positive functional stenosis, which indicates myocardial
ischemia. Functional assessment of ICS by FFR was shown
to be superior to visual assessment for therapeutic strategy-
making (5). However, the use of invasive pressure wire
and induction of hyperemia are required during the
measurement of FFR, causing patient discomfort and
limiting its clinical use (6). In recent years, computational
approaches-derived FFR indices have been developed to
detect functional coronary stenosis noninvasively. FLASH
FFR study showed good diagnostic performance of a novel
coronary angiography-derived FFR (caFFR), with a diagnostic
accuracy of 95.7%, sensitivity of 90.4%, specificity of 98.6%,
and the area under the curve of 0.979, to detect an invasive
FFR ≤ 0.8 (7).

Intravascular ultrasound (IVUS) is a common method to
evaluate functional intermediate stenosis in clinical practice.
However, several studies demonstrated that minimal lumen
area (MLA) and area stenosis (AS) had a weak-moderate
correlation with FFR (1, 8–10). In addition, the best threshold
of IVUS-MLA or IVUS-AS for detecting functional ICS
remains controversial. The accuracy of identifying functional
stenosis by IVUS parameters was not satisfied compared
with FFR.

A previous study reported that lesion length (LL)
calculated with quantitative coronary angiography (QCA)
was associated with myocardial ischemia (11). In this
study, we hypothesized that integrating LL could improve
accuracy for detecting functional ICS. Our study aims to
determine whether IVUS parameters, including MLA and
AS, integrated with LL measured by three-dimensional QCA
(3D-QCA) could improve diagnostic value for detecting
caFFR ≤ 0.8.

METHODS

Study Population
This observational retrospective single-center study enrolled
patients with ICS who underwent IVUS evaluation from
January 2014 to January 2019. ICS was defined as 40–70%
diameter stenosis on visual estimation. Exclude criteria were:
left main coronary artery (LMCA) lesions, bypass graft lesions,
true bifurcation lesions, poor quality of coronary angiogram
precluding caFFR computation (e.g., substantial foreshortening
or overlap of the vessels, absence of two angiographic projections
with the view of at least 30◦ apart, insufficient contrast
flush), ostial lesions in a major artery, and incomplete data of
IVUS parameters.

Study protocol was approved by the independent institutional
ethical committee of the First Affiliated Hospital of Nanjing
Medical University. The study complied with the Declaration
of Helsinki. Written informed consents were obtained from all
participants before examinations.

IVUS Imaging
IVUS imaging was performed after intracoronary administration
of 200 ug nitroglycerin using a 20-MHz phased-array transducer
(Eagle Eye GoldTM) coupled with an imaging console (Volcano,
Rancho Cordova, CA). The transducer was introduced to the
distal portion of target lesions and was pulled back to the
proximal vessel at a speed of 0.5–1.0 mm/s. MLA was analyzed
at the site of most stenosis with the smallest lumen area. The
reference vessel cross-sectional area was measured by identifying
the edge of the adventitia. AS was calculated as reference cross-
sectional area minus MLA and divided by reference cross-
sectional area.

caFFR Measurement
The operator who performed caFFR computation (Rainmed
Ltd., Suzhou, China) was blind to IVUS results. To assess
caFFR, two angiographic images of the target vessel excluding
overlapped or foreshortening vessels, separated by at least 30◦

apart were selected to reconstruct a three-dimension (3D) model
of the coronary artery. The model provided 3D-QCA data,
including LL, diameter stenosis fraction (DS%), and flow speed.
Invasive aortic blood pressure was reviewed from the data of
the institutional catheter center and was input to the FlashAngio
console. Resting flow velocities were determined by TIMI Frame
Count and anatomical information was derived from the 3D
model. caFFR were calculated by FlashAngio software with a
proprietary fluid dynamic algorithm. Similar to FFR, a caFFR
of ≤0.8 was considered significant.
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Statistical Analysis
Data distribution was assessed by the Kolgormonov-Smirnov
test. Numerical variables with normal distribution were
presented as the mean ± standard deviation and were
compared by independent sample student’s t-test. Non-
normally distributed continuous variables were presented as
median with interquartile range (IQR) and compared by non-
parametric Mann–Whitney U test. Categorical variables were
calculated using counts and percentages, and were evaluated
by Chi-square test or Fisher exact test as appropriate. The
correlation between caFFR and MLA, AS, and LL was analyzed
by calculating Pearson R correlation coefficients for variables
with normal distribution or Spearman rank’s correlation

coefficients for variables with non-normal distribution.
Linear regression analysis was conducted to evaluate the
effect of MLA, AS, and LL on caFFR. Receiver operation
curves (ROC) analysis was applied to assess the best cutoff
values of MLA, AS, and LL predicting caFFR ≤ 0.8 using
MedCalc (version 18.2.1, Mariakerke, Belgium). The best
cutoff value was calculated using the Youden index. Sensitivity,
specificity, positive predictive value, and negative predictive
value with 95% confidence intervals were determined for each
cutoff value. The combined diagnostic power of MLA, AS,
and LL was estimated with ROC by adding a new variable
calculating by binary logistic regression. P < 0.05 was considered
statistically significant. Statistical analyses were performed by

FIGURE 1 | Flow chart of the study. *Absence of any of MLA or AS. ** Including substantial foreshortening or overlap of the vessels, absence of two angiographic

projection with the view of at least 30◦ apart, insufficient contrast flush, ostial lesions in major artery. ICS, intermediate coronary stenosis; IVUS, intravascular

ultrasounds; LMCA, left main coronary artery; caFFR, computational pressure-flow dynamics derived fractional flow reserve.
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TABLE 1 | Clinical characteristics of patients between the caFFR ≤ 0.8 group and

the caFFR > 0.8 group.

Patient

characteristics

All

N = 111

caFFR ≤ 0.8

N = 22

caFFR > 0.8

N = 89

P value

Age (years) 63.61 ± 0.4 64.31 ± 0.0 63.51 ± 0.6 0.755

Male 79 (71.2) 16 (72.7) 63 (70.8) 0.857

Hypertension 69 (62.2) 16 (72.7) 53 (59.6) 0.254

Diabetes mellitus 24 (21.6) 6 (27.3) 18 (20.3) 0.472

Hyperlipidemia 9(8.1) 1 (4.5) 8 (9.0) 0.685

Stroke 11 (9.9) 5 (22.7) 6 (6.7) 0.025

Smoking 41 (36.9) 12 (54.5) 29 (32.6) 0.056

Previous PCI 7 (6.3) 3 (13.6) 4 (4.5) 0.138

LVEF (%) 63.54 ± 0.6 62.46 ± 0.9 63.74 ± 0.1 0.347

Diagnoses 0.171

SAP 40 (36.0) 12 (54.5) 28 (31.5)

UAP 59(53.2) 8 (36.4) 51 (57.3)

STEMI 9(8.1) 2 (9.1) 7 (7.9)

NSTEMI 3 (2.7) 0 (0) 3 (3.4)

Invasive blood

pressure

SBP (mmHg) 1252 ± 0 1222 ± 1 1252 ± 0 0.500

DBP (mmHg) 821 ± 3 801 ± 5 821 ± 2 0.374

PCI, percutaneous coronary intervention; LVEF, left ventricular ejection fraction; SAP,

stable angina pectoris; UAP, unstable angina pectoris; STEMI, ST segment elevated

myocardial infarction; NSTEMI, non-ST-segment elevated myocardial infarction; SBP,

systolic blood pressure; DBP, diastolic blood pressure.

Statistical Program for Social Sciences 21.0 software (SPSS, Inc.,
Chicago, IL).

RESULTS

Figure 1 shows the flow chart of this study. A total of 185
patients with 216 ICS lesions assessed by IVUS were screened
for eligibility. There were 140 lesions enrolled in the analysis of
caFFR, of which, 111 patients with 122 ICS lesions completed
3D-QCA and caFFR analysis. The main reasons for screening
failure were insufficient IVUS data (65 lesions, 30.1%), LMCA
lesions (11 lesions, 5.1%), and inadequate angiogram quality
(18 lesions, 8.3%).

Clinical characteristics of patients are presented in Table 1.
Mean age was 63.6 ± 10.4 years, 71.2% were male. Risk factors
including hypertension, diabetes mellitus, hyperlipidemia, and
smoking had no significant differences between the caFFR ≤ 0.8
group and the caFFR> 0.8 group; while stroke wasmore frequent
in patients with caFFR ≤ 0.8. Forty patients were diagnosed
as stable angina pectoris (SAP), 59 as unstable angina pectoris
(UAP), nine as ST-segment elevated myocardial infarction
(STEMI), and three as non-ST-segment elevated myocardial
infarction (NSTEMI). No significant difference of distribution
among the presentation of patients was shown between groups.

Mean caFFR value in all lesions was 0.86 ± 0.09. Lesions with
caFFR ≤ 0.8 showed lower MLA and higher AS compared with

FIGURE 2 | Correlation between caFFR and MLA, AS, and LL.
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TABLE 2 | Lesion characteristics between the caFFR ≤ 0.8 group and the

caFFR > 0.8 group.

Lesion

characteristics

All

N = 122

caFFR ≤ 0.8

N = 24

caFF > 0.8

N = 98

P value

IVUS-parameters

MLA (mm2 ) 4.01 ± 0.2 3.30 ± 0.8 4.11 ± 0.2 0.002

AS (%) 65.11 ± 0.3 71.39 ± 0.6 63.51 ± 0.3 0.007

3D-QCA parameters

Diameter stenosis (%) 37.59 ± 0.4 45.59 ± 0.6 35.58 ± 0.2 <0.001

Lesion length (mm) 23.01 ± 3.5 31.61 ± 2.9 21.01 ± 2.8 <0.001

Flow speed (cm/s) 144.55 ± 2.7 159.34 ± 8.1 140.15 ± 3.3 0.126

Target vessels 1.000

LAD 97 (79.5) 19 (79.2) 78 (79.6)

LCX 6 (4.9) 1 (4.2) 5 (5.1)

RCA 19 (15.6) 4 (16.7) 15 (15.3)

Treatment 0.082

Stenting 52 (42.6) 14 (58.3) 38 (38.8)

Medical treatment

only

70 (57.4) 10 (41.7) 60 (61.2)

caFFR value 0.860 ± 0.09 0.720 ± 0.07 0.890 ± 0.05 <0.001

IVUS, intravascular ultrasound; MLA, minimal lumen area; AS, area stenosis; 3D-QCA,

three-dimensional quantitative coronary angiography; LAD, left anterior descending

branch; LCX, left circumflex artery; RCA, right coronary artery.

TABLE 3 | Linear regression analysis of the effect of MLA, AS, and LL on caFFR.

Univariate analysis Multivariate analysis

Variables β 95% CI P value β 95% CI P value

Intercept 0.924 0.818–1.013 <0.001

MLA 0.361 0.014–0.039 <0.001 0.218 0.004–0.029 0.013

AS 0.352 −0.311–−0.108 <0.001 −0.197 −0.249–−0.014 0.029

LL −0.423 −0.003–−0.001 <0.001 −0.306 −0.003–−0.001 <0.001

β, standardized regression coefficient; CI, confidence interval; MLA, minimal lumen area;

AS, area stenosis; LL, lesion length.

TABLE 4 | Diagnostic value of different variables.

Index Positive

threshold

Area Sen Spe PPV NPV P value

MLA ≤3.6 0.714 75 63 33 91 <0.001

AS >73% 0.688 54 77 36 87 0.002

LL >26 0.767 58 82 44 89 <0.001

MLA+AS+LL 0.845 83 73 44 95 <0.001

MLA, minimal lumen area; AS, area stenosis; LL, lesion length; Sen, sensitivity; Spe,

specificity; PPV, positive predictive value; NPV, negative predictive value.

caFFR > 0.8 (MLA: 3.3± 0.8 vs. 4.1± 1.2, P = 0.002; AS: 71.3±
9.6% vs. 63.5 ± 1.3%, P = 0.007). Diameter stenosis (DS%) and
lesion length (LL) evaluated by 3D-QCA were more severe in the
group of caFFR ≤ 0.8 (DS%: 45.5 ± 9.6% vs. 35.5 ± 8.2%, P <

0.001; LL: 31.6± 12.9 vs. 21.0± 12.8, P < 0.001) (Table 2).

caFFR showed moderate correlations with MLA, AS, and LL
(MLA: r = 0.36, P < 0.001; AS: r = −0.36, P < 0.001; LL:
r = −0.41, P < 0.001) (Figure 2). Moreover, a multiple linear
regression analysis demonstrated that MLA (β = 0.218, P =

0.013), AS (β = −0.197, P = 0.029), and LL (β = −0.306,
P < 0.001) contributed significantly to the variation in caFFR
(Table 3). When defined caFFR ≤ 0.8 as the threshold for
myocardial ischemia, the best cutoff value of MLA to detect
functional ICS was 3.6mm2, with the area under the curve (AUC)
of 0.714, sensitivity of 75%, specificity of 63%, positive predictive
value (PPV) of 33%, and negative predictive value (NPV) of 91%.
In addition, the best cutoff value of AS to identify functional ICS
was 73%, with AUC, sensitivity, specificity, PPV, and NPV of
0.688, 54, 77, 36, and 87%, respectively. The diagnostic accuracy
of LL to determine caFFR≤ 0.8 was ideal (AUC 0.767, sensitivity
58%, specificity 82%, PPV 44%, NPV 89%, P < 0.001).

Moreover, when combined MLA, AS, and LL for identifying
functional ICS, the accuracy was higher than all other single
measures (AUC: 0.845, sensitivity 83%, specificity 73%, PPV
44%, NPV 95%, P < 0.001, Table 4). The ROC showed that
the accuracy of the combined method was significantly higher
compared with every single method alone (Figure 3).

DISCUSSION

The present study correlated IVUS-parameters and LL assessed
by 3D-QCA with caFFR in intermediate stenosis of non-
LMCA. MLA, AS, and LL demonstrated a weak correlation
with caFFR. We identified that MLA ≤ 3.6 mm2, AS >73%,
and LL >26mm as the highest diagnostic accuracy to reveal
functional ICS confirmed by caFFR. The combination of these
three parameters provides an incremental diagnostic accuracy to
each measure separately.

In clinical practice, although IVUS examination is commonly
used for assistingmanagement strategies in ICS lesions, the cutoff
value of the parameters for detecting functional ICS remained
controversial. A previous study suggested that IVUS-MLA ≤ 4
mm2 was considered as functional stenosis which may require
revascularization (12). Ben-Dor et al. identified an MLA < 3.6
mm2 as the best threshold value (AUC 0.70) in lesions with
reference vessels diameter larger than 3.5mm for FFR < 0.8 (1).
Takagi et al. analyzed 51 lesions with coronary stenosis with both
IVUS and FFR, concluding that an MLA < 3.0 mm2 and AS >

60% showed the highest accuracy (AUC 0.74) (13). In this study,
we found that MLA ≤ 3.6 mm2 and AS >73% presented the best
diagnostic power for predicting functional ischemia defined by
caFFR (AUC 0.714 for MLA, AUC 0.688 for AS). The accuracy of
IVUS parameters differed greatly among studies (1, 10, 12). On
the other hand, MLA or AS is one of many factors that influence
coronary flow, which only reflect a single dimensional anatomic
change and could not reflect other factors such as the amount of
segmental lesion (13).

Quantitative angiography-derived parameters correlated
weakly to moderately with functional ICS. Kang et al.
demonstrated a significant but weak correlation between
LL and FFR in lesion with lumen area < 3 mm2 (r = −0.47)
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FIGURE 3 | Receiving operator curve for caFFR and MLA, AS, LL, and their combination.

(9). Naganuma et al. also showed a weak linear correlation
between LL and FFR (r = −0.348) (14). In our study, LL
was weakly correlated with caFFR, which was consistent
with the previous study. Furthermore, our result showed
LL > 26mm powered a functional significance. However,
Kang et al. demonstrated that the best cutoff value of LL
for predicting FFR < 0.8 was 3.1mm (9). In this study, the
mean LL was only 4.6 ± 6.0mm, which could explain the
very low threshold of LL in functional lesions. Lopez-Palop
et al. revealed that long lesions (>20mm) with moderate
angiographic stenosis might be one of the determinants
of functional significance (11). Moreover, Koo studied the
effect of lesion characteristics on the diagnostic performance
of machine learning-based computed tomography-derived
fractional flow reserve (ML-FFR), showing a downward trend
of ML-FFR along with an increase in lesion length (15). Thus,

we concluded that LL should be considered when judging the
benefit of revascularization.

Although MLA, AS, and LL had a certain role in identifying
functional ischemia, their diagnostic efficiency was still of
concern. The FIRST study showed an AUC of 0.65 with an
MLA < 3.07 mm2 to predict FFR < 0.8, which was a quite low
diagnostic power (10). Moreover, Lopez-Palop et al. illustrated a
better diagnostic power of LL in determining FFR < 0.8 (AUC
0.78) (11).

As an essential variable influencing the pressure difference
between the proximal to the distal lesion, MLA subjected to the
heterogeneity of the reference vessel diameter, and the effect of
AS on blood flow should also be considered. Moreover, in the
principle of fluid dynamics (16), LL is a crucial variable affecting
the flow of the vessels. Therefore, a model combining the three
indexes was constructed in our study to acquire higher accuracy.
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After the combination of MLA, AS, and LL, the AUC
elevated to 0.845, which is greater than each index measure
alone. We present a high overall sensitivity of 83% showing
a combined model could identify more positive lesions,
but PPV is only 44%, indicating that revascularization
should be under cautious consideration when the combined
model shows positive results. In this case, physicians need
to obtain more information, like FFR or radionuclide
myocardial perfusion. Furthermore, the specificity of the
combined model is passable, but the NPV is as high as
95% allowing revascularization to be deferred with greater
confidence when MLA is larger, AS is lower, and/or LL is
short enough.

In summary, although anatomic features assessed by IVUS
or 3D-QCA have a certain role in predicting myocardial
ischemia, their accuracy was unsatisfactory in clinical practice.
By integrated MLA, AS, and LL to evaluate overall diagnostic
power, a combined method provides higher accuracy than each
measure alone.

LIMITATIONS

There are several limitations of this study. First, this is a
single center, retrospective study. Although we consecutively
screened eligible patients, around 43.5% of them were
excluded, selective bias was inevitable. Second, the number
of analyzed vessels from LCX or RCA was insufficient.
Finally, caFFR values were assessed offline, aortic pressure
was input with the invasive blood pressure reviewed from
the record of operation. A large multi-center prospective
cohort study with a larger number of LCX and RCA should
be conducted.
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Background: Type 2 diabetes mellitus (T2DM) is a common risk factor for cardiovascular

diseases. The aims of this study were to evaluate the changes in the left ventricular

myocardial work in T2DM patients using the left ventricular pressure-strain loop

(PSL) technique, and to explore the risk factors for the left ventricular myocardial

work impairment.

Methods: Fifty patients with T2DM and 50 normal controls (NCs) were included

in the study. In addition to conventional echocardiography and two-dimensional

speckle tracking echocardiography, the left ventricular myocardial work parameters were

measured using PSL technology.

Results: The absolute value for global longitudinal strain (GLS), global work index (GWI)

and, global constructive work (GCW) were significantly decreased in the T2DM group

(P < 0.05), while the left ventricular ejection fraction (LVEF) was not significantly different

between the T2DM and NC groups. Multivariable linear regression analysis showed that

hemoglobin A1c (HbA1c) was independently related to GWI (β = −0.452, P < 0.05),

while HbA1c and the diabetes duration were independently related to GCW (β =−0.393,

P < 0.05 and β = −0.298, P < 0.05, respectively).

Conclusions: Changes in the left ventricular myocardial systolic function in T2DM

patients were identified using PSL technology. HbA1c was shown to be an independent

risk factor affecting GWI, while HbA1c and diabetes duration were demonstrated to be

independent risk factors affecting GCW.

Keywords: type 2 diabetes mellitus, echocardiography, myocardial work, pressure-strain loop, left ventricle

function
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INTRODUCTION

Diabetes is a common clinical metabolic disease. Type 2 diabetes
mellitus (T2DM) accounts for more than 90% of diabetic
patients (1). The incidence of cardiovascular disease is 2-3 times
higher in T2DM patients compared to healthy individuals (2).
Therefore, the evaluation of left ventricular systolic function
in T2DM patients at an early stage is important for treatment
and prognosis.

Left ventricular ejection fraction (LVEF) and two-dimensional
speckle tracking technology are commonly used to evaluate the
left ventricular systolic function, but these methods are load-
dependent (3). Recently, a new non-invasive left ventricular
pressure-strain loop (PSL) technology has been developed based
on two-dimensional speckle tracking technology to assess the
changes in left ventricular myocardial function. PSL technology
combines the ventricular deformation and pressure, and the
influence of cardiac afterload on traditional myocardial strain
measurement is considered (4–6). Hubert et al. invasively
measured the left ventricular pressure in patients implanted with
a bi-ventricular pace-maker, and blood pressure was measured
by brachial artery cuff-pressure for estimating the left ventricular
pressure. They found that the maximum systolic value was
different between measured and estimated pressures, but the
estimated and measured PSL and global myocardial work
indices were strongly correlated, with an R2

> 0.88. The major
reason is that the temporal integration induces a smoothing of
the difference between measured and estimated works, so the
deducted estimation of left ventricular work is accurate (7).

A previous study showed that the level of hemoglobin
A1c (HbA1c) was independently associated with decreased left
ventricular strain in T2DM patients with preserved LVEF (8).
However, the relationship between HbA1c and left ventricular
PSL parameters in T2DM patients with normal LVEF is unclear.
We hypothesized that HbA1c is independently associated
with left ventricular PSL parameters in T2DM patients with
normal LVEF.

The aims of the present study were to evaluate the changes in
the left ventricular myocardial work in T2DM patients using the
left ventricular PSL technique, and to explore the clinical factors
impairing the left ventricular myocardial work.

METHODS

Study Population
A total of 100 participants were consecutively enrolled in
Fuwai Central China Cardiovascular Hospital between May and
December of 2020, of which 50 were in the T2DM group
(26/24, male/female) and 50 age- and gender-matched healthy
individuals were in the normal control (NC) group (29/21,
male/female) (Figure 1). The inclusion criteria for all T2DM
patients were set according to the 2020 guidelines of the
American Diabetes Association (9). Participants with any one
of the following conditions were excluded: LVEF < 50%, heart
failure, arterial hypertension, valvular heart disease, arrhythmia,
congenital heart disease, or poor ultrasound image quality. In
view of relatively higher incidence of coronary heart disease in

T2DM patients, the recent examination of coronary angiography
or computerized tomography were performed in all participants.
Those who suffered from obvious atherosclerotic stenosis should
also be excluded. The study was approved by the ethics
committee of Fuwai Central China Cardiovascular Hospital and
informed consents was obtained before participation.

Laboratory Analyses
Total cholesterol (TC), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), and HbA1c levels were measured <2
weeks before the echocardiographic evaluation using standard
laboratory techniques. Fasting plasma glucose (FPG) and 2-h
postprandial plasma glucose (2h-PPG) levels were measured in
T2DM patients.

Echocardiographic Examination
Transthoracic echocardiography was performed using a Vivid
E95 system (GE Vingmed Ultrasound AS, Horten, Norway)
equipped with an M5Sc-D probe (1.4-4.6 MHz). All study
participants were scanned in the left lateral position with
continuous electrocardiogram monitoring. Left atrial diameter
(LAD), left ventricular end diastolic diameter (LVDd), left
ventricular end diastolic volume (LVEDV), left ventricular end
systolic diameter (LVDs), left ventricular end systolic volume
(LVESV), and LVEF were measured in the parasternal long-
axis view of the left ventricle. Doppler spectrum images of the
aortic and mitral valves were collected from apical five- and
four-chamber views. Two-dimensional images consisting of three
cardiac cycles from the apical four-, three-, and two-chamber
views were acquired at frame rates between 57 and 68 frames/s
(mean, 65 ± 6 frames/s). All images were stored on a hard disk
for offline analysis.

Left Ventricular Strain and Myocardial
Work Quantification
Echopac version 203 software (GE vingmed ultra sound, Horten,
Norway) was used for image analysis. Three index points
were used to define the mitral annulus and left ventricular
apex at the end-systolic frame in each apical view. Automated
tracking of myocardial motion was performed with the region of
interest adjusted by correcting the endocardial border or width
if necessary. The software calculated global longitudinal strain
(GLS) from the weighted average of the peak systolic longitudinal
strain of the 17 segments. Peak systolic left ventricular pressure
was assumed to be equal to the peak arterial pressure, which
was recorded from the brachial cuff blood pressure measured
immediately before the echocardiographic recordings. A non-
invasive left ventricular pressure curve was constructed using
the strain and blood pressure data, and a normalized reference
curve adjusted according to the duration of isovolumic and
ejection phases defined by the timing of aortic and mitral valve
opening and closing events on Doppler spectrum images (10).
Left ventricular myocardial work parameters was subsequently
computed by the differentiation of the strain values over time
multiplying the instantaneous LV pressure (Figure 2). The
myocardial work parameters are as follows:
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FIGURE 1 | Flow chart of participants inclusion in the T2DM and NC groups. T2DM, type 2 diabetes mellitus; NC, normal control.

FIGURE 2 | Left ventricular myocardial work parameters were measured using the non-invasive PSL technique. Cuff contraction pressure is represented on the

ordinate and longitudinal strain on the abscissa. PSL, pressure-strain loop; GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work;

GWW, global wasted work; GWE, global work efficiency, BP blood pressure.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 October 2021 | Volume 8 | Article 733339160

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Huang et al. Myocardial Work

(1) Global work index (GWI): total work within the area of the
left ventricular PSL calculated from mitral valve closure to
mitral valve opening.

(2) Global constructive work (GCW): work performed by
during left ventricular shortening in systole and lengthening
during the isovolumic relaxation phase.

(3) Global wasted work (GWW): the negative work performed
during left ventricular lengthening in systole and shortening
in isolvolumic relaxation phase.

(4) Global work efficiency (GWE): the percentage of
constructive work divided by the sum of constructive
and wasted work.

TABLE 1 | Statistical comparisons of demographic characteristics and clinical parameters between NC and T2DM groups.

Parameters NC group n = 50 T2DM group n = 50

χ
2 P-value

Male gender, n (%) 29 (58%) 26 (52%) 0.364 0.546

Smoking, n (%) 12 (24%) 14 (28%) 0.208 0.648

t P-value

Age (years) 46.88 ± 10.60 50.20 ± 9.73 −1.632 0.106

BMI (kg/m2 ) 24.32 ± 3.67 26.09 ± 3.80 −2.370 0.020

BSA (m²) 1.72 ± 0.16 1.83 ± 0.24 −2.449 0.016

SBP (mm Hg) 118.84 ± 3.94 120.68 ± 6.00 −1.813 0.073

DBP (mm Hg) 77.70 ± 6.31 79.24 ± 7.40 −1.120 0.265

pulse pressure (mm Hg) 41.14 ± 7.13 41.44 ± 8.85 −0.187 0.852

Heart rate (bpm) 67.82 ± 8.37 71.02 ± 9.41 −1.797 0.075

TC (mmol/L) 4.33 ± 0.61 4.50 ± 1.01 −0.957 0.341

TG (mmol/L) 1.65 ± 0.64 2.17 ± 1.04 −2.296 0.004

LDL-C (mmol/L) 2.48 ± 0.70 2.79 ± 0.66 −2.196 0.030

HbA1c (%) 5.24 ± 0.36 8.06 ± 1.37 −10.350 <0.001

Z P-value

HDL-C (mmol/L) 1.01 (0.30) 1.03 (0.23) −0.259 0.796

FPG (mmol/L) – 7.88 ± 1.49 – –

2h-PPG (mmol/L) – 11.60 ± 2.32 – –

Diabetes duration (years) – 2.50 (9.37) – –

Oral antihyperglycemic agent, n (%) – 23 (46%) – –

Insulin, n (%) – 3 (6%) – –

Oral antihyperglycemic agent + insulin, n (%) – 14 (28%) – –

Complications, n (%) – 11 (22%) – –

Cardiovascular medications, n (%) – 13 (26%) – –

T2DM, type 2 diabetes mellitus; NC, normal control; BMI, body mass index;BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, hemoglobin

A1c; FPG, fasting plasma glucose; 2h-PPG, 2-h postprandial plasma glucose; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol.

TABLE 2 | Statistical comparisons of conventional echocardiographic parameters and GLS between NC and T2DM groups.

Parameters NC group n = 50 T2DM group n = 50

t P-value

LAD (mm) 33.38 ± 3.46 34.62 ± 3.45 −1.795 0.076

LVDd (mm) 45.76 ± 2.62 45.54 ± 2.11 0.463 0.645

LVEDV (ml) 98.00 ± 12.58 96.80 ± 10.68 0.514 0.608

Z P-value

LVDs (mm) 30.00 (2.00) 30.00 (2.00) −0.267 0.790

LVESV (ml) 35.50 (5.00) 35.00 (6.00) −0.253 0.801

LVEF (%) 63.50 (3.25) 62.00 (4.00) 1.552 0.121

GLS (%) −19.50 (3.00) −17.00 (3.00) −4.509 <0.001

T2DM, type 2 diabetes mellitus; NC, normal control; LAD, left atrial diameter; LVDd, left ventricular end diastolic diameter; LVEDV, left ventricular end diastolic volume; LVDs, left ventricular

end systolic diameter; LVESV, left ventricular end systolic volume; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain.
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Statistical Analysis
The statistical analyses were performed using SPSS 26.0 software
(IBM, Armonk, NY, USA). P-value <0.05 was considered
statistically significant. Continuous variables were expressed as
mean ± standard deviation for normally distributed data, or
as median (interquartile range) for non-normally distributed
data. Categorical variables were expressed as frequencies
and percentages.

The statistical analysis was performed using the Student’s
t-test, Mann-Whitney U-test, and χ

2 test as appropriate to
compare the T2DM and NC groups. Pearson’s correlation
coefficient was used for determining the correlation between
GLS and myocardial work parameters. The clinical factors with
P-value <0.05 in univariable linear regression outcomes were
incorporated into the multivariable linear regression analysis
models by means of stepwise selection to detect the independent
predictors of abnormal myocardial function in T2DM patients.
There was nomulticollinearity between variables in thesemodels.
Ten subjects were randomly selected and re-measured the global
myocardial work parameters by two observers. Intra-observer
and inter-observer variability was assessed in 20 randomly
selected subjects using the Bland-Altman analyses.

RESULTS

Study Population Characteristics
Body mass index (BMI), body surface area (BSA), HbA1c, TG,
and LDL-C in the T2DM group were significantly increased
compared to the NC group (P < 0.05) (Table 1). There were no
significant differences in gender, age, heart rate, systolic blood
pressure (SBP), diastolic blood pressure (DBP), TC, HDL-C, and
smoking history between the two groups (P > 0.05).

Comparison of Conventional
Echocardiographic Parameters and GLS
The absolute value of GLS in the T2DM group was significant
lower compared to the NC group (P < 0.05). No significant
difference was observed in LAD, LVDd, LVEDV, LVDs, LVESV,
and LVEF between the T2DM and NC groups (P > 0.05)
(Table 2).

Comparison of Myocardial Work
The GWI and GCW in the T2DM group were significantly
decreased compared to the NC group (P < 0.05) (Table 3;

TABLE 3 | Statistical comparisons of global myocardial work parameters between NC and T2DM groups.

Parameters NC group n = 50 T2DM group n = 50

t P-value

GWI (mm Hg%) 1899.84 ± 173.47 1712.80 ± 249.44 4.353 <0.001

GCW (mm Hg%) 2151.08 ± 196.17 1934.58 ± 266.64 4.625 <0.001

Z P-value

GWW (mm Hg%) 34.50 (26.50) 45.00 (38.50) −1.421 0.155

GWE (%) 98.00 (1.00) 97.00 (2.00) −1.848 0.065

T2DM, type 2 diabetes mellitus; NC, normal control; GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency.

FIGURE 3 | Differential changes of myocardial work parameters between NC and T2DM groups. (A) Differential changes of GWI between NC and T2DM groups. (B)

Differential changes of GCW between NC and T2DM groups.T2DM, type 2 diabetes mellitus; NC, normal control; GWI, global work index; GCW, global constructive

work.
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FIGURE 4 | Correlation between myocardial work parameters and GLS. (A) Correlation between GWI and GSL. (B) Correlation between GCW and GSL. PSL,

pressure-strain loop; GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work.

TABLE 4 | Univariable and multivariable linear regression analysis of GWI in T2DM patients.

Univariable analysis Multivariable analysis

β P–value β P–value

Age (years) −0.065 0.654 – –

BSA (m2) −0.340 0.016 – –

Heart rate (bpm) −0.191 0.183 – –

SBP (mm Hg) 0.178 0.217 – –

DBP (mm Hg) −0.130 0.367 – –

Pulse pressure (mm Hg) 0.229 0.109 – –

TC (mmol/L) −0.209 0.149 – –

TG (mmol/L) 0.060 0.677 – –

HDL–C (mmol/L) 0.123 0.397 – –

LDL–C (mmol/L) −0.205 0.152 – –

HbA1c (%) −0.452 0.001 −0.452 −0.001

FPG (mmol/L) −0.304 0.032 – –

2h–PPG (mmol/L) −0.124 0.391 – –

Diabetes duration (years) −0.357 0.011 – –

R2 0.204

Adjusted R2 0.187

T2DM, type 2 diabetes mellitus; BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, hemoglobin A1c; FPG, fasting plasma glucose; 2h–PPG,

2–h postprandial plasma glucose; TG, triglyceride; TC, total cholesterol; HDL–C, high–density lipoprotein cholesterol; LDL–C, low–density lipoprotein cholesterol; GWI, global work

index; R2, coefficient of determination; β, standardized regression coefficients.

Figure 3). However, there were no significant differences in
GWW and GWE between the two groups (P > 0.05).

Correlation Between GLS and Myocardial
Work Parameters
GLS showed a good correlationwithGWI andGCW (r=−0.795,
P < 0.001 and r =−0.809, P < 0.001, respectively) (Figure 4).

Risk Factor Analysis for Left Ventricular
Myocardial Work Impairment in T2DM
Patients
BSA, HbA1c, FPG, and diabetes duration were incorporated
into the multivariate linear regression model of GWI and GCW
by means of stepwise selection based on the univariate linear

regression analysis results. HbA1c was independently associated
with GWI, while HbA1c and the diabetes duration were
independently associated with GCW (P < 0.05) (Tables 4, 5).

Reproducibility Test
Intra-observer and inter-observer variability for global
myocardial work parameters are summarized in Table 6. Bland-
Altman analyses showed good repeatability and reproducibility
in global myocardial work parameters.

DISCUSSION

Themain findings of this study showed that GWI and GCWwere
significantly different between the NC and T2DM groups. PSL

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 October 2021 | Volume 8 | Article 733339163

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Huang et al. Myocardial Work

TABLE 5 | Univariable and multivariable linear regression analysis of GCW in T2DM patients.

Univariable analysis Multivariable analysis

β P-value β P-value

Age (years) −0.192 0.183 – –

BSA (m2) −0.355 0.011 – –

Heart rate (bpm) −0.135 0.349 – –

SBP (mm Hg) 0.210 0.143 - –

DBP (mm Hg) −0.080 0.579 – –

Pulse pressure (mm Hg) 0.209 0.144 – –

TC (mmol/L) −0.130 0.369 – –

TG (mmol/L) 0.123 0.395 – –

HDL-C (mmol/L) 0.125 0.385 – –

LDL-C (mmol/L) −0.206 0.151 – –

HbA1c (%) −0.517 <0.001 −0.393 0.004

FPG (mmol/L) −0.347 0.013 – –

2h-PPG (mmol/L) −0.153 0.289 – –

Diabetes duration (years) −0.461 0.001 −0.298 0.027

R2 0.340

Adjusted R2 0.312

T2DM, type 2 diabetes mellitus; BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, hemoglobin A1c; FPG, fasting plasma glucose; 2h-PPG,

2-h postprandial plasma glucose; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; GCW, global constructive

work; R2, coefficient of determination; β, standardized regression coefficients.

TABLE 6 | Repeatability and reproducibility of myocardial work parameters.

Parameters Mean ± SD Mean ± SD Bias 95%LOA

Intraobserver

GWI (mm Hg%) 1,784.70 ± 248.05 1,797.40 ± 239.75 20.70 −50.57–91.97

GCW (mm Hg%) 1,965.95 ± 262.88 2,009.05 ± 262.523 43.10 −128.58–214.78

GWW (mm Hg%) 36.65 ± 15.28 39.90 ± 16.37 3.25 −4.96–11.46

GWE (%) 97.40 ± 0.88 97.45 ± 0.76 0.05 −0.95–1.05

Interobserver

GWI (mm Hg%) 1,784.70 ± 248.05 1,783.65 ± 220.39 −8.35 −128.20–111.50

GCW (mm Hg%) 1,965.95 ± 262.88 1,991.60 ± 258.02 25.65 −110.66–161.96

GWW (mm Hg%) 36.65 ± 15.28 38.75 ± 12.78 2.30 −10.29–14.89

GWE (%) 97.40 ± 0.88 97.25 ± 0.79 −0.15 −1.11–0.81

SD, standard deviation; LOA, limits of agreement; SD, standard deviation. GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency.

technology was able to assess the impairment of left ventricular
systolic function in T2DM patients. Multivariable linear
regression analysis confirmed that HbA1c was independently
related to GWI, while HbA1c and diabetes duration were
independently related to GCW.

The HbA1c level in the T2DM group was higher than that
in the NC group. HbA1c has been widely used as an indicator
of diabetes control and it is correlated with FPG and 2h-PPG
(11, 12). T2DM patients often suffer from insulin deficiency or
insulin resistance, and the body fails to make full use of glucose
to produce energy. Then, the lipid and protein metabolism is
enhanced, resulting in weight loss. However, our results showed
that the BMI in the T2DM group was higher than that in the

NC group. This finding may be related to individual lifestyle and
medication regimen (13). In addition, the levels of TG and LDL-
C in the T2DM group were higher than those in the NC group.
The free fatty acids produced by TG were able to further reduce
insulin sensitivity, forming a vicious circle between TG levels and
insulin resistance (14–16).

The absolute value of GLS in the T2DM group was
lower compared to that in the NC group, while the LVEF
was similar. Consistent with previous studies (17, 18), this
result indicates that the left ventricular longitudinal systolic
function is impaired in T2DM patients, and GLS is more
sensitive than LVEF in reflecting the subtle change in
myocardial function.
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Several prior studies have shown that T2DM is closely
related to vascular arteriosclerosis, which can elevate pulse
pressure (19, 20). A widened pulse pressure may increase
left ventricular afterload (21). Tadic M et al. found GWI
was higher in hypertensive patients than in controls, and
even higher in subjects with both hypertension and diabetes
(22). Interestingly, our results showed GWI and GCW in
T2DM patients were significantly reduced. This finding may
be related to pulse pressure. We have excluded patients
with hypertension in our study. Our results showed that
there was no significant difference in pulse pressure between
NC and T2DM groups. Therefore, the increase of the left
ventricular afterload and the compensatory increase of the left
ventricular pump function were insignificant. In our study,
there was no significant difference in LVEF between T2DM
patients and normal control group, but the absolute value
of GLS, GWI, and GCW were significantly decreased in the
T2DM group. Considering the influence of afterload on strain
measurement results, PSL technology combined with ventricular
strain and arterial pressure is more accurate in evaluating left
ventricular systolic function than using GLS technology alone
(23). Oberhoffer FS et al. showed that blood pressure and
GLS were not significantly difference between Turner syndrome
patients and healthy controls, but the GWI and GCW were
significantly higher in Turner syndrome patients (24). Therefore,
PSL technology is more sensitive and comprehensive than global
strain and LVEF in evaluating early impairment of ventricular
function. We also found that GLS have a good correlation
with GWI and GCW. Reproducibility testing results for GWI,
GCW, GWW, and GWE in the present study suggested a
good repeatability.

HbA1c is an independent risk factor affecting GWI,
while HbA1c and the diabetes duration are the independent
risk factors affecting GCW, which may be related to the
long-term hyperglycaemic environment. The potentially
pathogenic conditions, such as endothelial dysfunction
and oxidative stress, may impair the left ventricular
systolic function (25–27). Previous studies have shown
that diabetes duration is independently related to left
ventricular diastolic dysfunction (28, 29). Another important
finding in the present study was that the diabetes duration
is independently related to GCW, further confirming
that the diabetes course can also lead to left ventricular
systolic dysfunction.

LIMITATIONS

The limitations of this study are as follows. The present
investigation was a cross-sectional research study performed
at a single center with a relatively small sample size. PSL
technology is based on two-dimensional speckle tracking
imaging, which requires a high-quality ultrasound image. The
follow-up data for prognostic effects in T2DM patients are
lacking, so the relationship between PSL related parameters

and left ventricular systolic dysfunction needs further
longitudinal study.

CONCLUSIONS

In conclusion, combined with the cardiac afterload, PSL
technology can evaluate the changes in the left ventricular
myocardial systolic function in T2DM patients with normal
LVEF. HbA1c is an independent risk factor affecting GWI,
while HbA1c and diabetes duration are the independent risk
factors affecting GCW. Therefore, T2DM patients should be
treated as soon as possible and the HbA1c level should be
strictly controlled.
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et al. Impact of acute hyperglycemia on layer-specific left ventricular strain

in asymptomatic diabetic patients: an analysis based on two-dimensional
speckle tracking echocardiography. Cardiovasc Diabetol. (2019) 18:68–
79. doi: 10.1186/s12933-019-0876-3

18. Vukomanovic V, Suzic-Lazic J, Celic V, Cuspidi C, Petrovic T, Grassi G,
et al. The relationship between functional capacity and left ventricular strain
in patients with uncomplicated type 2 diabetes. J Hypertens. (2019) 37:1871–
6. doi: 10.1097/HJH.0000000000002125

19. Jankowski P, Bilo G, Kawecka-Jaszcz K. The pulsatile component of blood
pressure: its role in the pathogenesis of atherosclerosis. Blood Press. (2007)
16:238–45. doi: 10.1080/08037050701428166

20. Prenner SB, Chirinos JA. Arterial stiffness in diabetes mellitus. Atherosclerosis.
(2015) 238:370–9. doi: 10.1016/j.atherosclerosis.2014.12.023

21. Glasser SP, Krasikov T, Devereux RB, Oberman A, Patki A, Kitzman DW,
et al. Subclinical, hemodynamic, and echocardiographic abnormalities of high
pulse pressure in hypertensive and non-hypertensive adults. Am J Cardiovasc

Dis. (2012) 2:309–17.
22. Tadic M, Cuspidi C, Pencic B, Grassi G, Celic V. Myocardial work in

hypertensive patients with and without diabetes: an echocardiographic study.
J Clin Hypertens. (2020) 22:2121–7. doi: 10.1111/jch.14053

23. Smiseth OA, Donal E, Penicka M, Sletten OJ. How to measure left ventricular
myocardial work by pressure–strain loops. Eur Heart J Cardiovasc Imaging.
(2020) 22:259–61. doi: 10.1093/ehjci/jeaa301

24. Oberhoffer FS, Abdul-Khaliq H, Jung AM, Zemlin M, Rohrer TR,
Abd El Rahman M. Assessment of left ventricular myocardial work in
Turner syndrome patients: insights from the novel non-invasive pressure-
strain loop analysis method. Quant Imaging Med Surg. (2020) 10:15–
25. doi: 10.21037/qims.2019.09.19

25. Parim B, Sathibabu Uddandrao VV, Saravanan G. Diabetic cardiomyopathy:
molecular mechanisms, detrimental effects of conventional treatment, and
beneficial effects of natural therapy. Heart Fail Rev. (2019) 24:279–
99. doi: 10.1007/s10741-018-9749-1

26. Zamora M, Villena JA. Contribution of impaired insulin signaling to
the pathogenesis of diabetic cardiomyopathy. Int J Mol Sci. (2019)
20:2833. doi: 10.3390/ijms20112833

27. Mochizuki Y, Tanaka H, Matsumoto K, Sano H, Toki
H, Shimoura H, et al. Clinical features of subclinical left
ventricular systolic dysfunction in patients with diabetes mellitus.
Cardiovasc Diabetol. (2015) 14:37–46. doi: 10.1186/s12933-015-
0201-8

28. Bajraktari G, Qirko S, Rexhepaj N, Bakalli A, Beqiri A, Elezi S, et al. Non-
insulin dependent diabetes as an independent predictor of asymptomatic left
ventricular diastolic dysfunction. Croat Med J. (2005) 46:225–31.

29. Kim Y, Shin MS, Kim YS, Kang WC, Kim BR, Moon J, et al. The impact
of diabetes duration on left ventricular diastolic function and cardiovascular
disease. Postgrad Med J. (2012) 88:189–93. doi: 10.1136/postgradmedj-2011-1
30439

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Huang, Cui, Zheng, Li, Liu, Hu, Wang, Liu and Liu. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 October 2021 | Volume 8 | Article 733339166

https://doi.org/10.1155/2020/3069867
https://doi.org/10.1007/s10554-020-01833-5
https://doi.org/10.1016/j.ultrasmedbio.2020.06.008
https://doi.org/10.1093/ehjci/jez203
https://doi.org/10.1093/ehjci/jeaa162
https://doi.org/10.3389/fcvm.2021.669335
https://doi.org/10.1093/ehjci/jey024
https://doi.org/10.1016/j.echo.2013.02.016
https://doi.org/10.2337/dc21-S002
https://doi.org/10.1016/j.echo.2019.05.002
https://doi.org/10.1186/s13690-015-0088-6
https://doi.org/10.4103/0973-3930.60002
https://doi.org/10.1016/j.diabres.2004.07.005
https://doi.org/10.1186/s12944-020-01403-7
https://doi.org/10.1186/s12933-020-01210-5
https://doi.org/10.3389/fcvm.2021.599545
https://doi.org/10.1186/s12933-019-0876-3
https://doi.org/10.1097/HJH.0000000000002125
https://doi.org/10.1080/08037050701428166
https://doi.org/10.1016/j.atherosclerosis.2014.12.023
https://doi.org/10.1111/jch.14053
https://doi.org/10.1093/ehjci/jeaa301
https://doi.org/10.21037/qims.2019.09.19
https://doi.org/10.1007/s10741-018-9749-1
https://doi.org/10.3390/ijms20112833
https://doi.org/10.1186/s12933-015-0201-8
https://doi.org/10.1136/postgradmedj-2011-130439
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Qualitative and Quantitative
Assessments of Blood Flow on Tears
in Type B Aortic Dissection With
Different Morphologies
Simone Saitta1,2†, Baolei Guo3*†, Selene Pirola1, Claudia Menichini 1, Daqiao Guo3,
Yan Shan4, Zhihui Dong3, Xiao Yun Xu1* and Weiguo Fu3*

1Department of Chemical Engineering, Imperial College London, London, United Kingdom, 2Department of Electronics
Information and Bioengineering, Politecnico di Milano, Milan, Italy, 3Department of Vascular Surgery, Zhongshan Hospital,
Institute of Vascular Surgery, Fudan University, Shanghai, China, 4Department of Radiology, Zhongshan Hospital, Fudan
University, Shanghai, China

Objective: The interactions between aortic morphology and hemodynamics play a key
role in determining type B aortic dissection (TBAD) progression and remodeling. The study
aimed to provide qualitative and quantitative hemodynamic assessment in four different
TBAD morphologies based on 4D flow MRI analysis.

Materials and Methods: Four patients with different TBAD morphologies underwent CT
and 4D flow MRI scans. Qualitative blood flow evaluation was performed by visualizing
velocity streamlines and flow directionality near the tears. Quantitative analysis included
flow rate, velocity and reverse flow index (RFI) measurements. Statistical analysis was
performed to evaluate hemodynamic differences between the true lumen (TL) and false
lumen (FL) of patients.

Results: Qualitative analysis revealed blood flow splitting near the primary entry tears
(PETs), often causing the formation of vortices in the FL. All patients exhibited clear
hemodynamic differences between TL and FL, with the TL generally showing higher
velocities and flow rates, and lower RFIs. Average velocity magnitude measurements were
significantly different for Patient 1 (t � 5.61, p � 0.001), Patient 2 (t � 3.09, p � 0.02) and
Patient 4 (t � 2.81, p � 0.03). At follow-up, Patient three suffered from left renal ischemia
because of FL collapse. This patient presented a complex morphology with two FLs and
marked flow differences between TL and FLs. In Patient 4, left renal artery malperfusion
was observed at the 32-months follow-up, due to FL thrombosis growing after PET repair.

Conclusion: The study demonstrates the clinical feasibility of using 4D flow MRI in the
context of TBAD. Detailed patient-specific hemodynamics assessment before treatment
may provide useful insights to better understand this pathology in the future.

Keywords: type B aortic dissection, 4D flow MRI, aortic remodeling, flow imaging, thoracic endovascular aortic
repair (TEVAR)
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INTRODUCTION

Approximately 30% of patients with aortic dissection have one or
more ischemic complications of the peripheral vasculature,
including stroke, paraplegia, loss of peripheral pulses, and
compromised renal or mesenteric perfusion (Nienaber et al.,
2016). With regards to Stanford type B aortic dissection
(TBAD), the presence of a dissecting aneurysm or the
occurrence of organ ischemia requires immediate treatment. In
recent years, primary entry closure with thoracic endovascular
aortic repair (TEVAR) has been performed as the first-line
strategy for complicated TBAD (Nienaber et al., 2013). The
primary goal of TEVAR is to reduce flow and pressure in the
false lumen (FL). Aortic remodeling is facilitated in most cases,
causing the FL to regress and thrombose (Nienaber et al., 2013).
However, this is a highly complex pathology and each dissection
has the anatomical morphology of its own, with different
dissection propagation lengths, numbers of secondary tears,
volumes of true lumen (TL) and FL and even some cases with
multiple FLs. These morphological features are of critical
importance for aortic remodeling in both acute and chronic
dissections and are strictly related to hemodynamics (Xu et al.,
2017).

Limited by the complex interactions between hemodynamics
and geometry in TBAD, little effort has been spent on
understanding the hemodynamic mechanisms leading to
visceral ischemia and asymptomatic cases with malperfusion
following the primary entry tear (PET) closure. Moreover,
current risk stratification methods rely on anatomic rather
than hemodynamic characteristics (Evangelista et al., 2012;
Allen et al., 2019). Incorporating hemodynamics in patient
risk stratification could improve TBAD development
predictions and, eventually, treatment (François et al., 2013).

Until recently, hemodynamic parameters could not be easily
measured, and patient-specific flow alterations are not yet clearly
understood. Sophisticated numerical simulations studies have
evaluated blood flow in TBAD using computational fluid
dynamics (CFD) and four-dimensional phase-contrast
magnetic resonance imaging (4D flow MRI) (Pirola et al.,
2019). In particular, 4D flow MRI allows to measure blood
flow velocities in the aorta at any anatomic location of interest
(Markl et al., 2016), enabling quantitative functional assessment
of blood flow (Youssefi et al., 2017; Soulat et al., 2020). Based on
this imaging technique, previous studies have demonstrated the
feasibility of evaluating hemodynamic alterations in the TL and
FL (François et al., 2013; Liu et al., 2018; Allen et al., 2019). These
similar studies provide valuable information about the complex
hemodynamics involved in TBAD. Nonetheless, they did not
provide insights into how much hemodynamics can vary among
patients with different aortic morphologies. In fact, despite the
constant research efforts, the complex interactions between
patient-specific hemodynamics and aortic morphology make it
difficult to fully understand the causalities of this disease and to
relate such factors to TBAD progression. It is thus necessary to
further investigate patient-specific TL and FL hemodynamic
alterations. Accordingly, 4D flow MRI assessment of blood
flow in TBADs may improve patient risk assessment and

allow additional procedures to be targeted to patients with
organ malperfusion (Adriaans et al., 2019; Zilber et al., 2021).

In the present study, four acute TBAD patients with different
aortic morphologies were evaluated through 4D flow MRI
analysis and aortic remodeling after TEVAR was assessed at
12-, 24- or 32 months follow-up. The main goal of this study
was to analyze pre-TEVAR blood flow dynamics in the TL and FL
of a diverse set of aortic morphologies, with special attention to
flow distributions at the entry/re-entry tear (RT) sites.
Additionally, we provide new insights into the possible
relationships between pre-TEVAR aortic hemodynamics and
aortic remodeling that occurred following TEVAR, suggesting
that lower FL flow rates concurrently with branch vessel
perfusion through RTs may represent a risk factor for the
development of malperfusion after TEVAR.

MATERIALS AND METHODS

Study Design
In this study, a total of four patients (45–59 years-old, 3 males and
1 female) with acute complicated TBAD were included.
Preoperative computed tomography (CT) and 4D flow MRI
scans were performed on all patients. Different aortic
morphologies were observed among the four cases during CT
imaging analysis. The geometric parameters before TEVAR are
reported in Table 1. This study was approved by the Ethics
Committee of Zhongshan Hospital, Fudan University, Shanghai,
China (Ethics approval number Y2017-056).

Computed tomography Scanning Protocol
and Post-Processing
Patients underwent CT scans using a 320-row volumetric scanner
(Aquilion ONE, ToshibaMedical System, Japan), generating axial
images with 0.7 mm isotropic pixel spacing and 1 mm-thick
sections from the top of the aortic arch to the bilateral iliac
artery. Non-ionic contrast agent iopamidol 370 (iopamidol,
Bracco, Milan, Italy) of 1.2 ml/kg followed by a saline flush of
25 ml was administered via antecubital vein using an automated
injection system (Vistron CT Injection System, Medrad,
Warrendale, PA, United States) at a flow rate of 4 ml/s. The
trigger threshold was set at 200 HU (Aquilion ONE) within
the descending aorta. For all patients, manual segmentation of
the aortic geometries was performed by an expert operator using
3D Slicer (Kikinis et al., 2014). 3D renderings of the aortic
anatomies are shown in Figure 1 together with tear locations
and stent-graft positioning at follow-up. A set of geometric
measurements associated with TBAD were taken from the CT
images; these included PET area, re-entry tear (RT) maximum
diameter, maximum FL cross-sectional area and TL and FL
volumes. Perfusion of celiac artery, superior mesenteric artery,
right and left renal arteries was assessed.

Geometric measurements taken from CT scans are reported in
Table 1. For Patient 4, the FL covered a large portion of the abdominal
aorta, even below the iliac bifurcation; therefore, TL and FL volumes
were calculated from the PET to the celiac artery (CA) root.
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4D Flow MRI Acquisition and
Post-processing
4D flow MRI images were acquired using a 3-T clinical MR
scanner (Magnetom Avanto; Siemens Medical Solutions,
Erlangen, Germany) using the following parameters: flip angle
7°; velocity encoding 150 cm/s in all directions; spatial resolution
1.85 × 1.85 × 2.5 mm3; and temporal resolution 47–61 ms.
Retrospective electrocardiographic gating was used to
reconstruct 12–20 frames/cardiac cycle. Using custom-built
MATLAB code, the volumes segmented from CT scans were
registered onto the 4D flow image volumes (Saitta et al., 2019).
Data were visualized and further post-processed with Paraview
(Kitware, NY, United States). Five cross-sectional planes were
selected along the aorta for hemodynamics quantification
(Figure 2).

Endovascular Procedures
TEVAR was performed on all patients under general anesthesia
using Valiant Capitivia (Medtronic, Minneapolis, MN) or
C-TAG (W. L. Gore & Associates, Flagstaff, AZ) through the
unilateral common femoral artery with a percutaneous puncture
secured by two ProGlide stitches (Abbott Vascular, Abbott Park,
IL). As previously reported (Guo et al., 2018), Patient 3, whose CT
scan showed a TBAD with three-channel morphology,
underwent TEVAR with a provisional extension to induce
complete attachment (PETTICOAT) procedure (Melissano
et al., 2012). Endograft oversizing was 0–5% according to the
distance from the adventitia to the proximal landing zone. PETs
were covered with a single 15- to 20 cm-long endograft. The
proximal landing zone in Patient 1 was measured < 15 mm, the
left subclavian artery was intentionally covered, as the right
vertebral artery was patent and the left one was not dominant.

Statistics
Hemodynamic and geometric measurements were entered into
the statistical analysis software GraphPad Prism 8.1 (GraphPad
Software, La Jolla, CA, United States of America). Variations in
mean flow rate, peak flow rate, peak velocity magnitude and
reverse flow index (RFI) in the TL and FL were compared using
the paired t-test. A p-value of less than 0.05 was considered
statistically significant.

RESULTS

Qualitative assessment of blood flow in the four patients was
performed through visualization of streamlines within the aorta
at mid-systole, emphasizing blood flow directionality around the
PETs and RTs (Figure 3). Quantitative analysis of blood flow
included the calculation of plane-averaged velocity magnitude,
peak flow rate, peak velocity magnitude and RFI at five cross-
sections along the aorta (Figure 2).

4D Flow-Based Qualitative Assessment
For all patients, visualization of streamlines revealed a clear
difference in blood flow velocities within TL and FL, with TLs
experiencing generally higher velocities. In Patient 1, flow
patterns observed around the PET revealed the presence of a
flow split, with a higher TL velocity due to compression, and
lower velocity recirculating around the tear and entering the FL
(Figure 3). Distal to the PET, no secondary tears were present,
resulting in little flow disturbance in the TL. Blood flow
acceleration was observed around the RET, with the formation
of a high velocity stream re-entering the TL and causing helical
flow formation.

In Patient 2, streamlines visualization showed a high velocity
jet across the PET. This caused rapid deceleration of the flow jet in
the proximal FL through the formation of vortical flow. Distal to
the PET, the TL experienced significantly higher velocities due
to the curvature of the aorta. In this case, both the CA and the
superior mesenteric artery (SMA) were perfused by the FL. High
velocity flow was observed entering the SMA from the FL through
a re-entry tear (Figure 3).

Patient 3 featured a stark difference between FLs and TL in
blood flow velocity along the aorta (Figure 3). In this case, the
high velocity flow crossing the PET split three-ways, entering
both FL1 and FL2 through the connected intimal tears. The high
velocity flow leaving the TL and perfusing the SMA is shown in
Figure 3; at this location, a re-entry tear (from FL1 to TL) was
present.

Patient 4 presented a dissection with the PET located distal to
the aortic arch. The high velocity flow in the TL at the arch and
proximal to the PET entered the FL hitting the outer wall. A
portion of the flow filled the upper region of the FL and the other

TABLE 1 | Aortic dissection morphologic measurements of interest for the four patients.

Geometric variable Patient 1 Patient 2 Patient 3 Patient 4

PET maximum diameter (mm) 22 10 4 (FL1) + 5 (FL2) 11.3
RT maximum diameter (mm) 10.01 (RT1) 4.89 (RT1) 9.31 (RT1; FL1 to TL) 4.24 (RT1)

7.03 (RT2)4.66 (RT2)
4.91 (RT3)

Celiac artery TL FL TL FL
Superior mesenteric artery TL FL TL TL
Right renal artery FL TL TL TL
Left renal artery TL TL + FL TL (dynamic ischemia) FL
Maximum FL cross-sectional area (mm2) 684 467 305 (FL1) + 827 (FL2) 970
TL volume (cm3) 18 49.1 44.8 86.0
FL volume (cm3) 81 143 64.3 (FL1), 159.4 (FL2) 198.7

FL, false lumen; PET, primary entry tear; RT, re-entry tear; TL, true lumen.
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FIGURE 1 | Aortic reconstructions (Left) pre-TEVAR volumetric aortic reconstructions for the four patients with selected cross-sections to point the visible primary
entry tears (PET), re-entry tears (RT), true lumens (TL) and false lumens (FL) (Right) post-TEVAR volumetric aortic reconstructions for the four patients at 12-, 24- and
32 months follow-ups, respectively.
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portion flowed downstream. Stagnant flow was visible in the
upper FL region (light blue streamline region in Figure 3).

4D Flow MRI-Based Quantitative
Assessment
Hemodynamic quantities of interest calculated on the five
selected planes are reported in Table 2. For each plane, flow
rate was calculated by taking the dot product between velocity
and normal vectors and integrating the result over the plane area.
In this way, a flow rate waveform was obtained for the cardiac
cycle, from which peak and average values were computed. RFI
was calculated as the fraction of negative area of the flow rate
curve over the whole area under the curve (Birjiniuk et al., 2020).

RFI �
∣∣∣∣∣ ∫T

0
Qrdt

∣∣∣∣∣∣∣∣∣∣ ∫T

0
Qadt

∣∣∣∣∣ + ∣∣∣∣∣ ∫T

0
Qrdt

∣∣∣∣∣ × 100%, (1)

where Qr and Qa are the total retrograde and antegrade flow rates,
and T is the cardiac cycle period. Flowrate waveforms over time for
planes 2 and 5 are plotted in Figure 4 for both TLs and FLs of the four
patients.

On plane 1, proximal to the PET, the measured average velocity
magnitudes varied between 10 and 22.7 cm/s. Null RFIs were found
on plane 1 for Patients 1, 2 and 3, while a RFI � 6.3%was found for
Patient 4. Such detail can also be appreciated in Figure 4, where
null RFIs correspond to TL flow rate curves staying above the
horizontal axis for the whole cardiac cycle.

For Patient 1, differences between TL and FL average velocity
magnitudes increased with the distance from the PET and were
equal to 3.85, 5.55, 5.99 and 6.30 cm/s for planes 2, 3, 4 and 5
respectively. Through all selected planes, peak flow rate values
were larger in the FL than in the TL, with differences ranging
from 0.19 to 1.76 L/min. TL peak velocity magnitudes were
greater than FL values by 6.21, 5.69, 3.53 and 7.43 cm/s for
planes 2, 3, 4 and 5, respectively.

For Patient 2, TL average velocity magnitudes were higher than FL
values by 10.0, 3.93, 2.30 and 8.22 cm/s for planes 2 to 5. Peak flow
rates were consistently higher in the FL, with differences ranging from
−5.89 to −1 L/min. TL peak velocity magnitudes exceeded FL values
by 12.8, 11.4, 6.84, and 17.2 cm/s for planes 2 to 5.

Patient 3 exhibited larger differences in average velocities between
the TL and FL, with values ranging from14.9 (on plane 2) to 114 cm/
s (on plane 5). Peak flow rates were higher in the FL on planes 2 and
4 by 2.53 and 0.46 L/min respectively, whereas they were higher in
the TL on planes 3 and 5 by 1.12 and 4.21 L/min. On all selected
planes, peak velocity magnitudes were higher in the TL, with the
largest difference of 185 cm/s found on plane 5. In this special case of
TBAD, FL1 and FL2 average velocity magnitudes were averaged,
while maximum values were considered for considering peak flow
rates and peak velocity magnitudes.

For Patient 4, average velocity magnitude was higher in the TL
for all planes, with values ranging from 5.06 (on plane 5) to
15.1 cm/s (on plane 4). On planes 2 and 3, TL peak flow rates were
higher than FL values by 11.6 and 0.35 L/min, while on planes 4
and 5, FL values where greater than TL ones by 0.85 and 0.67 L/
min, respectively. On all planes, peak velocity magnitudes were
higher in the TL than in the FL, with differences ranging from
0.840 (on plane 3) to 92.2 cm/s (on plane 4).

Note that, given a VENC of 150 cm/s, fluid regions
characterized by lower velocities are affected by noise in the
velocity measurement around 7.50 cm/s (at 5% VENC).

False Lumens Retrograde Flow Analysis
Differences between TL and FL can be visualized in Figure 4,
where flow rates over time through planes 2 and 5 are plotted for
the four patients. Negative flow rate curve areas correspond to
non-zero RFI values. Patient 1 had null retrograde flow in the TL
throughout the whole cardiac cycle. Retrograde flow in the FL
during diastole resulted in 11.7 and 15% RFIs through planes 2
and 5. For Patient 2, a 7.5% RFI through plane 2 in the FL
corresponded to retrograde flow during diastole, while a RFI of

FIGURE 2 | Cross-sections exemplification for post-processing (Right) Exemplification of the five cross-sectional planes selected along the aorta for 4D flow MRI
analysis (Left) Volumetric reconstruction of a post-TEVAR aortic geometry (Patient 1) with stent-graft end pointed in red.
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FIGURE 3 | Time averaged velocity streamlines color-coded by velocity magnitude together with 3D aortic reconstructions for the four patients. Text labels
indicating primary entry tears (PETs), true lumen (TL), false lumen (FL), celiac artery (CA) and superior mesenteric artery (SMA) are in white. Enlarged subfigures are shown
at the primary entry tears (dashed green boxes) and re-entry tears (dashed pink boxes) with arrows to emphasize flow directionality.
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zero was found through plane 2 in the TL. An opposite trend was
observed through plane 5, where retrograde diastolic flow was
larger in the TL. TL and FL RFIs were 20 and 5.7%, respectively.
For Patient 3, no retrograde flow was found in the TL across all
planes. Similar flow rate waveforms were found for the two FLs at
plane 5, where a peak value of 0.90 L/min was observed in FL1
and RFIs of 46 and 40% were found for FL1 and FL2, respectively.
Higher FL flow rates were found across plane 2 than plane 5
throughout the cardiac cycle. Such a difference could be
attributed to the fact that plane 2 is close to the PET where
the flow is affected by the higher velocity in the TL.

Flow rate through Patient 4’s plane 2 in the TL displayed the
typical aortic flow waveform, with clearly distinguishable systolic
and diastolic phases. At plane 2, 80% of the total mean flow rate
was carried by the TL and RFI � 0 was found in the FL. With
respect to plane 2, the TL flow rate peak was observed after 0.11 s
on plane 5, where retrograde diastolic flow corresponded to RFIs
of 12.6 and 69.4% for the TL and FL, respectively.

Analysis of retrograde flow fraction revealed that patients 2
and 4 who had visceral branches perfused by the FL had non-zero
RFIs in the TL.

Statistical Analysis: Difference Between
False Lumens and True Lumen
The results of the statistical analysis to evaluate the differences in
hemodynamics between TL and FL are reported in Table 3;
Figure 5. Average velocity magnitude was significantly higher in
the TL for Patient 1 (p < 0.005), Patient 2 (p < 0.05) and Patient 4
(p < 0.05), and higher, but not statistically significant, for Patient
3 (p � 0.08). For Patient 2, peak flow rate was larger in the FL (p <
0.05), whereas for Patient 3 it was found to be greater in the TL
(p < 0.05). For all patients, peak velocity magnitude was higher in
the TL, with statistically significant difference in Patient 1 (p <
0.05) and Patient 2 (p < 0.05). Patient 2 had higher TL RFIs, while
all other patients exhibited greater RFIs in the FL (p < 0.005 for
Patient 1, p < 0.05 for Patient 3 and p � 0.072 for Patient 4).

Aortic Remodeling at Follow-Up
The four patients underwent midterm follow-up (12–32 months) CT
scans (Figure 1). CT imaging demonstrated the good position of all
endografts, obliteration of all FLs in the thoracic aorta, nearly complete
thrombosis of the FLs, expansion of the TL, and no endoleak. In
Patient 1 and Patient 2, the FL was almost thrombosed apart from the

TABLE 2 | Blood flow measurements computed from 4D flow on the selected cross-sectional planes for the four patients.

Variable Patient 1 Patient 2 Patient 3 Patient 4

Average velocity magnitude (cm/s) plane 1 TL 13.2 13.6 22.7 10.0
plane 2 TL 12.3 19.8 23.5 13.1

FL 8.45 9.76 11.8 (FL1), 5.35 (FL2) 2.98
plane 3 TL 10.5 12.3 37.0 9.00

FL 4.95 8.37 14.0 (FL1), 3.76 (FL2) 8.76
plane 4 TL 12.8 12.4 39.6 15.1

FL 6.81 10.1 4.97 (FL1), 6.66 (FL2) 5.10
plane 5 TL 13.5 14.3 124 5.06

FL 7.20 6.08 8.48 (FL1), 10.8 (FL2) 1.22
Peak flow rate (L/min) plane 1 TL 7.54 15.3 11.0 11.5

plane 2 TL 2.35 6.46 7.25 13.0
FL 2.55 8.29 5.73 (FL1), 4.04 (FL2) 1.40

plane 3 TL 2.92 4.01 6.78 6.15
FL 4.69 9.90 2.32 (FL1), 3.29 (FL2) 5.80

plane 4 TL 2.52 4.58 5.19 6.17
FL 4.24 10.0 2.87 (FL1), 2.79 (FL2) 7.03

plane 5 TL 2.36 4.64 5.99 6.29
FL 2.96 5.69 0.87 (FL1), 0.90 (FL2) 6.92

Peak velocity magnitude (cm/s) plane 1 TL 30.8 39.7 40.6 29.9
plane 2 TL 21.7 42.4 44.3 33.5

FL 15.5 29.6 24.9 (FL1), 7.07 (FL2) 4.13
plane 3 TL 21.6 38.8 70.5 23.3

FL 15.9 27.4 24.6 (FL1), 6.72 (FL2) 22.4
plane 4 TL 24.7 41.4 82.8 45.2

FL 21.1 34.5 11.3 (FL1), 12.9 (FL2) 14.3
plane 5 TL 27.1 37.8 208 160

FL 19.6 20.7 15.8 (FL1), 23.0 (FL2) 67.8
Reverse flow fraction (%) plane 1 TL 0 0 0 6.31

plane 2 TL 0 0 0 6.17
FL 11.7 7.51 5.51 (FL1), 0 (FL2) 0

plane 3 TL 0 5.73 0 17.8
FL 22.3 4.54 4.39 (FL1), 51.3 (FL2) 51.5

plane 4 TL 0 10.0 0 7.64
FL 9.37 1.87 3.35 (FL1), 59.4 (FL2) 61.4

plane 5 TL 0 20.3 0 12.6
FL 15.0 5.70 46.0 (FL1), 39.6 (FL2) 69.4

FL, false lumen; TL, true lumen.
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FIGURE 4 | Flow rate waveforms. Time plots of flow rates calculated through planes two and five in the TL and FL for the four patients. Y-axis limits were adjusted to
better show each patient’s waveforms.

TABLE 3 | Comparison of 4D flow analysis in the TL and FL among the four patients.

Variable Patient 1 Patient 2 Patient 3 Patient 4

Average velocity magnitude [cm/s] TL 12.3 ± 1.28 14.7 ± 3.52 56.03 ± 45.9 10.6 ± 4.46
FL 6.85 ± 1.45 8.58 ± 1.83 8.23 ± 1.67c 4.52 ± 3.24
T 5.61 3.09 2.08 2.81
P 0.001a 0.02a 0.08 0.03a

Peak flow rate [L/min] TL 2.54 ± 0.27 4.92 ± 1.06 6.30 ± 0.9 7.91 ± 3.40
FL 3.61 ± 1.02 8.47 ± 2.02 3.20 ± 1.99b 5.29 ± 2.65
T 2.03 3.12 2.85 1.22
P 0.088 0.021a 0.029a 0.27

Peak velocity magnitude [cm/s] TL 23.75 ± 2.62 40.10 ± 2.11 101.4 ± 73 65.5 ± 64
FL 18.04 ± 2.79 28.05 ± 5.74 21.35 ± 5.69b 27.2 ± 28.1
T 2.99 3.94 2.19 1.10
P 0.024a 0.007a 0.07 0.31

RFI [%] TL 0.004 ± 0.009 9.0 ± 8.56 0 11.0 ± 5.26
FL 14.6 ± 5.65 4.9 ± 2.36 43.9 ± 0.26c 45.6 ± 31.3
T 5.17 0.92 3.39 2.18
P 0.002a 0.391 0.0146a 0.072

FL, false lumen; RFI, reverse flow index; TL, true lumen.
aRepresents a statistically significant difference (p < 0.05). For Patient 3, a single asterisk
bIndicates that the mean of values calculated in the two FLs is reported, while a double asterisk
cIndicates that the maximum value between the two FLs is reported.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 7429858

Saitta et al. Blood Flow Assessments of TBAD

174

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


area near the distal re-entry tear. The right renal artery in Patient 1was
perfused by the FL with the flow from TL through the re-retry tear
(RT1). In Patient 2, the re-entry tears (RT2 and RT3) played
important roles in the blood flow exchange between TL and FL
after TEVAR. This patient did not suffer malperfusion syndrome
during follow up despite the CA and SMA were both perfused by FL.
The FL collapsed and completely thrombosed in Patient 3 after the
TEVAR with PETTICOAT procedure. However, a dynamic ischemia
in the left renal artery became a static ischemia. Patient 4 had a better
TL remodeling in thoracic aorta than the abdominal aorta. The
abdominal FL was perfused through the two distal re-entry tears
in the iliac arteries and partial thrombosed. Unfortunately, the left
renal artery was malperfused during follow up. The post-TEVAR
analysis is listed in Table 4.

DISCUSSION

Current guidelines suggest that non-invasive methods based on
CFD and MRI can provide additional dynamic information
regarding entry tear flow or arterial vessel involvement
(François et al., 2013; Riambau et al., 2017). However, it is still
unclear how blood flow distributes at the entry/re-entry tear sites
in TBAD. In the present study, four cases of TBAD with different
morphologies were analyzed using 4D flow MRI for qualitative
and quantitative blood flow assessment. Additionally,
observations related to aortic remodeling for the four patients
post-TEVAR were reported. This analysis demonstrates the
added value of using 4D flow MRI to provide clinically
relevant information for better understanding of blood flow

FIGURE 5 | Blood flow parameter variations for the four patients in the TL and FL. Average velocity magnitude, peak flow rate and peak velocity magnitude are
plotted on the left, reverse flow index (RFI) variations are plotted on the right.

TABLE 4 | Geometric analysis for the four kind of aortic dissection post-TEVAR.

Variable Patient 1 Patient 2 Patient 3 Patient 4

Follow up 24 months 12 months 12 months 32 months
PET maximum diameter Covered Covered Covered Covered
RT maximum
diameter (mm)

8.98 (RT1) 8.51 (RT1) Covered 4.44 (RT1)
4.37 (RT2) 7.14 (RT2)
5.27 (RT3)

Celiac artery Perfused Perfused by FL Perfused Perfused
Superior mesenteric
artery

Perfused Perfused by RT2 Perfused Perfused

Right renal artery Perfused through RT1 Perfused Perfused Perfused
Left renal artery Perfused Perfused

through RT3
Malperfused static
ischemia

Malperfused

FL area Decreased Decreased Collapsed Decreased
TL volume Increased Increased Increased with

remodeling
Increased

FL volume Almost thrombosed apart from the area
near the RT1

Partially
thrombosed

Collapsed Completely thrombosed in TA, and partially
thrombosed in AA

FL, false lumen; PET, primary entry tear; RT, re-entry tear; TL, true lumen; TA, thoracic aorta; AA, abdominal aorta.
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alterations in the TL and FL, which can vary among different
types of TBADs.

Patient-specific analyses using flow visualization and
quantification would aid physicians understand the complex
pathologic changes of TBAD with different morphologies.
However, interpreting the meaning of different hemodynamic
measures is particularly challenging, and most studies report
analyses for only one or a few patients with no follow-up for
validation (Müller-Eschner et al., 2011).

This study confirms the feasibility of using 4D flow MRI to
assess hemodynamic differences between TL and FL. The
presence of blood flow in the FL has been shown to be the
most important risk factor for FL enlargement (Sueyoshi et al.,
2004). In particular, Inoue et al. (Inoue et al., 2000) found volume
flow rate in the FL to be a significant predictor of FL growth; the
larger the flow rate, the faster was the FL expansion. In the present
study, 4D flow-derived velocity streamlines showed the formation
of vortical flow structures in the FL near the PETs caused by an
acceleration of blood flow entering the FL. These observations are
in agreement with findings by François et al. (2013) and Müller-
Eschner et al. (2011), who reported the presence of abnormal,
complex flow patterns in the FL. In general, blood flow in the FL
was characterized by lower velocities and higher RFIs. In our
study, average velocity magnitude was found to be significantly
higher (p < 0.05) in the TL for three of the four patients analyzed
(t � 5.61, 3.09 and 2.81 m/s for Patients 1, 2 and 4 respectively).
Similar results were found by Liu et al. (2018), who analyzed a
cohort of 16 patients and reported higher average velocities in the
TL (t � 7.64) and higher RFIs in the FL (t � 5.01).

A second key finding of this study was based on the retrograde
flow analysis performed on the four patients. RFIs were
significantly higher in the FL (p < 0.05) for Patient 1 (t �
5.17) and Patient 3 (t � 3.39). Interestingly, a correlation
between RFIs and pre-TEVAR side branches perfusion was
found. No reversed flow was observed in the TL of Patients 1
and 3, who concurrently had the CA perfused by the TL. On the
other hand, Patients 2 and 4 exhibited non-zero TL RFIs and had
the CA and left renal artery perfused by the FL. These findings
support the previously postulated hypothesis that reversed flow
may be related to distal reentry pathways into the FL with higher
pressure, causing disturbances of blood stream and retrograde
flow in the TL (Catapano et al., 2020). This correlation is further
backed up by the overall higher RFI in the TL than in the FL of
Patient 2 (Figure 5). In this case in fact, perfusion of CA, SMA
and left renal artery was provided by the FL.

An additional aim of this study was to explore whether specific
hemodynamic conditions pre-TEVAR could potentially be
related to aortic remodeling post-TEVAR. It seems likely that
incorporating hemodynamic parameters obtained with 4D flow
MRI will improve predictions. A recent 4D flow MRI-based
patient-specific study by Takei et al. (2019) revealed that flow
rate at the re-entry site and in the FL can have important effects
on FL volume change. To better manage distal re-entry tears and
avoid malperfusion, fenestrated and branched stent grafts have
been used to treat patients (Oikonomou et al., 2014; Pellenc et al.,
2019). In two of the four cases examined here, aortic
complications such as partial thrombosis of FL and organ

malperfusion were observed during follow-up. The limited
number of patients in our study did not allow for a predictive
analysis. However, they did provide useful insights about
hemodynamics and potential associations with aortic
remodeling during follow-up. Patients 1 and 2, had similar TL
and FL flow rate waveforms (and peaks) during systole, but
differed during diastole (Figure 3). In both patients, peak flow
rates were higher in the FL than in the TL. On the other hand, the
remarkable difference in pre-intervention flow rates observed in
Patient 3 (especially on Plane 5), could be linked to the static
ischemia developed in this patient. In this case, pre-TEVAR TL
blood flow was characterized by significantly higher average
velocities and flow rates and lower RFIs. The low FL flow rate
and the intricate double FL morphology led to the complete
collapse of the FL after TEVAR with distal bare stents placement
preventing perfusion of the left renal artery and eventually
leading to ischemia at follow-up. Similarly, Patient 4 was
characterized by a lower peak flow rate in the FL with respect
to the TL (Figure 5). In this case, the left renal artery was perfused
by the FL pre-TEVAR and suffered from malperfusion after
intervention. Our findings suggest that if peak flow rate before
TEVAR is lower in the FL than in the TL, the FL may collapse or
thrombose after occlusion of the PET by the graft; if this
condition occurs concurrently with branch vessel perfusion by
FL through a RT, malperfusion might be observed at follow-up.

Aortic hemodynamics is the key to aortic remodeling in
both acute and chronic TBAD, as well as aortic-related
complications after TEVAR (Tsai et al., 2007). Therefore,
identifying and validating imaging biomarkers of aortic
remodeling would have significant clinical implications. In
our current study, it is difficult to draw robust conclusions on
which specific hemodynamic parameters are associated with
the clinical outcomes observed at follow-up. Future studies will
include a larger patient cohort to further investigate potential
predictive blood flow features using 4D flow MRI or CFD, with
the goal of helping clinicians in treatment planning for TBAD
patients.

Despite providing key information about patient-specific
hemodynamics, 4D flow MRI presents some inherent
limitations. The relatively high VENC of 150 cm/s, necessary
to avoid aliasing in the TL, leads to lower signal-to-noise ratio
in the FL which is characterized by lower velocities (François
et al., 2013). The use of multi-VENC 4D flow MRI, could
potentially solve this problem, and it seems especially
necessary to evaluate blood flow in TBADs (Nett et al., 2012;
Ha et al., 2016). Additionally, 4D flow MRI techniques are
affected by errors due to noise and limited spatial and
temporal resolution (Markl et al., 2016). Limitations in spatial
resolution have been shown to have a significant effect on near-
wall flow parameters such as wall shear stress (Piatti et al., 2017).
Nonetheless, directly measured parameters such as flow rate
through a plane are less sensitive to this constraint and can be
estimated with reasonable accuracy (David et al., 2019). On the
other hand, a low temporal resolution may lead to
underestimations of the true peak velocity and flow rate. In
this regard, new phase-contrast MR sequences hold the
potential to increase temporal resolution while keeping scan

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 74298510

Saitta et al. Blood Flow Assessments of TBAD

176

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


time to a minimum. Finally, the accuracy of geometric
measurements taken on CT images inevitably depends on the
image voxel size (Horner et al., 2019). Nonetheless, since no
quantitative correlations were made between geometric features
and flow parameters, our analyses are not significantly affected by
intrinsic errors due to voxel size.

This study demonstrated the clinical applicability of 4D flow
MRI in the context of TBAD, paving the way for future studies
involving larger patient cohorts. Through 4D flow analysis, it was
possible to quantify hemodynamics of TL vs. FL, showing the
importance of retrograde flow in relation to visceral branch vessel
perfusion. Our results confirm the potential of 4D flow MR
imaging to be used as a non-invasive technique for patient
risk stratification and treatment planning.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author, BG, upon reasonable request.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by This study was approved by the Ethics
Committee of Zhongshan Hospital, Fudan University,
Shanghai, China (Ethics approval number Y2017-056). The

patients/participants provided their written informed
consent to participate in this study. Written informed
consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

SS “Formal Analysis, Methodology, Visualization, Writing
original draft, Writing review and editing,” BG
“Conceptualization, Funding acquisition, Data curation,
Supervision, Methodology, Writing original draft, Writing
review and; editing,” SP “Formal Analysis, Methodology,
Visualization” CM “Formal Analysis, Methodology,
Visualization,” DG “Investigation, Supervision YS Data
curation, Methodology,” ZD “Data curation, Investigation,
Project administration XX Conceptualization, Investigation,
Project administration, Supervision, Writing review and;
editing,” WF—Funding acquisition, Investigation, Supervision.

FUNDING

Sponsored by the National Natural Science Foundation of China
(82000436, 81770474), The Science and Technology of Shanghai
(21410710500, 201409004800) and The Royal Society,
United Kingdom (IE161052).

REFERENCES

Adriaans, B. P., Wildberger, J. E., Westenberg, J. J. M., Lamb, H. J., and Schalla, S.
(2019). Predictive Imaging for Thoracic Aortic Dissection and Rupture: Moving
beyond Diameters. Eur. Radiol. 29 (12), 6396–6404. doi:10.1007/s00330-019-
06320-7

Allen, B. D., Aouad, P. J., Burris, N. S., Rahsepar, A. A., Jarvis, K. B., François, C. J.,
et al. (2019). Detection and Hemodynamic Evaluation of Flap Fenestrations in
Type B Aortic Dissection with 4D Flow MRI: Comparison with Conventional
MRI and CT Angiography. Radiol. Cardiothorac. Imaging 1 (1), e180009.
doi:10.1148/ryct.2019180009

Birjiniuk, J., Oshinski, J. N., Ku, D. N., and Veeraswamy, R. K. (2020). Endograft
Exclusion of the False Lumen Restores Local Hemodynamics in a Model of
Type B Aortic Dissection. J. Vasc. Surg. 71 (6), 2108–2118. doi:10.1016/
j.jvs.2019.06.222

Catapano, F., Pambianchi, G., Cundari, G., Rebelo, J., Cilia, F., Carbone, I., et al.
(2020). 4D Flow Imaging of the Thoracic Aorta: Is There an Added Clinical
Value. Cardiovasc. Diagn. Ther. 10 (4), 1068–1089. doi:10.21037/cdt-20-452

David, A., Le Touze, D., Warin-Fresse, K., Paul-Gilloteaux, P., Bonnefoy, F., Idier,
J., et al. (2019). In-vitro Validation of 4D Flow MRI Measurements with an
Experimental Pulsatile Flow Model. Diagn. Interv. Imaging 100 (1), 17–23.
doi:10.1016/j.diii.2018.08.012

Evangelista, A., Salas, A., Ribera, A., Ferreira-González, I., Cuellar, H., Pineda, V.,
et al. (2012). Long-Term Outcome of Aortic Dissection with Patent False
Lumen. Circulation 125 (25), 3133–3141. doi:10.1161/
circulationaha.111.090266

François, C. J., Markl, M., Schiebler, M. L., Niespodzany, E., Landgraf, B. R.,
Schlensak, C., et al. (2013). Four-dimensional, Flow-Sensitive Magnetic
Resonance Imaging of Blood Flow Patterns in Thoracic Aortic
Dissections. J. Thorac. Cardiovasc. Surg. 145 (5), 1359–1366. doi:10.1016/
j.jtcvs.2012.07.019

Guo, B., Pirola, S., Guo, D., Dong, Z., Xu, X. Y., and Fu, W. (2018). Hemodynamic
Evaluation Using Four-Dimensional Flow Magnetic Resonance Imaging for a
Patient with Multichanneled Aortic Dissection. J. Vasc. Surg. Cases, Innov.
Tech. 4 (1), 67–71. doi:10.1016/j.jvscit.2017.11.005

Ha, H., Kim, G. B., Kweon, J., Kim, Y.-H., Kim, N., Yang, D. H., et al. (2016). Multi-
VENC Acquisition of Four-Dimensional Phase-Contrast MRI to Improve
Precision of Velocity Field Measurement. Magn. Reson. Med. 75 (5),
1909–1919. doi:10.1002/mrm.25715

Horner, M., Luke, S. M., Genc, K. O., Pietila, T. M., Cotton, R. T., Ache, B. A., et al.
(2019). Towards Estimating the Uncertainty Associated with Three-
Dimensional Geometry Reconstructed from Medical Image Data.
J. verification, validation, uncertainty quantification 4 (4). doi:10.1115/
1.4045487

Inoue, T.,Watanabe, S., Sakurada, H., Ono, K., Urano, M., Hijikata, Y., et al. (2000).
Evaluation of Flow Volume and Flow Patterns in the Patent False Lumen of
Chronic Aortic Dissections Using Velocity-Encoded Cine Magnetic Resonance
Imaging. Jpn. Circ. J. 64 (10), 760–764. doi:10.1253/jcj.64.760

Kikinis, R., Pieper, S. D., and Vosburgh, K. G. (2014). 3D Slicer: a Platform for
Subject-specific Image Analysis, Visualization, and Clinical Support.
Intraoperative Imaging and Image-Guided Therapy. Springer, 277–289.
doi:10.1007/978-1-4614-7657-3_19

Liu, D., Fan, Z., Li, Y., Zhang, N., Sun, Z., An, J., et al. (2018). Quantitative Study of
Abdominal Blood Flow Patterns in Patients with Aortic Dissection by 4-
dimensional Flow MRI. Sci. Rep. 8 (1), 9111–9118. doi:10.1038/s41598-018-
27249-9

Markl, M., Schnell, S., Wu, C., Bollache, E., Jarvis, K., Barker, A. J., et al. (2016).
Advanced Flow MRI: Emerging Techniques and Applications. Clin. Radiol. 71
(8), 779–795. doi:10.1016/j.crad.2016.01.011

Melissano, G., Bertoglio, L., Rinaldi, E., Civilini, E., Tshomba, Y., Kahlberg, A., et al.
(2012). Volume Changes in Aortic True and False Lumen after the
“PETTICOAT” Procedure for Type B Aortic Dissection. J. Vasc. Surg. 55
(3), 641–651. doi:10.1016/j.jvs.2011.10.025

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 74298511

Saitta et al. Blood Flow Assessments of TBAD

177

https://doi.org/10.1007/s00330-019-06320-7
https://doi.org/10.1007/s00330-019-06320-7
https://doi.org/10.1148/ryct.2019180009
https://doi.org/10.1016/j.jvs.2019.06.222
https://doi.org/10.1016/j.jvs.2019.06.222
https://doi.org/10.21037/cdt-20-452
https://doi.org/10.1016/j.diii.2018.08.012
https://doi.org/10.1161/circulationaha.111.090266
https://doi.org/10.1161/circulationaha.111.090266
https://doi.org/10.1016/j.jtcvs.2012.07.019
https://doi.org/10.1016/j.jtcvs.2012.07.019
https://doi.org/10.1016/j.jvscit.2017.11.005
https://doi.org/10.1002/mrm.25715
https://doi.org/10.1115/1.4045487
https://doi.org/10.1115/1.4045487
https://doi.org/10.1253/jcj.64.760
https://doi.org/10.1007/978-1-4614-7657-3_19
https://doi.org/10.1038/s41598-018-27249-9
https://doi.org/10.1038/s41598-018-27249-9
https://doi.org/10.1016/j.crad.2016.01.011
https://doi.org/10.1016/j.jvs.2011.10.025
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Müller-Eschner, M., Rengier, F., Partovi, S., Unterhinninghofen, R., Böckler, D.,
Ley, S., et al. (2011). Tridirectional Phase-Contrast Magnetic Resonance
Velocity Mapping Depicts Severe Hemodynamic Alterations in a Patient
with Aortic Dissection Type Stanford B. J. Vasc. Surg. 54 (2), 559–562.
doi:10.1016/j.jvs.2011.02.017

Nett, E. J., Johnson, K. M., Frydrychowicz, A., Del Rio, A. M., Schrauben, E.,
Francois, C. J., et al. (2012). Four-dimensional Phase Contrast MRI with
Accelerated Dual Velocity Encoding. J. Magn. Reson. Imaging 35 (6),
1462–1471. doi:10.1002/jmri.23588

Nienaber, C. A., Clough, R. E., Sakalihasan, N., Suzuki, T., Gibbs, R., Mussa, F., et al.
(2016). Aortic Dissection. Nat. Rev. Dis. Primers 2 (1), 1–18. doi:10.1038/
nrdp.2016.71

Nienaber, C. A., Kische, S., Rousseau, H., Eggebrecht, H., Rehders, T. C., Kundt, G.,
et al. (2013). Endovascular Repair of Type B Aortic Dissection. Circ. Cardiovasc.
Interv. 6 (4), 407–416. doi:10.1161/circinterventions.113.000463

Oikonomou, K., Kopp, R., Katsargyris, A., Pfister, K., Verhoeven, E. L., and
Kasprzak, P. (2014). Outcomes of Fenestrated/branched Endografting in
post-dissection Thoracoabdominal Aortic Aneurysms. Eur. J. Vasc.
Endovascular Surg. 48 (6), 641–648. doi:10.1016/j.ejvs.2014.07.005

Pellenc, Q., Roussel, A., De Blic, R., Girault, A., Cerceau, P., Ben Abdallah, I., et al.
(2019). False Lumen Embolization in Chronic Aortic Dissection Promotes
Thoracic Aortic Remodeling at Midterm Follow-Up. J. Vasc. Surg. 70 (3),
710–717. doi:10.1016/j.jvs.2018.11.038

Piatti, F., Sturla, F., Bissell, M. M., Pirola, S., Lombardi, M., Nesteruk, I., et al.
(2017). 4D Flow Analysis of BAV-Related Fluid-Dynamic Alterations:
Evidences of wall Shear Stress Alterations in Absence of Clinically-Relevant
Aortic Anatomical Remodeling. Front. Physiol. 8, 441. doi:10.3389/
fphys.2017.00441

Pirola, S., Guo, B., Menichini, C., Saitta, S., Fu, W., Dong, Z., et al. (2019). 4-D Flow
MRI-Based Computational Analysis of Blood Flow in Patient-specific Aortic
Dissection. IEEE Trans. Biomed. Eng. 66 (12), 3411–3419. doi:10.1109/
tbme.2019.2904885

Riambau, V., Böckler, D., Brunkwall, J., Cao, P., Chiesa, R., Coppi, G., et al. (2017).
Editor’s Choice - Management of Descending Thoracic Aorta Diseases. Eur.
J. Vasc. Endovascular Surg. 53 (1), 4–52. doi:10.1016/j.ejvs.2016.06.005

Saitta, S., Pirola, S., Piatti, F., Votta, E., Lucherini, F., Pluchinotta, F., et al. (2019).
Evaluation of 4D FlowMRI-Based Non-invasive Pressure Assessment in Aortic
Coarctations. J. Biomech. 94, 13–21. doi:10.1016/j.jbiomech.2019.07.004

Soulat, G., McCarthy, P., and Markl, M. (2020). 4D Flow with MRI. Annu. Rev.
Biomed. Eng. 22, 103–126. doi:10.1146/annurev-bioeng-100219-110055

Sueyoshi, E., Sakamoto, I., Hayashi, K., Yamaguchi, T., and Imada, T. (2004).
Growth Rate of Aortic Diameter in Patients with Type B Aortic Dissection

during the Chronic Phase. Circulation 110 (11_Suppl. l_1), II–256. doi:10.1161/
01.cir.0000138386.48852.b6

Takei, Y., Itatani, K., Miyazaki, S., Shibasaki, I., and Fukuda, H. (2019). Four-
dimensional Flow Magnetic Resonance Imaging Analysis before and after
Thoracic Endovascular Aortic Repair of Chronic Type B Aortic Dissection.
Interactive Cardiovasc. Thorac. Surg. 28 (3), 413–420. doi:10.1093/icvts/
ivy271

Tsai, T. T., Evangelista, A., Nienaber, C. A., Myrmel, T., Meinhardt, G., Cooper,
J. V., et al. (2007). Partial Thrombosis of the False Lumen in Patients with Acute
Type B Aortic Dissection. N. Engl. J. Med. 357 (4), 349–359. doi:10.1056/
nejmoa063232

Xu, H., Li, Z., Dong, H., Zhang, Y., Wei, J., Watton, P. N., et al. (2017).
Hemodynamic Parameters that May Predict False-Lumen Growth in Type-
B Aortic Dissection after Endovascular Repair: A Preliminary Study on Long-
Term Multiple Follow-Ups. Med. Eng. Phys. 50, 12–21. doi:10.1016/
j.medengphy.2017.08.011

Youssefi, P., Sharma, R., Figueroa, C. A., and Jahangiri, M. (2017). Functional
Assessment of Thoracic Aortic Aneurysms - the Future of Risk Prediction. Br.
Med. Bull. 121 (1), 61–71. doi:10.1093/bmb/ldw049

Zilber, Z. A., Boddu, A., Malaisrie, S. C., Hoel, A. W., Mehta, C. K., Vassallo,
P., et al. (2021). Noninvasive Morphologic and Hemodynamic Evaluation
of Type B Aortic Dissection: State of the Art and Future Perspectives.
Radiol. Cardiothorac. Imaging 3 (3), e200456. doi:10.1148/
ryct.2021200456

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, orclaim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Saitta, Guo, Pirola, Menichini, Guo, Shan, Dong, Xu and Fu. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 74298512

Saitta et al. Blood Flow Assessments of TBAD

178

https://doi.org/10.1016/j.jvs.2011.02.017
https://doi.org/10.1002/jmri.23588
https://doi.org/10.1038/nrdp.2016.71
https://doi.org/10.1038/nrdp.2016.71
https://doi.org/10.1161/circinterventions.113.000463
https://doi.org/10.1016/j.ejvs.2014.07.005
https://doi.org/10.1016/j.jvs.2018.11.038
https://doi.org/10.3389/fphys.2017.00441
https://doi.org/10.3389/fphys.2017.00441
https://doi.org/10.1109/tbme.2019.2904885
https://doi.org/10.1109/tbme.2019.2904885
https://doi.org/10.1016/j.ejvs.2016.06.005
https://doi.org/10.1016/j.jbiomech.2019.07.004
https://doi.org/10.1146/annurev-bioeng-100219-110055
https://doi.org/10.1161/01.cir.0000138386.48852.b6
https://doi.org/10.1161/01.cir.0000138386.48852.b6
https://doi.org/10.1093/icvts/ivy271
https://doi.org/10.1093/icvts/ivy271
https://doi.org/10.1056/nejmoa063232
https://doi.org/10.1056/nejmoa063232
https://doi.org/10.1016/j.medengphy.2017.08.011
https://doi.org/10.1016/j.medengphy.2017.08.011
https://doi.org/10.1093/bmb/ldw049
https://doi.org/10.1148/ryct.2021200456
https://doi.org/10.1148/ryct.2021200456
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


High Wall Shear Stress can Predict
Wall Degradation in Ascending Aortic
Aneurysms: An Integrated
Biomechanics Study
M. Yousuf Salmasi1*†, Selene Pirola2†, Sumesh Sasidharan3, Serena M. Fisichella2,4,
Alberto Redaelli 4, Omar A. Jarral 1, Declan P. O’Regan5, Aung Ye Oo6, James E. Moore Jr3,
Xiao Yun Xu2 and Thanos Athanasiou1

1Department of Surgery and Cancer, Imperial College London, London, United Kingdom, 2Department of Chemical Engineering,
Imperial College London, London, United Kingdom, 3Department of Bioengineering, Imperial College London, London,
United Kingdom, 4Politecnico di Milano, Milan, Italy, 5MRC London Institute of Medical Sciences, Imperial College London,
London, United Kingdom, 6Barts Heart Centre, London, United Kingdom

Background: Blood flow patterns can alter material properties of ascending thoracic
aortic aneurysms (ATAA) via vascular wall remodeling. This study examines the relationship
between wall shear stress (WSS) obtained from image-based computational modelling
with tissue-derived mechanical and microstructural properties of the ATAA wall using
segmental analysis.

Methods: Ten patients undergoing surgery for ATAA were recruited. Exclusions: bicuspid
aortopathy, connective tissue disease. All patients had pre-operative 4-dimensional flow
magnetic resonance imaging (4D-MRI), allowing for patient-specific computational fluid
dynamics (CFD) analysis and anatomically precise WSS mapping of ATAA regions (6–12
segments per patient). ATAA samples were obtained from surgery and subjected to
region-specific tensile and peel testing (matched to WSS segments). Computational
pathology was used to characterize elastin/collagen abundance and smooth muscle
cell (SMC) count.

Results: Elevated values of WSS were predictive of: reduced wall thickness [coef
−0.0489, 95% CI (−0.0905, −0.00727), p � 0.022] and dissection energy function
(longitudinal) [−15,0, 95% CI (−33.00, −2.98), p � 0.048]. High WSS values also
predicted higher ultimate tensile strength [coef 0.136, 95% CI (0 0.001, 0.270), p �
0.048]. Additionally, elevatedWSS also predicted a reduction in elastin levels [coef −0.276,
95% (CI −0.531, −0.020), p � 0.035] and lower SMC count ([oef −6.19, 95% CI (−11.41,
−0.98), p � 0.021]. WSS was found to have no effect on collagen abundance or
circumferential mechanical properties.

Conclusions: Our study suggests an association between elevated WSS values and
aortic wall degradation in ATAA disease. Further studies might help identify threshold
values to predict acute aortic events.

Keywords: aortic surgery, aneurysm, computational fluid dynamics, CFD, magnetic resonance imaging, wall shear
stress, computational pathology, vascular biomechanics
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INTRODUCTION

Ascending thoracic aortic aneurysm (ATAA) is a permanent and
irreversible dilatation of the thoracic aorta. Many patients remain
asymptomatic until acute presentation with rupture or dissection
(AD), which is associated with a 50% early mortality rate
(Howard et al., 2013). Death from aortic aneurysm-related
emergencies occurs at a rate of 2.4/100,000, and is one of the
most common causes of death amongst conditions requiring
emergency surgery in high-income countries (Stewart et al.,
2014). Survivors of acute events often need repeat intervention
and have high rates of stroke and renal failure. This has a huge
impact on their quality-of-life, and carries significant societal
burden (Tsai et al., 2006).

The evolution in our understanding of the disease from large
observational studies has led to the reliance on ATAA diameter as
the primary predictor of future AD. Intervention is
recommended in patients who have a maximal aortic diameter
≥55 mm, with lower thresholds (≥50 mm) for those with bicuspid
aortic valves (BAV) or connective tissue disease (Hiratzka et al.,
2010; Erbel et al., 2014). Interventions in ATAA can be complex
and not without risk, involving open surgery (particularly for
ascending and arch aneurysms), endovascular stenting, or a
combination of both. This drives the need for an accurate
prognostic prediction prior to subjecting patients to treatment
that involves moderate risk. However, isolated ATAA diameter
measurements are inadequate predictors of acute aortic events.
International registry data (>4,400 dissection patients) has
highlighted that 40% of dissections occur below 50 mm (and
up to 60% below 55 mm) (Pape et al., 2007). In this light,
clinicians at present are unable to accurately predict the
prognosis of enlarged thoracic aortas from routine imaging.
Indeed, diameter alone fails to take into account local flow
patterns, aortic wall stresses, mechanical properties and wall
thickness. A patient specific approach is required.

Despite having the potential to predict disease progression,
biomechanical assessment of the aorta remains experimental with
limited translation into clinical practice. Biomechanically, AD
occurs when haemodynamic forces exceed the aortic wall
strength leading to intimal tear and false lumen propagation.
It is possible that long-term exposure to certain blood flow
patterns lead to changes in aortic wall structure
(i.e., remodeling) that predispose wall degradation and a
higher risk of AD. The identification of which flow patterns
correlate with changes in aortic wall structure might lead to a
more rational and useful patient-specific predictor (Geiger et al.,
2012; Condemi et al., 2017; Piatti et al., 2017; Bollache et al.,
2018).

The degradation of extracellular matrix (ECM) structures in
ATAA is well reported. Methods to quantify degeneration center
around computational histology techniques to characterize
microstructural elements, such as elastin and collagen. Studies
employing these methods have linked abnormal WSS patterns to
disruption of the aortic microarchitecture (Guzzardi et al., 2015;
Bollache et al., 2018). However, studies that use flow-to-tissue
spatial registration (that incorporate the whole aneurysm) have
been limited.

This study aims to explore the relationship between
haemodynamic parameters, material properties and
composition of the aortic wall in ATAA using whole
aneurysm samples, with a view to assess the predictive ability
of flow on aortic wall degeneration.We hypothesize elevatedWSS
in ATAAs is associated with accelerated degenerative disease.

MATERIALS AND METHODS

The study was ethically approved (17/NI/0160) by the Health
Research Authority (HRA) in the United Kingdom and was
sponsored by the Imperial College London Joint Research and
Compliance Office, as defined under the sponsorship
requirements of the Research Governance Framework (2005).
The study was designed as a cohort study during the years 2018-
2020, incorporating computational flow analysis, in-vitro
vascular wall mechanical testing and microstructural
quantification. Patients and public were involved in the design,
conduct, reporting, and dissemination plans of our research via
the London Aortic Mechanobiology Working Group.

Study Population
A total of 10 patients undergoing proximal aortic surgery (either
aortic root, ascending aorta, proximal arch replacements, or a
combination of these) were recruited into this cohort study. The
main exclusion criteria were: connective tissue disease (i.e.
Marfans, Ehler-Danlos, Loeys-Dietz), bicuspid aortic valve and
redo-aortic surgery. Patient characteristics were ascertained from
clinic letters and pre-operative echocardiography. Recruited
patients provided informed consent for participation in the
study, which involved the additional MR imaging and
provision of tissue sample from surgery.

MRI Acquisition
Patients were scheduled to undergo cardiac gated magnetic
resonance imaging (MRI) scanning at a time point prior to
surgery (range 1–90 days) using a 3T MRI scanner (Siemens
Healthcare, Erlangen, Germany). The addition of a time-resolved
3-dimensional sequence (4D-flow) visualized and measured
temporal changes and flow-patterns throughout the whole
volume of the thoracic aorta.

Aneurysm Tissue Characterization
Patient-matched aneurysm specimens were obtained en-bloc and
acquired immediately after surgical excision in the operating
theatre. Rectangular or dog-bone shaped subsections aligned
in either the longitudinal or circumferential direction were
punched out at specific locations (Figure 1A) and assessed for
tensile mechanical properties, peel strength and strain
inhomogeneities (Olchanyi et al., 2020). In particular, for each
patient, the aneurysm region was unfolded at the outer wall and
subdivided into up to six (depending on the size of the collected
sample) circumferential anatomical regions to the right (R1, R2,
R3) and left (L1, L2, L3) of the midline (Figure 1B). These were
further divided into upper and lower regions, giving 6 to 12
segments in total per patient (Figure 1B). These segments were
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matched to the 6–12 segmental regions undergoing
computational WSS mapping (Section 2.4; Figure 1C), using
the anterior midline (widest region of the aneurysm region in the
vertical plane) as the common frame of reference. Whole-
aneurysm tissue specimens underwent thickness mapping
(∼0.01 µm resolution using a bench top device - Litematic VL-
50-B Mitutoyo Ltd.).

Sharp stencils were used to create 20 mm × 5 mm dogbone
samples (for uniaxial testing). The dogbone shaped tissue
provided larger shoulders for easier gripping, whereas the
narrower gauge section in the center provided a smaller cross-
sectional area for a focused region of deformation and failure. The

samples for peel testing required a different shape: the width of
the peeling sample needed to be kept constant throughout the
peeling arc. As such rectangular stencils were used (5 mm ×
20 mm) to obtain eight further samples from both halves of the
aneurysm specimen (both circumferential and longitudinal)
–these would be used for peel testing.

Uniaxial tensile tests were performed on all dog-bone shaped
subsections using a Test Resources R-Series Controller with a
44 N load cell. All tests were conducted in an environmental
chamber containing phosphate buffered saline (PBS), maintained
at 37°C. Tensile force-elongation data were used to provide
estimations of region specific ultimate tensile strength (UTS)

FIGURE 1 |Matching flow to material properties. (A) Reference map used for collection of samples throughout the whole aortic specimen. Segments are classified
using alphanumeric codes in which the first letter and number denote the position (R � right, L � left), the second letter denotes the sample orientation
(C � circumferential, L � longitudinal), the third letter denotes the sample type (S � dogbone, P � rectangular) (B–C) WSS mapping on to aneurysmal wall surface,
which is unraveled by division along the anterior. This is subdivided into six circumferential regions (R1-R3, L1-L3), with a horizontal dividing line (12 segments total).
(D) Streamlines demonstrating haemodynamic flow derived from CFD within an anatomically (patient-specific) segmented aortic wall.
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and maximum tangential stiffness (MTS) as described by
previous groups (Vorp et al., 2003). Peel testing allowed
estimation of peel force (Fpeel) and dissection energy function
(DEF) for rectangular subsections.

Computational Fluid Dynamics (CFD)
Image-based CFD modelling was used to evaluate pre-operative
aneurysmal WSS distribution in a patient-specific and region-
specific fashion. To this aim, the 3D thoracic aortic geometry,
including the arch branches, of each patient was reconstructed
from MRI data (bright blood). Reconstructed geometries
(Figures 1C, D) started upstream of the aneurysm, in the
aortic root between mid-sinus and STJ levels, and ended
distally, in the descending thoracic aorta at the level of the
pulmonary artery.

Patient-specific geometries were discretized using
unstructured meshes (Supplementary Figure S1) with a
tetrahedral core and 10 prismatic layers at the walls. Local
mesh refinements were prescribed at the aneurysm wall and
arch branches. Mesh refinement in the region of interest (i.e.
aneurysm wall) was guided by flow features observed from 4D
flow MRI data (i.e. a finer mesh was designed where higher
velocity gradients were observed). Sensitivity analyses were
conducted to ensure mesh-independent results. Final meshes
consisted of 5.5–16.6 million elements (Pirola et al., 2019).

For each patient, 3D subject-specific velocity profiles of the
aortic valve were incorporated at the computational model inlet
from 4D flowMR images (Armour et al., 2021). This therefore took
into account the patient-to-patient variation in the ascending aorta
hemodynamics which arise due to differences in left ventricular
outflow tract and aortic valve anatomy (Figure 1D). Model outlets,
located distal to the aneurysm, consisted of the descending aorta
outlet and the arch branches. 3-element Windkessel model was
applied at all outlets; model parameters were tuned using patient-
specific central mean aortic pressure and blood flow rates evaluated
using 4D flowMRI data (Pirola et al., 2017; 2019). Briefly, the total
resistance (RT) of the 3-element Windkessel model was calculated
as RT � Pm/Qm (Les et al., 2010). Pm is the mean central pressure of
the patient, which was measured ∼30min before the MR scan
using a BP Plus device (BP Plus, Uscom, Australia). Qm is the mean
flow through the outlet. This was evaluated using 4D flow MR
images. The proximal resistance was evaluated as R1 � ρc/A (Xiao
et al., 2014, where ρ is the blood density, c is the pulse wave speed
and A is the outlet cross-sectional area. The pulse wave speed was
evaluated as c � 13.3/(2r)0.3 Reymond et al. (2009)), where r is the
outlet radius. The distal resistance was evaluated as R2 � RT-R1

(LaDisa et al., 2011). Total vasculature compliance was calculated
as C � τ/RT, where τ is the time-constant of the exponential
diastolic pressure-fall (Xiao et al. (2014)). This was assumed equal
to 1.79 and 1.92 s for normotensive and hypertensive subjects,
respectively (Simon et al., 1979).

Simulations were run in ANSYS CFX (v 15.0). The aortic wall
was assumed to be rigid with a no-slip condition. Blood was
modelled as an incompressible Newtonian fluid, with a density of
1,060 kg m−3 and viscosity of 4·10−3 Pa s. High-resolution
advection scheme and second-order Backward Euler scheme
were employed for spatial and temporal discretization of the

Navier-Stokes equations, respectively. A fixed timestep of 10−3 s
was used, and the maximum RMS residual was set to 10−5 as a
convergence criterion. The shear stress transport transitional
(SST-Tran) model was used to account for the transitional
nature of the aortic flow (Tan et al., 2009), with a 1%
turbulence level prescribed as the inlet boundary condition.
The patient-specific central diastolic pressure was used as the
initial condition. Simulations were run for the number of cycles
necessary to achieve periodicity. The period of the cardiac cycle of
each patient was recorded during 4D flow MR acquisition and
stored in the image header. Periodicity was considered as
achieved when differences in pulse pressure and pressure
maxima between two consecutive heartbeats were less than 3
and 1%, respectively, at each model outlet. Results from the last
cycle only were analyzed. Before proceeding with result analysis,
for each patient, predicted blood flow features were checked
against 4D flow MR acquired features.

Computational result postprocessing workflow was designed
to coincide with tissue processing for mechanical and histological
testing: for each patient, the aneurysm region was unfolded at the
outer wall and subdivided into segments corresponding to the
aortic aneurysm tissue segments used to characterize the material
properties (Figures 1B,C). Results were analyzed in ANSYS
EnSight.

The primary derived measurement from CFD analysis was the
magnitude of the wall shear stress (WSS) vector. For each
anatomical region, several WSS-derived parameters were
evaluated. These are summarized in Table 1. Briefly, WSS
values are reported as maxima in time (WSSmax, WSSmean)
and time-averaged (TAWSSmax, TAWSSmean, WSSTmean

Max ).
Mean and max subscripts refer to spatial mean and maxima,
respectively. Tmean superscript refers to temporal mean. The
spatial mean value was calculated over each segment (R1, R2, R3,
L1, L2, L3, upper and lower).

Computational Pathology
Full circumferential rings of tissue were obtained from the
inferior border of the ATAA specimen (Figure 2A). Whole
slide imaging was performed using a high-resolution digital
optical system (Hamamatsu TM) and uploaded onto the
digital processing software QuPath (https://qupath.github.io).
Cross-sectional images of each ATAA ring were divided into
six circumferential regions (Figure 2B), matching the right-to-
left segments used in the CFD and mechanical analyses (Figures
1B, C). Using a pre-defined workflow (Figure 2C),
microstructural density calculation of medial structural
proteins was conducted, namely of elastin (from slides stained
with Elastin Van Gieson) and collagen (slides stained with
picrosirius red). Using the H&E stained slides (Figure 2D),
the thresholding function was used to highlight the stained
cells of the medial layer. Setting the range of particle size from
20 to 100 µm the total cell count was extracted and divided by the
total area to obtain the density.

Statistical Analysis
Amongst the 10 recruited patients, a total of 371 ATAA
anatomical samples had matched CFD, material properties and
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TABLE 1 | Calculated wall shear stress (WSS) parameters from computational fluid dynamics (CFD) analysis.

Short name Description Formula

WSSmax Maximum in time and space of the WSS magnitude TimeMax(Spatial Max(|WSS|)).
WSSmean Maximum in time of the spatial mean of the WSS

magnitude
TimeMax(∑ |WSS|i ·Ai∑Ai

)
Where i refers to the surface mesh element at the aortic wall and Ai is the area of the surface mesh
element. The mean value was calculated over each sub-segment

WSSTmean
Max Mean in time of the spatial maximum of the WSS

magnitude
∑ (SpatialMax(|WSS|))j

j

Where j is the number of time points
TAWSS Time average of the magnitude of the WSS TAWSS � 1

T ∫T

0 |WSS|dt
TAWSSmax Spatial maximum of the TAWSS SpatialMax(TAWSS)
TAWSSmean Spatial mean of the TAWSS ∑TAWSSi ·Ai∑Ai

FIGURE 2 | Computational pathology: regional histological analysis. (A) the origin of the histological specimen from the ATAA region. (B) Whole slide imaging
demonstrating the division into six segmental regions. (C) Computational steps used to quantify elastin density (using EVG stained slide image), including RGB-stack
image conversion, thresholding and measurement. Collagen quantification uses the same steps but for a PSR stained image. (D) displays the computational steps used
to measure smooth muscle cell count (from an H&E-stained slide image) including particle analysis, using a size window of 20–100 μm.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 7506565

Salmasi et al. WSS Predicts Aortic Wall Degradation

183

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


microstructural features, and were thus included in the analysis,
being treated as separate data points. Of these samples, thickness
was measured in 102 samples, 63 samples (29 longitudinal, 34
circumferential) were used for tensile testing, 63 samples (30
longitudinal, 33 circumferential) for peel testing, 143 for
histological analyses (60, 35 and 48 for elastin, collagen and
SMCs, respectively). All haemodynamic parameters were
acquired as continuous variables, as were the histological and
mechanical data. Where relevant, data were reported as means
and standard deviations, being averaged across the whole patient
cohort. All statistical analysis were conducted using STATA 13.0
(Stata Corp. College Station, TX, United States).

Univariable linear regression analysis was used to explore the
effect of WSS on acquired material parameters (including
mechanical and histological). These models tested the
hypothesis of a flow-mediated degenerative process in the
aortic wall giving rise to altered material properties. Results of
regression analysis were reported as standardized beta-
coefficients with 95% confidence intervals. The significance
level was set at α � 0.05. Values of longitudinal Fpeel,
longitudinal DEF, UTS and MTS were positively skewed;
values of elastin abundance were negatively skewed. Therefore,
logarithmic transformation with skewness correction was applied
in STATA to these datasets.

Scatter plots and trendlines have been generated using
Microsoft Excel, using log10 transformation for longitudinal
DEF and UTS, and log10 (90-x) transformation for elastin
abundance.

Multilevel Mixed Effects (Hierarchical) Linear Models
As the aortic segments arose from among 10 different subjects,
multilevel mixed-effect linear regression models were further
constructed to account for the hierarchical structure of the
data points. The data arising from each aortic segment was
nested into a clustered hierarchical structure using two levels
in the model: 1) patient; and 2) orientation of the subsection
(circumferential versus longitudinal) (Figure 3). Univariate
regression was again carried out, assessing the effect of WSS
separately on wall thickness, UTS, MTS and histological
parameters. The significance level for all models was set at
α � 0.05.

RESULTS

Of the cohort of 10 patients, the majority were male (8/10), and
of Caucasian ethnicity (8/10). Patient age was (mean ± standard
deviation) 63.9years ±6.6 (Table 2). Whilst none had syndromic
disease, 3 reported a family history of aortic disease. The mean
aneurysm diameter was 54.7 mm ± 7.5. Three patients had root
aneurysms, two patients had arch aneurysms, with the
remaining patients having isolated ascending aorta
aneurysms. All patients had good ventricular function (mean
left ventricular ejection fraction 57.2% ± 9.0) with 3 patients
suffering from severe aortic regurgitation. Maxima of jet
velocity and area-averaged velocity at the model inlet were
1.86 ± 0.93 m/s and 0.51 ± 0.13 m/s (mean ± standard
deviation), respectively.

WSS Distribution
The patient-specific TAWSS distribution maps for all 10 patients
are shown in Figure 4. The R1 segment (outer right wall) was the
region yielding the highest values of WSS (Table 3), including
temporal maximum WSS values (WSSmax and WSSmean) as well
as time-averaged values (TAWSSmax and TAWSSmean). The
highest value for WSSmax (24.98 ± 7.79 Pa) in the R1 region
contrasted to the lowest value yielded from the inner curve
(10.18 ± 4.14 Pa). When measuring the (peak in time) WSS
averaged over space (WSSmean), the R1 region still yielded the
highest value (11.68 ± 6.42 Pa). For TAWSSmax, R1, also the
region of highest WSS values, was 4.85Pa ± 2.07, compared to
the inner curve (2.67 ± 0.81 Pa). This indicated that as well as the
asymmetric peak flow patterns reached in systole acting on
the potentially fragile intima in ATAA, the sustained stress
over the cardiac cycle, as displayed by the TAWSS, was also
asymmetrical and affecting the outer curve more intensely.

Comparing WSS With Aortic Material
Properties
In order to test the hypothesis of flowmediated wall degeneration,
WSS was compared with material properties of the aortic wall.
Statistically significant linear regression analysis results are
summarized in Table 4. Scatter plots and trendlines showing

FIGURE 3 | Hierarchical structure of data arising from each aortic segment.
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the relationship between WSS and aortic wall material properties
are shown in Figure 5.

Wall Thickness
The data on measured wall thickness was normally distributed.
Linear regression analysis was conducted which showed a
statistically significant influence (p < 0.05) of TAWSSmax and
WSSTmean

Max parameters on wall thickness (Table 4). These yielded
negative coefficients of variance, indicating that higher WSS
values are associated with aortic wall thinning (Table 4;
Figures 5A,B).

Peeling Properties
Peeling force (Fpeel) and dissection energy function (DEF) (as
measured from tissue mechanical testing) provide a surrogate for
the likelihood of dissection (i.e. separation of the medial layers)
per region of interest. These were obtained from ATAA
specimens in both the circumferential and longitudinal
directions. Regression analysis (Table 4) comparing log
transformed DEF values in the longitudinal orientation
(DEFlong) with TAWSSMean yielded a statistically significant
relationship [coef −0.211, 95% CI (−0.427, −0.062), p � 0.048].
This relationship displayed a negative coefficient result: higher
WSS values were associated with lower DEFlong values (as can also
be observed in Figure 5C). In contrast, in the circumferential
direction Fpeel and DEF values showed an opposite trend, with
higher values corresponding to higher WSS. However, results for
Fpeel (both longitudinal and circumferential) and circumferential
DEF were not statistically significant.

Tensile Properties: Ultimate Tensile Strength (UTS)
and Maximum Tangential Stiffness (MTS)
The comparison of log-transformed UTS data to TAWSSmax

revealed a statistically significant positive correlation (coef
0.136, 95% CI [0 0.001, 0.270], p � 0.048) (Table 4;
Figure 5D). A comparison of log-transformed MTS data to
WSS revealed a nonsignificant trend toward higher values of
WSS leading to stiffer aortic tissue (coef 0.120, 95% CI [-0.009,
0.248], p � 0.068). Comparisons to other WSS measures failed to
show statistical significance. These results together suggest that
highWSS leads to stiffer aortic tissue with higher tensile strength,
but the statistical significance is marginal.

Microstructural Features
Elastin abundance was found to be lower in areas with higher
TAWSSMax [coef −0.276, 95% CI (−0.531, −0.020), p � 0.035]
(Table 4; Figure 5E). An opposing, but statistically insignificant,
trend was found for collagen abundance, i.e., higher TAWSS showed
some association with areas of high collagen content. Higher WSS
levels were also associated with lower counts of SMCs [TAWSSMax:
coef −6.19, 95% CI (−11.41, −0.98), p � 0.021;WSSTmean

Max : coef −5.87,
95% CI (−10.12, −1.62), p � 0.008] (Table 4 and Figures 5F,G).

Multi-Level Mixed Effects Regression
Significant results of multilevel mixed-effects linear models are
reported in Tables 5, 6.

Tissue Thickness
The fixed effects part of the model (i.e. the effect of TAWSSMax on
tissue thickness) was found to be non-significant (coef -0.016,
95% CI [-0.063, 0.031], p � 0.496) (Table 5). Thus, despite the
linear relationship observed earlier between WSS and thickness,
the data variance evident at the patient level remains significant.

Mechanical Properties: MTS and UTS.
In the case of UTS, the results trended towards a higher UTS in
response to higher WSS, although this relationship was non-
significant (p � 0.08). There was no evidence of influence of the
patient or aortic tissue orientation on the WSS-UTS relationship.
TAWSSmax was found to have no significant influence on MTS
(p � 0.115).

Microstructural Features: SMC Count
TAWSSmax was found to have a persistently negative influence on
SMC count [coef −4.87, 95% CI (−9.26, −0.48), p � 0.030]. The
multi-level model foundWSSTmean

Max to be a stronger fit to the SMC
count data than patient variance (Table 6). Multi-level mixed
effects regression however found no significant association
between the evaluated WSS parameters and elastin/collagen.

DISCUSSION

Computational modelling of thoracic aortic disease has expanded
the repertoire of aneurysm diagnostics in recent years. Whilst

TABLE 2 | Summary of clinical covariates for recruited patients. AR � aortic regurgitation.

Covariate Mean ± standard deviation Covariate N/10

Age (years) 63.9 ± 6.6 Female 2
Peripheral vascular disease 2

Height (cm) 174.5 ± 12.5 Arch aneurysm 2
Weight (Kg) 84.7 ± 27.4 Root aneurysm 3
Body mass index (kg m−2) 27.2 ± 5.7 Severe AR 3
Body surface area (m2) 1.99 ± 0.27 — —

Smoking (current or ex-) 3
Left ventricular ejection fraction (%) 57.2 ± 9.0 Caucasian ethnicity 8
Mean arterial pressure (mmHg) 105.3 ± 19.3 Relevant family history 3

Hypertension 4
Pulse wave velocity (m/s) 5.8 ± 0.7 Diabetes 0
Max aneurysm diameter (mm) 54.7 ± 7.5 Chronic airway disease 2
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several in vivo parameters related to aortic wall mechanics can be
obtained from such models, their association with aortic wall
mechanobiology, and in the pathogenesis of ATAA remains
poorly understood. Further developments in this field may allow
disease severity, progression, and acute events to be predicted at
an individual patient level. This is required as isolated size
measurements of the aorta are inadequate (Pape et al., 2007).
Existing studies have associated abnormal WSS in the ATAA
with aneurysm growth and wall degeneration (Geiger et al.,

2012; Guzzardi et al., 2015; Condemi et al., 2017; Bollache et al.,
2018). This study builds on such work, utilizing state of the art
imaging, modelling, and biomechanical methods. However,
because of the availability of pathologic human aortic
specimens and the ability to assess their local properties, we
made a more concerted effort to divide the aortic anatomy into
finer areas for analysis, specifically including up to six regions
circumferentially and a further upper and lower division (up to
12 in total).

FIGURE 4 | Patient-specific TAWSS distribution maps in the ten patients with ATAA. Regions in red indicate TAWSS >3 Pa, which, on gross inspection, are
localized to the aneurysmal aorta, and particularly to the outer curve.
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Elevated WSS on the Outer Curve
The WSS distribution in the ascending aorta is dominated by the
curvature of the aortic arch, which forces blood emanating from
the heart to change its direction. Fluid at the centre of the vessel is
more difficult to displace as it is travelling at a higher velocity
compared to that closer to the wall, so it is displaced to a greater
degree (Caballero et al., 2013). Thus, blood is skewed towards the
outer curvature of the bend.

Our findings agree with several previous studies assessing flow
in ATAA, which also noted the highest WSS on the outer curve
(Bieging et al., 2011; Bürk et al., 2012; Van Ooij et al., 2015).

WSS and Wall Thickness
Owing to the low temporo-spatial resolution of cross-sectional
imaging and difficulty in tracking the motion of the aortic wall
(<2.5 mm thickness), estimations of stress distribution within
the aneurysm wall are reliant on important assumptions of
aortic wall thickness (commonly assumed to be constant) and
material properties (commonly not patient- or even disease-
specific) (Martin et al., 2015; Gomez et al., 2020). Our results
have identified a potential link between areas of high WSS and
aortic wall thinning. Reduced wall thickness in areas of high
WSS has been previously shown in femoral artery bifurcation
by Kornet et al. (1999), who explained this finding with the link
between low WSS, increased influx of substances into the
aortic wall (through an increase in blood residence time)
and increased release of vasoactive molecules potentially
causing thickness increase of the intima-media layer.

These results represents a step towards the incorporation of
wall thickness inferences from baseline imaging that can be
incorporated into fluid-structure interaction models and
estimations of wall stress distribution. These results also help
to strengthen the flow-mediated degeneration hypothesis,
whereby persistently elevated WSS throughout the cardiac
cycle exposes mechanocytes within the aortic wall to
prolonged stimuli and downstream potentially maladaptive
remodeling (Humphrey et al., 2015). However, the conducted
hierarchical analysis also suggests that data variance at the patient
level remains significant.

WSS and Aortic Wall Mechanical Properties
Our analyses on the effect of WSS on wall mechanical properties
produced two main findings. Firstly, higher WSS was associated
with a reduced DEF in the longitudinal direction. This
contrasted with circumferential DEF, which showed an
insignificant increasing trend. This further exemplifies the
anisotropic nature of the aortic wall and suggests that it
extends to influence both tear direction and location in
aneurysm dissection (Manopoulos et al., 2018). Secondly, the
aortic wall had significantly higher values for UTS with higher
WSS, indicating a reduced likelihood for wall rupture in
response to elevated WSS. In addition, the aorta might be
stiffer in response to high WSS, as suggested by elevated
values for MTS. This result, however, was not statistically
significant.

WSS and Microstructural Features:
Implications for Mechanobiology
HigherWSS levels were found to be associated with a reduction in
both elastin abundance and smooth muscle cell (SMC) count.
Loss of elastin integrity and relative increase in collagen describes
the reduced compliance and increased stiffness of the aorta seen
in ageing (Wagenseil et al., 2009). Studies have shown that global
increases in vascular structural stiffness reflect increased central
pulse pressures and pulse wave velocities (Lacolley et al., 2009;
Safar et al., 2010) that pathologically increase proximal aortic
loading. Collagen deposition in many cases of ATAA has been
observed to be higher, reflecting the compensatory fibrotic
changes as a result of the disease process (Wågsäter et al.,
2013; Meng et al., 2014). The microstructural response to
elevated WSS therefore explains these changes (Humphrey
et al., 2015), and describes the resulting aortic wall stiffness

TABLE 3 | Mean wall shear stress (WSS) parameters (±standard deviation) in
anatomical regions around the aneurysm (averaged over 10 patients). All
values are in Pascals (Pa).

— TAWSS max TAWSS mean WSS max WSS mean

Lower L1 4.15±1.30 2.29±0.99 22.31±5.05 8.49±4.17
L2 3.12±1.37 1.71±0.74 16.03±6.66 5.69±3.33
L3 3.06±1.28 1.83±0.87 13.95±8.08 6.22±4.12

Upper L1 4.23±1.61 2.58±1.07 22.72±9.66 9.86±6.52
L2 3.33±1.90 1.85±0.83 17.59±10.82 6.45±4.07
L3 2.67±0.81 1.77±0.54 10.18±4.14 5.16±2.61

Lower R1 4.85±2.07 2.60±1.03 24.98±7.79 10.11±4.90
R2 4.63±2.21 2.23±0.87 23.73±11.47 8.51±5.04
R3 3.04±1.07 1.56±0.38 14.51±7.54 4.27±1.69

Upper R1 4.84±2.20 2.48±1.11 24.88±12.56 11.68±6.42
R2 3.75±1.50 2.00±0.48 18.87±8.69 6.82±3.14
R3 2.60±0.35 1.77±0.29 12.99±7.21 4.65±1.46

TABLE 4 | Linear regression analysis: comparison of measurements of WSS per ATAA segment and tissue-derived parameters of corresponding segment from patient-
specific excised tissue. circ � circumferential, long � longitudinal, SMC � smooth muscle cell. All results are statistically significant (p-value < 0.05).

Tissue measurement WSS parameter Coef Standard error 95% CI p-value

Tissue thickness TAWSSMax −0.0489 0.0209 −0.090–0.007 0.022
WSSTmean

Max −0.0421 0.0187 −0.079–0.005 0.026
Log dissection energy function (long) TAWSSMean −0.211 0.106 −0.427–0.062 0.048
Log Ultimate tensile strength TAWSSMax 0.136 0.067 0 0.001–0.270 0.048
Log Elastin abundance TAWSSMax −0.276 0.128 −0.531–0.020 0.035
SMC count TAWSSMax −6.19 2.59 −11.41–0.98 0.021

WSSTmean
Max

−5.87 2.11 −10.12–1.62 0.008
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FIGURE 5 | Scatter plots and trendlines demonstrating the relationship between WSS parameters (x-axes) and aortic wall material properties. (A) aortic wall
thickness (mm) vs TAWSSmax (Pa) and (B)WSSTmean

Max (Pa); (C) longitudinal dissection energy function (log10 transformed, Log DEFlong) vs TAWSSmean (Pa); (D) ultimate
tensile strength (log10 transformed, Log UTS) vs TAWSSmax (Pa); (E) Elastin abundance (log10 (90-x) transformed) vs TAWSSmax (Pa); (F) Smooth muscle cell (SMC)
count (\mm2) vs TAWSSmax (Pa) and (G) WSSTmean

Max (Pa).
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and delamination potential, thus increasing the likelihood of
dissection (Phillippi et al., 2011).

In addition to endothelial cells and fibroblasts, SMCs are part
of the repertoire of crucial mechano-sensing and -regulating cells
in the aortic wall. These cells display adaptive remodeling in
response to shear stress encountered by endothelial cells, which
they detect with integrins, glyclocalyx, membrane microdomains,
cytoskeleton, receptor tyrosine kinases and others. The direct link
betweenWSS level and SMC found in the present study is likely to
result from mechanodysregulation in response to elevated WSS,
involving a disruption of cell matrix connections which are vital
to aortic wall integrity (Michel et al., 2018). Dysfunctional
mechanosensing can lead to cellular apoptosis and/or an
atrophic remodeling response, thus disturbing the structural
integrity of the aortic wall (Leung et al., 1976). Whilst there
are a number of possible intracellular and matrix signaling
pathways associated with the process that we have not tested
for, they are likely to culminate in a final common pathway,
leading to cellular loss and matrix degeneration.

Strengths and Limitations
This study benefits from a robust method of ATAA flow-to-tissue
patient-specific association, which arises from segmental
aneurysm analysis. Conducting the tissue characterization and
CFD portions of work separately has helped reduce the risk of
bias, that could result from basing aortic tissue acquisition on
findings from flow analysis retrospectively (Guzzardi et al., 2015).
Our statistical methods have aimed to appreciate the spread of
data and made use of multilevel regression models, which have
not been utilized in similar studies. Altogether this aims to
improve the validity of the findings.

The study is limited by its small sample size. This may perhaps
explain the lack of significance in some relationships. Larger
studies would also help deal with potential confounders such
patient covariates and valve function. In addition, CFD
simulations were conducted under rigid wall assumption (i.e.

aortic wall compliance was not taken into account). Including
aortic wall compliance could further improve WSS estimation.
However, this would significantly increase the computational
time required to conduct patient-specific simulation further
decreasing the likelihood of adoption of this technique into
the clinic. Rigid wall is therefore a common assumption is
several computational studies (Morbiducci et al., 2013) with a
translational goal. In addition, we do not expect WSS results to be
significantly affected by this assumption. Firstly, because our
mechanical test results suggest increased stiffness in regions of
enhanced WSS. Secondly, previous imaging studies have shown a
reduction in aneurysm wall compliance when compared with
healthy tissues. Larger sample sizes and the incorporation of
computational methods to couple flow and wall material
properties will form the basis of future work.

CONCLUSION

Our findings make a strong case for the co-localization of elevated
WSS and patterns of medial degeneration, the hallmark of TAA
disease. This is likely a result of the negative remodeling process
of the aortic wall in response to chronic exposure to locally higher
shear forces. Detailed wall shear stress analysis could predict areas
of altered vascular wall mechanics and microstructural features in
ascending aortic aneurysms. Presented findings further validate
4D-flow MRI and computational fluid dynamics as powerful
tools for risk stratification in aneurysmal disease. This can
improve precision in the timing and planning of intervention
in at-risk patients.
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TABLE 5 | Results of multilevel mixed-effects linear model for the main outcome of tissue thickness. The fixed effects part of the model tested the influence of TAWSSmax on
thickness, whilst the random effect part of the model tested the influence of the patient. From these results, the influence of WSS alone on thickness does not occur in
isolation and the variance occurring at the patient level is an important influencing factor.

Coef Standard error 95% CI p Value

TAWSSmax −0.016 0.024 −0.063–0.031 0.496
Patient 0.032 0.019 0.010–0.105 —

Var (estimate tissue thickness) 0.100 0.015 0.074–0.133 —

Likelihood ratio test vs linear model — — — 0.0002

TABLE 6 | Multilevel mixed effects linear regression: association between wall shear stress (WSSTmean
Max ) and smooth muscle cell (SMC) count. The fixed effects part of the

model tests the effect of WSSTmean
Max on SMC count. Random effects part of the model tests the effect of the data being nested with the patient domain.

Coef Standard error 95% CI p Value

WSSTmean
Max −4.87 2.240 −9.26–0.48 0.030

Patient 62.94 84.2 4.58–865.54 —

Var (estimate SMC count) 504.31 116.15 321.11–792.05 —

Likelihood ratio test vs linear model — — — 0.167
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Texture analysis (TA) is a newly arisen field that can detect the invisible MRI signal changes

among image pixels. Myocardial infarction (MI) is cardiomyocyte necrosis caused by

myocardial ischemia and hypoxia, becoming the primary cause of death and disability

worldwide. In recent years, various TA studies have been performed in patients with MI

and show a good clinical application prospect. This review briefly presents the main

pathogenesis and pathophysiology of MI, introduces the overview and workflow of

TA, and summarizes multiple magnetic resonance TA (MRTA) clinical applications in

MI. We also discuss the facing challenges currently for clinical utilization and propose

the prospect.

Keywords: magnetic resonance imaging, myocardial infarction, texture analysis (TA), machine learning,

stratifying risk

INTRODUCTION

Myocardial infarction (MI) is myocardial necrosis caused by ischemia and hypoxia of
cardiomyocytes, an imbalance between oxygen offering and myocardial requirement. It belongs
to a part of the clinical manifestation of the acute coronary syndrome (ACS) (1). MI is a major
cause of death and disability worldwide and brings about approximately one-third of all deaths in
patients over 35 years old (2, 3).

The European Society of Cardiology (ESC) has conducted the fourth universal definition of MI
from cardiac troponin values (cTn) and clinical myocardial ischemia evidence that is ranging from
symptoms of myocardial ischemia, ECG abnormalities, and new imaging evidence (4). However,
clinical ischemic symptoms are not specific for myocardial ischemia and may be misdiagnosed as
other medical conditions (5). Early mortality andmorbidity can be decreased by accurate diagnosis,
better prevention, andmanagement, then life expectancy and quality of life will be enhanced (6). So,
more sensitive, precise, and specific techniques are required for the diagnosis and characterization
of MI.

As the imaging techniques evolve, it plays a more and more important role in MI. Cardiac
magnetic resonance (CMR) has advantages, such as non-Radiative, multiparameters and sequences,
multiplanar reconstruction capabilities, and high tissue resolution, which composes the “gold
standard” tool for evaluating the cardiac structure and function non-invasively and becomes
the best available imaging technique for detection of MI (7, 8). Meanwhile, CMR has essential
significance in stratifying risk, predicting prognosis, predicting response to therapy, detecting
complications, etc., in MI (8). Nevertheless, the traditional visual inspection of images may not
recognize subtle differences and detect invisible signal changes (9, 10). Magnetic resonance texture
analysis (MRTA), which belongs to radiomics, includes extensive technologies modeling the spatial
distribution of pixel grayscale for data recognition, classification, and segmentation based on the

192

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.724271
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.724271&domain=pdf&date_stamp=2021-10-28
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:angerh9@126.com
mailto:gong111999@126.com
https://doi.org/10.3389/fcvm.2021.724271
https://www.frontiersin.org/articles/10.3389/fcvm.2021.724271/full


Peng et al. MRTA in Myocardial Infarction

latent texture. Furthermore, MRTA is capable of detecting subtle
signal changes and obtaining underlying image information that
remains imperceptible to eyes to provide tissue characteristics
(9, 11–13). More importantly, MRTA has the potential further
to strengthen the diagnostic and prognostic value of imaging
(14, 15).

This article concentrates on the role of MRTA in MI. In this
study, we review the major pathogenesis and pathophysiology
of MI, the basic concepts and types of MRTA, the clinical
applications of MRTA in MI, current challenges, and
potential prospects.

PATHOGENESIS AND PATHOPHYSIOLOGY
OF MI

Myocardial infarction is most commonly owing to coronary
thrombosis from the rupture of an atherosclerotic plaque (16).
When the blood is exposed to the thrombogenic lipids, the
platelets and coagulation factors are activated, which become
the precipitating factor of the plaque disruption (3). The
coronary plaques with lipid-rich core and thin fibrous cap
occupy the highest risk of rupture (17). However, in addition
to atherosclerosis, there are several etiologies of MI, such
as intracardiac thrombus or valvular vegetation that led to
coronary artery embolism, cocaine use, coronary dissection,
hypotension, anemia, Kawasaki’s syndrome, trauma, metabolic
disease, congenital coronary anomalies, and complications of
angiography (3, 17).

In MI, once the onset of myocardial ischemia, there is a
subsequent decrease in myocardial perfusion, bringing about the
reduction of tissue oxygenation, which transforms the hypoxia
cardiomyocytes from aerobic to anaerobic metabolism, bringing
about edema of cardiomyocyte and ultimately tissue necrosis (5).

The myocardial necrosis process resembles a “wavefront”
phenomenon that is ranging from the endocardium to
the epicardium (18) (Figure 1). Within about 15min, the
myocardium shows ischemia with no infarct. At approximately
40min, it appears subendocardial infarction. Roughly at 3 h, the
subendocardial infarct extends to the mid myocardium. Beyond
6 h, the infarction extends to subepicardial layers and develops
into transmural. After approximately 2 months, scar tissues
replace the piece, inflammatory cells, and edema, leading to
shrinking of the necrotic tissue and myocardial thinning (5, 19).

TEXTURE ANALYSIS

Texture analysis (TA) is a part of radiomics. Through image
post-Processing technology, the distribution and relationship of
pixel or voxel gray are analyzed to extract many quantitative
texture features that are not visible by the naked eyes in medical
images (20). The image texture represents the gray-level variation
rule of pixels in images (21). Changes in image intensity owing
to persistent ischemia and hypoxia may be reflected as textural
patterns near or after cardiomyocyte death (Figure 2). Figure 3
exhibits a simplified workflow about the clinical application of
MRTA. A schematic diagram illustrating the whole TA applied

on CMR is shown in Figure 4. In the light of the means applied
to assess the inter-relationships of the pixels, the forms of texture
analyses can be classified as below: statistical, structural, model-
based, and transform methods (13, 14).

Types of TA
With high gray and spatial resolution, MRI images possess
extensive and similar image information. Therefore, the
statistical method becomes the most commonly used method
in MRTA. For statistical-based TA, various properties control
the distribution and relations of gray-scale values in images to
represent texture (14). First-order statistical TA, also called a
histogram, extracts the image intensity values from the region
of interest (ROI). A histogram can be derived by calculating
the frequency count of the number of pixels of each gray value
(22). Second-order statistics analyze the spatial relationship
or co-occurrence of the pixel intensity values. The two most
commonly used methods are gray-level co-occurrence matrix
(GLCM) and gray-level run-length matrix (GLRLM). Through
the calculation of the neighborhood gray difference matrix,
high-order statistics study the spatial relationship among three
or more pixels and reflect the change of intensity in a specific
area or the distribution of homogeneous areas. The common
calculation method includes neighborhood gray-tone difference
matrix (NGTDM) and gray-level size zone matrix (GLSZM) (23).

Structural-based TA catches intensity changes between the
central and adjacent voxels. Local binary patterns (LBP) are a
non-Parametric algorithm and also the most frequently used
method that depicts the local features of gray-scale connection
between image pixels and neighboring pixels (24).

Model-based TA explicates texture in an image with
sophisticated mathematical models, for example, stochastic
or fractal models. The model parameters are estimated
and applied to image analysis. Due to a lack of direction
selectivity, this method is unsuited for depicting local image
structures (13).

Transform-based TA enables the spatial information of images
to convert into spatial frequencies. It contains Gabor, Fourier,
andWavelet transform. As themost widespreadmethod,Wavelet
transform can analyze the frequency content of images in
different spatial frequency resolutions (25).

Machine Learning
Artificial intelligence (AI) is rapidly gaining importance in
the medical imaging field and is likely to gradually turn into
clinical practice in the next few years (26, 27). According to the
data derived from AI, machine learning is a rapidly growing
area that concentrates on building systems that make accurate
predictions according to the data (28). Machine learning is
mainly applied to establish the diagnosis of MI and assists
differential diagnosis of acute mesenteric ischemia (AMI) and
chronic mesenteric ischemia (CMI) that cannot be identified by
the naked eyes (15, 29, 30). The application of machine learning
in medical imaging can be briefly summarized into three
types: supervised, unsupervised, and semisupervised learning
(31). Supervised learning intends to recognize the relationship
between characteristics relevant to the learning objectives and
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FIGURE 1 | The “wavefront” of myocardial ischemic necrosis, necrosis of cardiomyocytes progresses from the subendocardium to the subepicardium over time if

ischemia persists and ultimately becoming transmural infarct.

FIGURE 2 | Schematic illustration of the texture working hypothesis in myocardial infarction (MI). Top row: ischemia and hypoxia may cause cardiomyocyte at risk or

death; (1), (2), and (3) represent normal cardiomyocyte, cardiomyocyte at risk, and cardiomyocyte death, respectively. Bottom row: changes in the statistical properties

of the image intensities due to the persistent ischemia and hypoxia of cardiomyocytes may be reflected as certain textural patterns.

FIGURE 3 | Overview of the MRTA simplified workflow. MRTA, magnetic resonance texture analysis.

the expected result indicators in a dataset for classification.
Unsupervised learning intends to identify and establish
potential patterns through the use of unlabeled data from a

computer. By combining supervised and unsupervised learning,
semisupervised learning utilizes the amount of unlabeled data
and few labeled data for training. At present, the most relevant
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FIGURE 4 | A schematic diagram illustrating the whole texture analysis (TA) applied on CMR. The myocardium in a CMR image was convolved by a bandpass

Gaussian filter to enhance the image and highlight the variance. The histogram of the enhanced myocardium was computed to obtain a couple of statistic parameters,

such as mean, SD, skewness, kurtosis, entropy, and mean positive pixel. These parameters were furthermore analyzed among different patients for evaluation,

classification, differentiation, and prediction. CMR, Cardiac magnetic resonance.

to cardiovascular imaging are supervised and unsupervised
learning (32).

MRTA CLINICAL APPLICATIONS IN MI

Magnetic resonance texture analysis clinical applications in MI
emerge as a promising research domain, and many findings
have presented encouraging results. The series of studies can be
divided into three broad categories: establishing the diagnosis,
determining the age of infarct, stratifying risk (Table 1).

Establishing Diagnosis
Despite the relative importance of various MRI technologies
vary, MRI plays a significant role in establishing a diagnosis
for both AMI and CMI (7). The rapid application of TA
in medical imaging provides a new method for diagnosing
MI. Baessler et al. (15) performed TA in 120 patients
with MI using histogram, GLCM, GLRLM, absolute gradient,
autoregressive model, and wavelet transform. Taking late
gadolinium enhancement (LGE) as a reference standard,
five texture features [Teta1, WavEnHH.s-3, Perc.01, S (5,5)
Sum Entrp, and Variance] enabled distinguishing scarred
myocardium from normal myocardium on non-Enhanced cine
MRI independently. Moreover, multiple logistic regression
showed that Teta1 and Perc.01 achieved the highest diagnostic
performance for small and sizeable myocardial scars with the
area under the curve (AUC) were 0.92 and 0.93, respectively.
Therefore, MRTA may provide an extra mean for the diagnosis
of MI with gadolinium-free enhancement imaging, which may
be helpful for patient groups with accompanying chronic
kidney disease who have an added risk of gadolinium-
related complications.

Determining the Age of Infarct
Apart from being a useful diagnostic tool, MRI can also be
applied for differentiation between acute and chronic infarction,
which is especially helpful when the patient has multi-infarct
in different vascular areas or when an infarct occurs with no
clinical symptoms. Distinguishing AMI from CMI has vital
clinical significance for treatment and follow-up, especially in
patients with pre-Existing CMI, and the probability of locating
acute lesions by ECG or coronary angiography is limited. The
management of two types of infarcts differs. It is crucial to
determine the infarct age, especially when both infarction entities
coexist, complicating that will complicate the therapeutic plan
and follow-up after treatment. Several imaging features involving
the identification of AMI and CMI in previous studies, such
as wall thickening and thinning (40), microvascular obstruction
(MVO) (41), edema on T2-weighted images (42, 43), and hyper-
enhancement in contrast-enhanced MRI (44). However, some of
these imaging features lack insufficient sensitivity and specificity,
and technical limitations still exist (7, 29).

Compared with those current technologies that rely on
image visual evaluation, the quantitative character of TA is
a unique advantage. Edema of AMI and fibrosis of CMI
hold the most essential characteristics of cardiac pathological
changes correspondingly and affect the internal structure of
tissues, which indicates there may be some inherent texture
discrepancy in the images of tissues influenced by AMI and
CMI. Larroza et al. (29) performed TA in 44 patients with
MI (22 with AMI and 22 with CMI) by using histogram,
GLCM, GLRLM, absolute gradient, autoregressive model, and
wavelet transform, 279 texture features extracted from cine,
and LGE MRI were used to distinguish AMI from CMI
alone. A nested cross-validation approach combining a feature
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TABLE 1 | Magnetic resonance texture analysis (MRTA) clinical applications in myocardial infarction (MI).

Clinical

application

References Study size Acquisition Type of TA Modeling methods Results

Establishing

diagnosis

Baessler

et al. (15)

120 CMR, 1.5T Histogram, GLCM,

GLRLM, absolute

gradient, wavelet

autoregressive model,

Multiple logistic

regression

Combining the texture features

Teta1 and Perc.01 obtain the highest

accuracy for diagnosing large and

small MI on CMR with an area under

the curve of 0.93 and 0.92

respectively

Determining age of

infarct

Larroza

et al. (29)

44 LGE, CMR, 1.5T Histogram, GLCM,

GLRLM, absolute

gradient, wavelet

autoregressive model,

Random

forest algorithm

SVM

The polynomial SVM yielded the best

classification performance

(AUC = 0.86 ± 0.06 on LGE and

AUC = 0.82 ± 0.06 on cine MRI)

Chen

et al. (33)

70 T1 mapping, LGE,

CMR, 3.0T

Histogram, GLCM

Difference entropy,

GLRLM

Random forest

algorithm

GLRLM features (horizontal fraction)

extracted from of ECV demonstrated

a significantly higher AUC (0.91) than

other texture features in differentiation

of unsalvageable infarction and

salvageable myocardium

Risk stratification Larroza

et al. (34)

50 Cine, CMR,1.5T GLCM, GLRLM,

GLSZM, NGTDM, LBP

SVM Evaluation of myocardial segmental

viability based on transmural

extension: LBP features using a 2D +

t approach achieved high

discrimination (AUC > 0.8) of

non-Viable, viable and remote

segments, with sensitivity 92, 72, and

85%, respectively

Ma

et al. (35)

68 T1 mapping,

CMR, 3.0 T

Histogram, GLCM,

wavelet

Multiple logistic

regression

The combination of TA and T1

mapping native T1 values could

provide high diagnostic accuracy for

transmurality (AUC = 0.84) and MVO

(AUC = 0.86)

Kotu

et al. (36)

22 LGE, CMR, 1.5T Dictionary-based

texture,

dc-values

MLE-Bayes TA aided with intensity values gives

better segmentation of scar from

myocardium with high sensitivity

(82.32%) and specificity (89.05%)

Kotu

et al. (37)

44 LGE, CMR,1.5T Dictionary-based

texture

FTCM Pixel with larger Rp values is more

likely to be the border area of scar

Engan

et al. (38)

24 LGE, CMR GLCM MLE-Bayes Combination of image texture and

statistical features on scar may have

potential discriminative power

between high and low risk of serious

ventricular arrhythmias groups

Gibbs

et al. (39)

76 LGE, CMR, 1.5 T Histogram Kaplan-Meier analysis Patients suffering arrhythmic events

with significantly higher kurtosis and

lower skewness compared with those

suffering no arrhythmic events

CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; GLCM, gray-level co-occurrence matrix; GLRLM, gray-level run-length matrix; GLSZM, gray-level size zone

matrix; NGTDM, neighborhood gray-tone difference matrix; SVM, support vector machine; MLE, maximum likelihood estimator; LBP, local binary patterns; ECV, extracellular volume;

MVO, microvascular obstruction; AUC, area under the curve; TA, texture analysis; FTCM, Frame texture classification method.

selection technology called multiple support vector machine
recursive feature elimination (MSVM-RFE) was applied to test
the diagnosis efficiency, the results showed that the polynomial
SVM achieved the optimum classification performance (AUC
= 0.86 ± 0.06 on LGE MRI and AUC = 0.82 ± 0.06 on cine
MRI). However, the discrimination is not straightforward and
demands the use of machine learning, especially in cases where
the infarction is not readily visually perceptible in standard
cine MRI.

Stratifying Risk
In recent years, MRTA plays a new role in identifying multiple
prognostic indicators that guide risk stratification and prognosis
prediction in patients with MI. The applications mainly
involve five sub-aspects: (1) differentiation of reversible
from irreversible myocardial injury; (2) evaluation of
transmurality; (3) detection of MVO; (4) assessment of
scar size combined with segmentation; and (5) identification of
scar heterogeneity.
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Differentiation of Reversible From Irreversible Injury
Differentiating reversible from irreversible myocardial damage
is valuable for prognosis prediction. The salvaged myocardium
is an independent predictor of prognosis and is associated with
mortality, representing the risk area but can be rescued or rescued
through revascularization (45). The myocardial salvage index
(formula: T2-weighted edema area-delayed enhanced area/T2-
weighted edema area) (45), T1 mapping techniques (46, 47),
blood oxygen-level dependent (BOLD) (48), etc., have been
studied to evaluate the severity of the ischemic myocardial injury.
Nevertheless, the traditional visual quantification of the average
intensity level for ROI is insufficient because it easily ignores
subtle changes and remains subjective (49). TA may overcome
some of the above limitations by utilizing specific imaging
information to obtain tissue features and quantitatively analyze
the relationship between pixels and gray patterns in images.

One promising result about the differentiation of reversible
from irreversible myocardial injury based onMRTAwas reported
by Bing-Hua Chen et al. (33). They examined TA of extracellular
volume (ECV) mapping from the calculation of native and post-
Contrast T1mapping images in 70 patients with ST-elevationMI.
Five texture features [one co-occurrence matrix features S (0,1)
difference entropy, two histogram indexes (mean and perci.99%),
and run-length matrix features (horizontal fraction and vertical
fraction)] were selected for analysis. The results showed that
the horizontal fraction demonstrated a significantly higher AUC
(0.91) than other texture features in identifying unsalvageable
and salvageable myocardium.

Evaluation of Transmurality
The transmurality of infarction possesses an independent
prognostic value in measuring the recovery of contractile
function after treatment, and a greater transmural extent is
related to poorer recovery (50, 51).

Magnetic resonance texture analysis shows several promising
results in the evaluation of transmurality. Ma et al. (35) combined
T1 mapping and TA for the assessment of myocardial segmental
transmurality in 68 patients with AMI, the combination of native
T1 values and four features {histogram (mean), GLCM [S(0,1)
Correlat, S(1,-1) SumEntrp, and S(2,0) Correlat]} achieved good
diagnostic performance (AUC = 0.84). In addition, taking the
transmural extension on LGE as the standard judgment of
infarcted segmental viability, Larroza et al. (34) applied MRTA
to distinguish infarcted viable, non-Viable, and remote segments
in 50 patients suffering CMI. Features derived from four matrix-
based TA (GLCM, GLRLM, GLSZM, and NGTDM) and LBP
methods were extracted from the segments on cine MRI, by
combining SVM classifier, LBP using a 2D + t method achieved
high discrimination (AUC > 0.8), with sensitivity 92% (non-
Viable), 72% (viable), and 85% (remote), respectively. Hence,
MRTA may have the potential to provide a new way to detect
the myocardial segmental transmurality and assess myocardial
segmental viability by the gadolinium-free method.

Detection of MVO
Microvascular obstruction appears in severe microcirculation
damage caused by myocyte death, overflow of intracellular

substances, severe stasis, and occlusion of end arteries and
capillaries (7). Moreover, MVO often indicates transmural MI
and correlates with adverse remodeling and poor prognosis (52).

Ma et al. (35) applied MRTA for the detection of MVO in
68 patients with AMI. Through combination of native T1 values
and eight texture features {[histogram(Perc. 90%), GLCM [S(1,0)
Entropy, S(0,1) Correlation, S(4,0) SumVarnc, S(5,0) DifEntrp],
and wavelets (WavEnLL_s-1, WavEnLL_s-2, WavEnLL_s-3)]}
that are extracted from T1 mapping, it reached a high diagnostic
performance (AUC= 0.86) for MVO. Thus, MRTA may provide
a more accurate means for diagnosing the severity of the acute
myocardial injury.

Assessment of Scar Size Combined With

Segmentation
The extent of infarct can predict left ventricular adverse
remodeling (LVAR) and correlates negatively with prognosis (53–
55). Besides that, since the scar is a cause of arrhythmia, infarct
size is a better predictor of ventricular tachycardia than left
ventricular (LV) ejection fraction (EF) or LV volumes (56, 57).
Previous reports suggest the scar size assessed by MRI has the
potential to predict survival and mortality independent of LVEF
(58–60). Thus, segmentation of scar is a first step to explore the
internal information in the scar.

Magnetic resonance texture analysis-combined segmentation
can better provide the signal intensity features of the scar,
then to help better segment the scar and assess scar size. Kotu
et al. (36) segmented scar from normal myocardium on LGE
MRI using intensity-based TA in 22 post-MI patients. Through
maximum likelihood estimator (MLE)-based Bayes classification,
the dictionary-based texture features and dc-values were applied
to segment scarred and normal myocardium. Compared with
manual segmentation by cardiologists, TA aided with intensity
values achieved better segmentation of scar with high sensitivity
(82.32%) and specificity (89.05%), thus may be helpful to reduce
small missed infarcts that not even affect LVEF but can lead to
arrhythmic events (61–63).

Identification of Scar Heterogeneity
After MI, the necrotic tissue is gradually replaced by granulation
and fibrous tissue and finally, develops into scar tissue. The
myocardium presents heterogeneous nature owing to scarring,
and the scar tissue is complex on a histopathological level. In
addition, numerous studies have shown that the degree of scar
heterogeneity correlates directly with the risk of arrhythmia
events, thereby, better guide the implantation of an implantable
cardioverter defibrillator (ICD) (64, 65). In previous research,
the myocardial heterogeneity visualization is mainly based on
thresholds that are defined at intensity levels corresponding to
the percentage of the max intensity level in scar area (57, 66).
TA allows for quantization of patterns and relations among
pixels inside images occasionally invisible to human eyes, thus,
acquiring an additional measure of heterogeneity.

The scar can be described as two areas: (1) the core area, which
consists of fibrous tissue and the myocardial fibers which are in a
state of complete death, does not respond to the electrical signals
transmitted by the myocardium to tell the heart to contract;
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(2) the border area, also known as peri-infarct area or gray
zone area, contains heterogeneous tissue composed of necrotic
tissue mix with bundles of viable cardiomyocytes; the electrical
signals in these areas will be disturbed, which may lead to
reentry and sometimes arrhythmias (37, 39, 57). It is believed
that accurately defining and visualizing border areas may be
helpful to give insight into better risk stratification for patients
with MI. A probability mapping technique based on texture and
intensity features was proposed by Kotu et al. (37) to describe
the heterogeneity of myocardial scar in CMR images after MI.
On dictionary-based textural features, the result showed that the
pixel with larger Rp values was more likely to be the border
area of the scar but not necessarily in scar core, which may offer
an additional valuable means to identify border areas in scarred
myocardium to help predict arrhythmia events.

Some studies reveal that MRTA helps to identify arrhythmias
events for patients with previous MI. Engan et al. (38) performed
data analysis of image texture (based on GLCM) and statistical
features on 24 implanted ICD patients with myocardial scars
in CMR. Using maximum likelihood estimation (MLE)-based
Bayes classifiers, the results showed that a combination of texture
and statistical features might have potential discriminative power
between the high and low risk of severe ventricular arrhythmias
groups. Similar findings were reported by Gibbs et al. (39) who
applied MRTA by using filtration histogram technique to assess
LGE images in 76 patients with previous MI and evaluated the
characteristics of the scar heterogeneity. The average follow-
up time was 371.5 days to observe the ventricular arrhythmic
events. The results suggested that patients who are suffering
from arrhythmia presented higher kurtosis and lower skewness
compared with those suffering no arrhythmia; furthermore,
Kaplan-Meier analysis revealed that higher coarse kurtosis and
lower fine skewness possessed a particular ability to forecast the
increased incidence of ventricular arrhythmic events.

DISCUSSION

Challenges of MRTA
Despite these superiorities, extensive clinical application of
MRTA in MI remains challenging. First, most of the studies are
small sample pilot exploration in a single center, and almost
all of them are retrospective studies. The conclusions obtained
lack extensive verification support, and the clinical evidence
is not sufficient. Therefore, prospective, multicenter, and large
sample studies are needed. Second, at present, medical imaging
equipment lacks the same image acquisition and imaging
algorithm standard, and different acquisition times of the same
MRmachine and acquisition of different MRmachines can affect
the stability of radiomics features, and the reproducibility is low.
Consequently, strict protocols and standardized methodologies
should be followed to maximize the validity of future research.
Third, there are many feature parameters in TA, and the
prediction accuracy is affected by feature parameters, feature
selection methods, and classifiers. In addition, MRTA software
is manifold, and there is no evidence to show which software
is superior at present. However, 3D TA includes more spatial
information and is superior to 2D TA but applies less due to

increased complexity. Thus, more accurate and widely applicable
feature selection and pattern recognition methods will become
the development direction of MRTA.

Comparison of MRTA and CMR
In the era of big data, TA has become a research hotspot in
the field of precision medicine and AI (25). Compared with
CMR, MRTA has many advantages as follows. First, MRTA
can detect tissue changes that are not easily perceptible to
the naked eyes by quantifying gray-level patterns and pixel
interrelationships in images, thus can compensate the deficiency
of traditional image analysis methods and strengthen the
utilization value of CMR images simultaneously (10). Second,
MRTA can recognize subtle differences in textural information
and further strengthen the diagnostic, prognostic, and predictive
values of CMR imaging (67). In addition, MRTA has several
shortcomings when compared with CMR, lack of standardization
has become the main reason that limits its widespread clinical
application (68); besides, TA software needs to be purchased for
an additional fee and thus causes increased costs. Although the
development of MRTA is still at an early stage and faces many
challenges, MRTA shows good clinical application prospects in
the cardiovascular field.

Prospects
Although multiple MRTA clinical applications in MI have shown
encouraging results, some aspects are not or rarely referred to and
may become future developments.

In traditional imaging, the following factors are also related
to risk stratification and prognosis in patients with MI that
may be helpful for MRTA clinical application, for instance, (1)
hemorrhage in the core of infarct has been demonstrated as
an adverse prognostic indicator that is relevant to LVAR, large
infarct size, and increased LV end-systolic volume (69); (2)
ischemia may help to identify the individuals at high risk of non-
Fatal MI; moreover, compared with patients with no peri-infarct
ischemia, the existence of peri-infarct ischemia correlates with
a higher incidence of cardiovascular events (70); (3) the right
ventricle (RV) function evaluated late after MI is also a significant
prognostic indicator (71). In the future study,MRTA applications
in evaluating hemorrhage in the core of infarct, ischemia, and the
RV function, etc., may be of potential value for risk stratification
and prognosis prediction in MI. Besides, predicting response
to therapy and detecting complications are also a new clinical
application aspect of MRTA in MI.

In addition to the above future developments that MRTA
has potential in risk stratification and prognosis prediction in
MI, the combined application with MRTA also has a certain
prospect. First, except for the cine, mapping, and LGE, applying
MRTA to other CMR quantitative techniques, such as strain,
diffusion tensor imaging (DTI), perfusion-weighted imaging
(PWI), and intravoxel incoherent motion (IVIM), can enrich
the clinical research methods of MI. Second, MRTA combined
with other imaging techniques, such as ECG, echocardiography,
and myocardial radionuclide tomographic imaging may improve
early MI diagnosis and prognosis. Third, cTn is the most
diagnostic biochemical marker forMI, the combination ofMRTA
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and cTn will increase the understanding of the connection
between texture change and progression of MI. Fourth, the
combination of radiomics characteristics and genomic data
is described as radiogenomics (11). Gene regulation plays an
important role in the occurrence of MI and cardiac remodeling
after MI (72, 73). In the future, combinations of TA features
and genomic data may have potential clinical application
value in MI.

CONCLUSION

At present, the inferential diagnosis of MI is based on the
combination of biochemical markers, ischemic symptoms, or
ECG changes. We are entering an era of combined imaging and
clinical assessment in disease detection and diagnosis. MRTA can
detect the invisible signal changes, thus, provides an additional
non-Invasive method to establish the diagnosis, determine the
age of infarct, and stratify risk and predict prognosis in MI.

Although its current application for MI imaging faces some
challenges, MRTA shows good clinical application prospects
in MI.
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We propose a data assimilationmethodology that can be used to enhance the spatial and

temporal resolution of voxel-based data as it may be obtained from biomedical imaging

modalities. It can be used to improve the assessment of turbulent blood flow in large

vessels by combining observed data with a computational fluid dynamics solver. The

methodology is based on a Stochastic Ensemble Kalman Filter (SEnKF) approach and

geared toward pulsatile and turbulent flow configurations. We describe the observed flow

fields by a mean value and its covariance. These flow fields are combined with forecasts

obtained from a direct numerical simulation of the flow field. The method is validated

against canonical pulsatile and turbulent flows. Finally, it is applied to a clinically relevant

configuration, namely the flow downstream of a bioprosthetic valve in an aorta phantom.

It is demonstrated how the 4D flow field obtained from experimental observations can be

enhanced by the data assimilation algorithm. Results show that the presented method

is promising for future use with in vivo data from 4D Flow Magnetic Resonance Imaging

(4D Flow MRI). 4D Flow MRI returns spatially and temporally averaged flow fields that are

limited by the spatial and the temporal resolution of the tool. These averaged flow fields

and the associated uncertainty might be used as observation data in the context of the

proposed methodology.

Keywords: data assimilation, Ensemble Kalman Filter, cardiovascular flow, turbulence, ensemble averaging

1. INTRODUCTION

The clinical relevance of 4D Flow Magnetic Resonance Imaging (4D Flow MRI) for quantifying
pulsatile and turbulent blood flow in the ascending aorta is limited by spatial and temporal
resolution which are in general insufficient for a precise assessment of flow related parameters such
as turbulent kinetic energy (TKE), Reynolds shear stress (RSS) and wall shear stress. In recent years,
models to overcome these limits have been proposed, e.g., to quantify TKE for assessing aortic
stenosis severity (1).

Data Assimilation (DA) can help to enhance the quality of these parameters. In DA, sparse and
noisy measurement data (observations) are combined with the forecast solution computed by a
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numerical (forward) model in order to obtain an improved
prediction of the true state of the system. A widely used and well-
known technique for DA is the Kalman Filter (KF) proposed by
Kalman (2). Computation of an appropriate filter is based on the
uncertainties of the observations and of the forwardmodel. These
uncertainties can be described by covariances of specific variables
that are typically not known a priori, such that the appropriate
design of a filter requires modeling. The original KF can be
applied to a wide range of applications if the physical system
can be described by a linear model and data observed from
measurements are affected by normally distributed noise. In this
context, the forecast computed by the linear model is perturbed
by the error of the model, and the forecast mean depends linearly
only on the previous time step since the error has zero mean. The
covariance of the error is not zero, therefore it also appears in the
forecast covariance matrix computation.

In nonlinear systems, the forecast mean and covariance
cannot be calculated directly from the previous time step
anymore, because of the nonlinear nature of the model operator.
This limitation led to enhancements of the basic KF theory. A first
example is the Extended Kalman Filter (3) which linearizes the
original nonlinear dynamics around the previous state estimates.
The ensemble KF (EnKF) (4) replaces the forecast covariance
matrix by a sample covariance and estimates the forecast mean
and covariance from an ensemble of states of system, which
represents the evolution of the state probability density function.
This makes the EnKF an important DA tool for ensemble
forecasting. If the observations can be interpreted as the result
of an ensemble of samples, the noise covariance is replaced by
the sample covariance which results in the Stochastic Ensemble
Kalman Filter (SEnKF) (5, 6) also known as Ensemble Kalman
Filter with perturbed observations.

Many examples of KF techniques applied to fluid dynamics
problems have been reported in the literature. Hœpffner et al.
(7) used a KF based on the linearized Navier–Stokes equations
to reconstruct the relevant statistics of the initial conditions
in transitional wall-bounded flow systems. The study has been
extended to turbulent wall-bounded flows to estimate the mean
turbulent flow profile in the near-wall region by using noisy
observations on the wall (8) and to capture the turbulent flow
state at the outer boundary of the buffer region of turbulent
boundary layer by using an EnKF (9). Gu and Oliver (10)
proposed an EnKF to investigate multiphase flows in porous
media. Harlim and Majda (11) compare different methods for
filtering sparsely observed turbulent geophysical flows in the
atmosphere and ocean regimes. Suzuki (12) developed a hybrid
unsteady-flow simulation technique combining particle tracking
velocimetry (PTV) and direct numerical simulation (DNS) by
using a reduced-order KF. Recently, a reduced-order model
based on KF has been proposed for turbulent flow configurations
showing a successful improvement of the prediction of turbulent
features even when the observation is provided only in a limited
region (13).

DA using methods different from KF have been also
applied to fluid dynamics problems. A variational DA technique
based on the minimization of the error between observations
and numerical solution in the context of Reynolds Averaged

Navier–Stokes (RANS) equations has been applied successfully
to reconstruct the mean flow field around a cylinder in laminar
regime (14). The variational DA technique has been used to
combinemean velocity from 2D PIV observations of flow over an
idealized airfoil and a numerical solver for RANS Equation (15).

Both variational and KF-based DA techniques for
computational fluid dynamics have been reviewed and compared
for unsteady viscous flow applications (16). These techniques
are powerful tools, because the coupling of observed data with
computational models can remove errors which cannot be
identified by using only one of these scientific methodologies
alone. However, reliable tools for accurate prediction of complex
flow configurations are still lacking.

In the field of cardiovascular flows, DA and Kalman filter
have been used in order to improve the accuracy and reliability
of physical modeling and to reduce the uncertainty due to
the lack of information about boundary conditions, patient-
specific geometries and blood viscosity. Gaidzik et al. (17)
improved hemodynamic flow prediction by merging Phase-
Contrast MRI data with CFD simulations for an idealized
aneurysm model where well-controlled laminar flow can be
obtained. Canuto et al. (18) implemented an EnKF for the
purpose of estimating parameters in cardiovascular models, i.e.,
a fully zero-dimensional model of the right heart and pulmonary
circulation and a coupled 0D–1Dmodel of the lower leg, through
the assimilation of clinical measurements of specific patients.
DeVault et al. (19) proposed a model for the blood flow in a
vital subnetwork of the cerebral vasculature, namely the Circle
of Willis. In this model the parameters of the outflow conditions
were calibrated using a subset of clinical measurements through
EnKF techniques. Arnold et al. (20) used EnKF to estimate
the inlet flow waveform in patient-specific arterial network
models. Habibi et al. (21) used a reduced-order modeling Kalman
filter to provide blood flow data that were more accurate
than the computational and synthetic voxel-based experimental
datasets with the aim of improving near-wall hemodynamics
quantification. In their recent review, Arzani and Dawson (22)
present and compare different variational and KF-based DA for
modeling cardiovascular flows. Some other studies on merging
CFD and 4D flow MRI data using data assimilation are reported
here for completeness (23–27).

The aim of this paper is to propose a DA methodology based
on the SEnKF approach that can be used to enhance the spatial
and temporal resolution of voxel-based flow observations of
turbulent pulsatile flow (as in 4D Flow MRI) to improve the
assessment of turbulent blood flow in large vessels. To the best
of the authors’ knowledge, the current work seems to be the
first study that tackles turbulence modeling in blood flow with
KF-based DA techniques. We propose to consider voxel-based
observed data as the result of a volumetric averaging of the
true state over the voxel size. The associated sample covariance
will take into account the presence of turbulence as well as the
noise. The present problem of DA could also be addressed by
the 4D-Var method (28, 29) or the Ensemble Kalman Smoother
(30) which cope with problems presenting nonlinearity and
strong sensitivity to initial conditions as in turbulent flows. Here,
we only aim at finding the correct covariance matrix of these
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fluctuations rather than trying to predict exact, instantaneous
fluctuations. The sensitivity to initial conditions ensures that
every simulated pulse results in a slightly different realization
of the turbulent flow field. The average of this ensemble of
flow realizations corresponds to the mean flow in the Reynolds
decomposition and the covariance matrix then corresponds to
the Reynolds stress tensor. We will apply the SEnKF method
mainly for these analogies with the Reynolds decomposition of
turbulent flows.

The used forward model comprises a high-order finite-
difference flow solver for the Navier–Stokes equations for the
Direct Numerical Simulation (DNS) of turbulent incompressible
flow (31) which is thoroughly validated and has been used
for several complex flow configurations (32–34) and recently
for the study of fluid-structure interaction problems (35, 36).
The numerical forecast provided by the forward model are
decomposed in an expectation value (ensemble-average) and its
fluctuations. Such expectation values can be interpreted as a
RANS flow field and the associated covariance matrix as the
Reynolds stresses (RSS). In that spirit, our SEnKF algorithm
applies a correction to the numerical forecast based on its
covariance (RSS) and on a set of observed data and their
associated covariances.

The remainder of this paper is organized as follows: the section
2 provides a brief description of the theoretical background of
turbulent flows, EnKF and SEnKF approaches, and the proposed
DA methodology that will estimate the enhanced flow fields.
In the section 3, the proposed DA methodology is applied to
three cases: Unsteady flow past a circular cylinder confined in
a channel; Wall-bounded turbulent flow in a channel; Flow
downstream of an aortic valve. The paper concludes with a
discussion on the accuracy, efficiency, and versatility of the DA
methodology based on these results.

2. METHODS

2.1. Ensemble Averaging
We model incompressible flow of a homogeneous Newtonian
fluid with the Navier–Stokes equations

E∇ · Eu (Ex, t) = 0, (1)

∂Eu (Ex, t)

∂t
+

(

Eu (Ex, t) · E∇
)

Eu (Ex, t) +
1

ρ

E∇p (Ex, t) − ν∇
2
Eu (Ex, t)

− Ef (Ex, t) = 0, (2)

where Ex = {x, y, z} are Cartesian coordinates, and t is the time.
The variables ρ and ν are the fluid density and the kinematic

viscosity, respectively; p is the fluid pressure; Eu and Ef are the fluid
velocity and the volumetric forcing, respectively.

In the case of turbulent flows, the pressure and velocity
fields present chaotic, unsteady changes due to the nonlinear
nature of the system and exhibit strong sensitivity to the initial
conditions. In practice, this leads to non-reproducible flow fields
despite the deterministic nature of the Navier–Stokes (Equation
2) and a statistical approach is often used to study turbulent flow

systems. Therefore, we will not aim at predicting exact turbulent
fluctuations from noisy observations. Rather, we will formulate
a data assimilation scheme to predict statistical properties of the
turbulent flow comprising themean flow and the secondmoment
of the turbulent fluctuations.

The expectation value of a specific turbulent flow quantity
may be estimated from an ensemble of multiple realizations of
the flow field, i.e., multiple states-of-system. Each realization r
of the flow field Eu (Ex, t)(r) can be decomposed in an ensemble-

averaged field 〈Eu (Ex, t)〉 and the fluctuations Eu′ (Ex, t)(r) according
to the Reynolds decomposition

Eu (Ex, t)(r) = 〈Eu (Ex, t)〉 + Eu′ (Ex, t)(r) , (3)

with the ensemble-average on the s states-of-system defined as

〈Eu (Ex, t)〉 := lim
s→∞

1

s

s
∑

r=1

Eu (Ex, t)(r) . (4)

This leads to the following Reynolds-averaged Navier–Stokes
(RANS) equations for incompressible flows:

E∇ · 〈Eu (Ex, t)〉 = 0 (5)

∂〈Eu (Ex, t)〉

∂t
+

(

〈Eu (Ex, t)〉 · E∇
)

〈Eu (Ex, t)〉 +
1

ρ

E∇〈p (Ex, t)〉

− ν∇
2
〈Eu (Ex, t)〉 − 〈Ef (Ex, t)〉

= −E∇ · 〈 Eu′ (Ex, t) Eu′ (Ex, t)T〉. (6)

Equations (5) and (6) have the same form as the original
(Equations 1, 2) except for the additional term on the right-hand
side of Equation (6) comprising the so-called Reynolds Stresses

(RSS)−ρ〈 Eu′ (Ex, t) Eu′ (Ex, t)T〉.
In pulsatile flows, the flow configurations are repeated with

period T, and a generic time tn can be written as

tn = t(r),φ = tφ + (r − 1)T, (7)

where tφ is the phase time and r is the number of the
pulse. The description of the pulsatile dynamics can be
reduced to the study of the flow configurations of the
basic pulse period. Nonetheless, in presence of turbulence,
the periodically subsequent configurations of the pulsatile
flow will show differences due to the turbulent fluctuations.
Information about the turbulent dynamics of pulsatile flows can
be captured decomposing the flow field by phase-averaging, that
is obtained by building the ensemble of states-of-system from
the periodically subsequent configurations. Thus, the ensemble
definition (Equation 4) assumes the following form

〈Eu (Ex, tn)〉φ := lim
s→∞

1

s

s
∑

r=1

Eu
(

Ex, tφ + (r − 1)T
)

(8)

where 〈·〉φ is the phase-average operation on the periodically
subsequent configurations related to the basic time tφ . The
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pulsatile turbulent dynamics is then described at each basic time
tφ by the phase-averaged flow field 〈Eu

(

Ex, tφ
)

〉φ and its covariance

〈 Eu′
(

Ex, tφ
)

Eu′
(

Ex, tφ
)T
〉φ .

In turbulent configurations presenting a statistically-steady
behavior, a time-average corresponds to an ensemble-average.
Thus, the ensemble definition (Equation 4) assumes the
following form

〈Eu (Ex, t)〉t := lim
s→∞

1

s

s
∑

r=1

Eu (Ex, t0 + (r − 1) 1τ) (9)

where 〈·〉t is the time-average operation, t0 is the initial time
value and 1τ a chosen time increment. The statistically-steady
turbulent dynamics is then described by the time-averaged flow

field 〈Eu (Ex, t)〉t and its covariance 〈 Eu′ (Ex, t) Eu′ (Ex, t)T〉t . Note that
the definition of the time-average operation (Equation 9) is
formally identical to the definition ensemble average (Equation
8) if the number of phases describing the flow is equal to 1 and
1τ corresponds the time period T.

In spatially-homogeneous turbulent flows the turbulent
features are statistically the same in the flow domain such that
the ensemble-average (Equation 4) can be replaced by a volume-
average,

Eu (Ex, t) :=
1

V

∫∫∫

V

Eu
(

Eξ , t
)

dEξ (10)

where · stands for the volume-average operation over the
volume V . The spatially-homogeneous turbulent dynamics is
then described by the volume-averaged flow field Eu (Ex, t) and its

associated covariance Eu′ (Ex, t) Eu′ (Ex, t)T.
In summary, the ensemble used for statistical characterization

of a turbulent flow can be built in different ways depending
on the physical behavior of the turbulent flow configuration
(statistically-steady, periodic, spatially-homogeneous) leading to
different forms of Equation (4). Equations (8)–(10) can be seen as
special cases of the following most general form of the ensemble
definition Equation (4)

〈Eu (Ex, tn)〉φ := lim
s→∞

1

s

s
∑

r=1

Eu
(

Ex, t(r),φ
)

. (11)

2.2. Stochastic Ensemble Kalman Filtering
Approach
The SEnKF approach is used to estimate the state of the system
by filtering an ensemble forecast with observations over time.
Hereafter, a brief introduction to KF algorithms and then to the
SenKF is presented. Details of the algorithms are available in the
original papers (2, 4, 5).

The true state-of-system at time tn is denoted by the state-
vector Eun. The observation of this state is denoted by the vector
Edn which depends on Eun through the observation operatorH that
describes the measurement tool used for the acquisition of the
data, such that

Edn = HEun + Ern, (12)

where Ern is the observation noise described by a normal
distribution Ern ∼ N(E0,Rn) with zero mean and covariance Rn.
The forward model is defined through the operatorMn such that

Eun = MnEun−1 + Eqn, (13)

where the error Eqn follows a normal distribution Eqn ∼ N(E0,Qn)
with zero mean and covariance Qn. The operatorMn models the
physical behavior of the system and can be of linear or nonlinear
nature.

To estimate the state at time level n, we assume that the state
of the system Eun−1 given all past observations to that time step
Ed1 : n−1 follows a normal distribution with mean Eµ

a
n−1 and with

covariance Pan−1, such that

Eun−1|
Ed1 : n−1 ∼ N

(

Eµ
a
n−1,P

a
n−1

)

. (14)

Starting from this assumption on the previous time level n − 1,
we can estimate a forecast of the state vector Eun as

Eun|Ed1 : n−1 ∼ N

(

Eµ
f
n,P

f
n

)

, (15)

where the superscript f stands for the forecast step that is the
prior update obtained from the forward model. In the following,
the superscript a denotes the analysis step that is the posteriori
update of the system obtained by taking into account also the
observations at that time step.

The basic idea of the EnKF algorithms (4) is to estimate Eµ
f
n

and P
f
n from an ensemble of s states Eu

f
(r),n with r = 1, 2, . . . , s,

Eu
f
(r),n = M

(

Eua
(r),n−1, tn

)

(16)

Eµ
f
n =

1

s

s
∑

r=1

Eu
f
(r),n (17)

P
f
n =

1

s

s
∑

r=1

(

Eu
f
(r),n − Eµ

f
n

) (

Eu
f
(r),n − Eµ

f
n

)T
. (18)

If the observations Edn can be treated as the result of an ensemble
of s samples Ed(r),n, the observation noise covariance is replaced
by a sample covariance, which leads to the following relations for
the SEnKF algorithm (5):

Ed(r),n = HEu(r),n + Er(r),n (19)

Edn =
1

s

s
∑

r=1

Ed(r),n (20)

Rn =
1

s

s
∑

r=1

(

Ed(r),n −
Edn

) (

Ed(r),n −
Edn

)T
. (21)

After the prior update obtained from the forecast step (Equations
16–18), the SEnKF algorithms proceeds with the analysis step
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which updates the state-vector using the observations:

Eua
(r),n = Eu

f
(r),n + Kn

(

Ed(r),n −HEu
f
(r),n

)

(22)

Eµ
a
n =

1

s

s
∑

r=1

Eua
(r),n, (23)

Pan =
1

s

s
∑

r=1

(

Eua
(r),n − Eµ

a
n

) (

Eua
(r),n − Eµ

a
n

)T
. (24)

Equation (22) defines the correction of the forecast Eu
f
(r),n to the

state estimate Eua
(r),n through the so-called Kalman gain Kn which

depends on the observation uncertainty Rn and the uncertainty

of the forecast estimate P
f
n according to

Kn = P
f
nH

T
(

HP
f
nH

T
+ Rn

)−1
. (25)

For the limiting case, where the observations are assumed to be
perfect, i.e.,Hn = I and Rn → 0 (where I is the identity matrix),
the Kalmain gain reduces to Kn = I such taht the analysis step

becomes Eua
(r),n = Ed(r),n. This limiting case illustrates that the state

estimate Eua
(r),n tends to be dominated by the observations Ed(r),n if

Rn is small. In contrast, Kn → 0 if the prior covariance P
f
n tends

to zero, i.e., if the level of forecast certainty is high. In that case,

the filter ignores the observations and Eua
(r),n ≈ Eu

f
(r),n.

2.3. Data Assimilation Methodology for
Pulsatile Turbulent Flows
In the following, we extend the SEnKF approach to formulate a
DA methodology for pulsatile, turbulent flows.

2.3.1. Data Acquisition
In the present context, we assume that observations of pulsatile,
turbulent flows are available as voxel-based data with voxel
size h. Often small turbulent length scales cannot be captured
by such observations. The measured data can be seen as the
result of a volumetric average over the voxel volume according
to Equation (10). Moreover, if the observations are run for p
repetitive pulses, the voxel data can also be phase averaged to
obtain estimates of mean and a covariance according to Equation

(11). Each observed voxel(v)-based data Edv;(s),φ measured in the
pulse s has an error Erv;(s),φ whose covariance will be considered
as the result of a voxel-phase-average. This leads to the following

definitions of the data Edv;(s),φ , the associated mean Edv;φ and
sample covariance rv;φ :

Edv;(s),φ = Eu
(

Ex, t(s),φ
)

(26)

Edv;φ = 〈Eu
(

Ex, tφ
)

〉φ =
1

p

p
∑

s=1

Edv;(s),φ , (27)

rv;φ = 〈Eu
(

Ex, tφ
)′

Eu
(

Ex, tφ
)′T

〉φ

=
1

p

p
∑

s=1

(

Edv;(s),φ − Edv;φ

) (

Edv;(s),φ − Edv;φ

)T
. (28)

In the classical relation (Equation 21), the covariance matrix

is written with respect to the entire state-vector Edn. Here for
simplicity we assume that covariance between velocities of
different voxels is zero; thus, we define the covariance matrix rv
independently for each voxel v.

2.3.2. Forecast Solution
The forecast solution is computed using a Navier–Stokes solver
for direct numerical simulation (DNS). In the EnKF formalism,
this solver represents the nonlinear forward model (M = DNS)
between two subsequent update steps n− 1 and n such that

Eun =DNS (Eun−1, tn) + Eqn, (29)

Eu
f
(r),n =DNS

(

Eua
(r),n−1, tn

)

. (30)

The Kalman time step 1tKF = tn+1− tn between two subsequent
updates should not be confused with the DNS time step of
the Navier–Stokes solver. Even though the DNS Equation 30

returns a deterministic solution Eu
f
(r),n affected only by a numerical

error, we know that turbulent flows have a stochastic behavior
that can be investigated a posteriori by using an ensemble-
average approach in order to evaluate the effect of the turbulent

fluctuations. The deterministic solution Eu
f
(r),n differs from the

ground-truth solution Eun of Equation 29 because of the error Eqn
which is composed of three contributions of different nature: a
numerical error EqnNUM due to the limited numerical accuracy of
the discretizedNavier–Stokes equations; an uncertainty EqnTUR due
to the stochastic nature of turbulent fluctuations; and a modeling
error EqnMOD due to the uncertainty error (e.g., unknown boundary
conditions, viscosity) typical of blood flow physical modeling:

Eqn = EqnNUM + EqnTUR+EqnMOD . (31)

Here, the numerical error EqnNUM is assumed to be negligible,
because in a DNS its magnitude must be lower than the
magnitude of turbulent fluctuations. In the case of blood flow
simulations, the error EqnMOD will add additional uncertainty that
will affect the forecast solution.

In the present work, the DNS data Eu
f
(r),n is considered as

a stochastic realization of the ground truth, i.e., it comprises
a mean flow component and a random turbulent fluctuation.
In the language of the Kalman filter theory, the mean flow
is the ground truth and the Reynolds stress tensor is the
covariance matrix P of the forecast noise. This interpretation
neglects the effect of numerical noise and modeling uncertainty.
The appropriate choice of the forcast ensemble for the SEnKF
algorithm is important for obtaining a good filter for the specific
flow configuration. For pulsatile turbulent configurations, we
propose to build the ensemble of states from multiple pulses,
i.e., each pulse is considered a different realization. First, the
pulse period T is divided in a number of intervals N8 defined
by the basic time tφ = t1, t2, . . . , tNφ

with tNφ
= T. We

generate an increasingly large ensemble by running the forward
model for multiple pulses. This is a significant deviation from the
standard SEnKF concept, where the ensemble is typically built
from multiple computations of the forward model with slightly
different initial conditions.
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FIGURE 1 | Overlapping of a 2D voxel grid (red) with respect to the 2D computational grid (blue) for gv = 4× 3 = 12.

In accordance with Equations (16)–(18), the forecast state-
vector, its mean and associated sample covariance at each
computational grid node g are then computed as:

Eu
f
g;(s),φ ≡ Euf

(

Exg , t(s),φ
)

, (32)

Eµ
f
g;(s),φ ≡ 〈Euf

(

Exg , t
)

〉(s),φ =
1

s

s
∑

r=1

Eu
f
g;(r),φ , (33)

〈 Eu′
f (
Exg , t

)

Eu′
f (
Exg , t

)

〉(s),φ =
1

s

s
∑

r=1

(

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

)

(

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

)T
. (34)

Here for simplicity we assume that covariance between
velocities of different grid nodes is zero. Thus, we

define the covariance matrix p
f
g independently for each

grid node.
The ensemble will be very small in the beginning and only

becomes a statistically useful sample of realizations after several
pulses. In the first pulse of the numerical simulation (s = 1), the

sample covariance p
f
g;(1),φ would be equal to zero according to

Equation (34). Therefore, the covariance p
f
g;(s),φ is computed in

the following way:

p
f
g;(s),φ =

1

s

(

D+

s
∑

r=1

(

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

) (

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

)T
)

,

(35)
where D is a diagonal matrix whose elements are on order of
magnitude larger than the expected covariance one of the specific

flow configuration. D ensures the positiveness of p
f
g;(s),φ at the

beginning of the simulation, and then its influence disappears for
increasingly larger ensembles.

2.3.3. Data Assimilation Algorithm
The proposed methodology aims at using observed data
on a voxel-grid in combination with the forecast solution
computed by DNS on a finer computational grid. To this
end, the voxels mv of the voxel grid are overlapped with
the computational grid nodes mg , where the state-vector at
each time tn is defined on each grid node g as Eug;n =
{

ux, uy, uz
}

g;n
. For Cartesian grids, gv computational grid-

nodes will lie inside each voxel v; and it is possible that a
grid node g belongs to more than one voxel, i.e., the grid
node is located exactly on the borders of adjacent vg voxels
(Figure 1).

In the present context, Edv;(s),φ is the value that the solution
would have on all computational grid nodes gv lying inside

the voxel v, if the data Edv;(s),φ was constant over the whole
voxel volume. It is clear that this is generally not the case. The
discrete form of the observation operatorH that maps the voxel-
based data to the grid is a 3mv × 3mg matrix assuming the
following form:

[

Hij

]

v,g
= φv,gδij (36)

where δij is the Kronecker delta, i, j = 1, 2, 3 and

φv,g =

{

1
gv
, if g lies inside v,

0, otherwise.
(37)

Solving the analysis step to update the entire state-vector
Eu1 :mg ;(s),φ requires the computation on huge matrices P,
R and H of size 3mg × 3mg , 3mv × 3mv, and 3mv ×

3mg , respectively. However, we can exploit the block-structure
of H comprising of blocks h of size 3 × 3gv which
correspond to single voxels. From an algorithmic point of
view, this allows to only use mv dense matrices h instead
of the huge sparse matrix H which dramatically reduces the
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computational cost. There, the Kalman gain term is written
as

Ekg;(s),φ =

mv
∑

v=1

9g,v

[

p
f
1 : gv;(s),φ

hT
(

hp
f
1 : gv;(s),φ

hT + rv,φ

)−1

(

Edv;(s),φ − hEu
f
1 : gv;(s),φ

)]

g
, (38)

where 9g,1 :mv are weights for interpolating data between
the discrete values of the Kalman gain obtained from the
different mv voxels to the grid node g. Since each grid-
node solution depends only on the data of the vg voxels, we
define

9g,v =

{

1
vg
, if g lies inside v,

0, otherwise.
(39)

Finally, the updated solution Eua
(s),φ is computed in the analysis

step of the SEnKF as

Euag;(s),φ = Eu
f
g;(s),φ + Ekg;(s),φ . (40)

In conclusion, the proposed methodology deals with data
obtained by observations on coarse grids, and enhances them
by means of the SEnKF algorithm, obtaining a new set of data
on finer grids. The entire DA methodology is summarized in the
Algorithm 1.

2.4. Direct Numerical Simulation
All numerical simulations have been performed using a high-
order Navier–Stokes solver for the DNS of incompressible
flows. The governing Equations (1) and (2) are discretized on
a staggered Cartesian grid using sixth-order finite-difference
schemes. A multigrid method is used for solving the Poisson
problem and time integration is performed using a three-step
Runge–Kutta scheme. Details of the implementation are given in
Henniger et al. (31).

The simulations use a combination of periodic boundary
conditions and the fringe forcing technique (37) which
damps incoming flow disturbances and forces the flow field
toward a desired velocity profile by applying a suitable

volume force Ef of the right-hand side of the Navier–Stokes
(Equation 1). The general form of the fringe forcing is
given by

Ef (Ex, t) = λ (Ex)
(

EU (Ex, t) − Eu (Ex, t)
)

(41)

where λ (Ex) is the fringe function and EU (Ex, t) is the desired
velocity to be imposed. The fringe function is non-zero
only within the so-called fringe region which is typically
located at the edge of the computational domain. In the
physically relevant regions of the DNS, the fringe function
is zero.

This technique has been exploited to impose inflow
velocity profiles, to model outflow conditions and to model
complex geometries by setting EU = 0 within immersed
objects. The fringe forcing has similarities to the Kalman

Algorithm 1: Data Assimilation algorithm for computing
enhanced volex-based data
- Initialization: Euag;(0),Nφ

= Eui.c. (initial conditions)

- Data Assimilation:
for s = 1 to p do

Euag;(s),0 = Euag;(s−1),Nφ

for φ = 1 to Nφ do

Eu
f
g;(s),φ = DNS

(

Eua
(s),φ−1

)

Eµ
f
g;(s),φ =

1
s

∑s
r=1 Eu

f
g;(r),φ

p
f
g;(s),φ =

1
s

(

D+
∑s

r=1

(

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

) (

Eu
f
g;(r),φ − Eµ

f
g;(s),φ

)T
)

Ekg;(s),φ =

∑mv
v=1 9g,v

[

p
f
1 : gv;(s),φ

hT
(

hp
f
1 : gv;(s),φ

hT + rv,φ

)−1

(

Edv;(s),φ − hEu
f
1 : gv;(s),φ

)]

g

Euag;(s),φ = Eu
f
g;(s),φ + Ekg;(s),φ

for φ = 1 to Nφ do

Result: Eµa
g;φ = Eua

(

Exg , t
)

=
1
p

∑p
r=1 Eu

a
g;(r),φ

Result: pag;φ = 〈 Eu′
a (

Exg , t
)

Eu′
a (

Exg , t
)T
〉g;φ =

1
p

∑p
r=1

(

Euag;(r),φ − Euag;φ

) (

Euag;(r),φ − Euag;φ

)T

analysis step (Equation 22), where the Kalman gain K acts

like a fringe function and the observation Ed corresponds
to the desired velocity EU. However, the fringe forcing is
added to the right-hand side of a differential equation
and drives the solution toward Eu with a time scale 1/λ,
whereas the Kalman update is an algebraic equation which
nudges the solution toward the observation at a time scale
1tKF/‖K‖, where 1tKF is the time between two subsequent
analysis steps.

3. RESULTS

In the present study, all observations are available on Cartesian
voxel grids and obtained either by experiments or other
numerical simulations (synthetic data). In case of synthetic data,
the voxel data are extracted from the computational grid, and
each voxel comprises multiple gv grid nodes of the computational
grid. The observations have been run for p multiple pulses,
and the synthetic voxel data are collected in order to obtain a
mean and a covariance estimate in accordance with Equation

(11). Each voxel data Edv;(s),φ computed in the specific pulse s
has an error Erv;(s),φ whose covariance will be considered as the
result of a voxel-and-phase-average; Equation (26) assumes the
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FIGURE 2 | Periodically oscillating flow: configuration of the cylinder confined in the channel. In the green fringe region the inflow is imposed. The cylinder is modeled

in the yellow fringe region with Eu = 0.

following form:

Edv;(s),φ ≡ Eu
(

Ex, t(s),φ
)

=
1

gv

gv
∑

g=1

Eug;(s),φ . (42)

The methodology has been validated for test problems of
increasing complexity, starting with a periodic and non-
turbulent configuration, then extending the application of the
methodology to a turbulent configuration, and finally applying
the methodology to a pulsatile and turbulent configuration.
Results have been evaluated comparing global flow-related
parameters and local profiles with respect to the ground truth and
observed data.

The first flow related parameter that has been chosen is the
friction Reynolds number Reτ which is defined using the friction
velocity Uτ ,

Reτ =
UτLref

ν
= Uτ

Re

Uref
= Re

√

√

√

√

1

Re

Lref

Uref

∣

∣

∣

∣

∣

〈〈

∂ux (Ex, t)

∂y

〉〉∣

∣

∣

∣

∣

,

(43)
where Re is the Reynolds number based on reference values (Uref ,
Lref ) of the flow configuration, the average 〈〈·〉〉 is calculated at the
specific time t over the wall. The velocity gradient is discretized
with a first-order finite difference scheme on the computational
grid. Mean velocity and RSS profiles are commonly described in
wall units, i.e., by dimensionless variables y+ and u+ obtained
by normalization with respect to friction velocity Uτ and
flow parameters,

u+ =
u

Uτ

, y+ =
yUτ

ν
, (44)

where y is the distance to the wall and u is the velocity component
parallel to the wall.

The turbulent kinetic energy (TKE) is a second parameter
used to quantify the turbulence in the bulk flow. We define TKE
within a given volume interest V , such that

TKE (t) =
1

2
〈u′x (Ex, t)2 + u′y (Ex, t)2 + u′z (Ex, t)2〉 (45)

Finally, voxel-and-phase(time)-averaged velocity fields and/or
RSS fields are presented for the different configurations.

3.1. Periodically Oscillating Flow
The proposed DA methodology is first validated for an unsteady
flow past a cylinder confined in a channel (Figure 2). The size
of the channel is 32h × 2h × h where h = 1 [m] is the channel
half-width. The positive x-direction is the stream-wise direction,
the y-axis is perpendicular to the walls at y = 0 and y = 2h
and the z-axis points in span-wise direction. The diameter of the
cylinder is equal to h and its center C has coordinates

(

x, y
)

=
(

9h, h
)

and an axis parallel to the z-direction. Periodic boundary
conditions have been imposed in both the stream-wise and span-
wise direction, whereas a no-slip condition is enforced at the top
and bottom wall. Fringe forcing at the end of the domain (green
region in Figure 2) is used to enforce plug flow with velocity
Ux = 1, Uy = 0, Uz = 0 [m/s] at the inflow (using λ = 50 in
Equation 41). The presence of the cylinder is modeled by using an
another fringe region with EU = 0 and λ = 100 for the grid nodes
within the cylinder (yellow region in Figure 2). The combination
of the plug flow with the no-slip b.c. will produce a thin boundary
layer in the green fringe region. The thickness of this boundary
layer will increase and the flow will develop a parabolic profile
upstream of the cylinder. The Reynolds number is set equal to
150 based on h and the inflow velocity Ux.

3.1.1. Ground Truth
First, a DNS has been run to obtain the ground truth, using a
computational grid of 257 × 33 × 3 grid nodes. At the given
Reynolds number, the flow past a confined cylinder presents
vortex shedding where the vortices detach periodically with a
period of T =1.9951 [s] from either side of the body forming a
Von Kármán vortex street in the wake of the cylinder (Figure 3).

3.1.2. Data Acquisition
Second, the observation data Edv;(s),φ have been extracted from
the ground-truth DNS. The period T has been divided in
N8 = 20 equal time intervals and the data are collected for
p = 500 periods starting after 100T in order to overcome the
initial transient leading to the periodic solution. Six different
regions of interest (windows) have been selected to sample
the data (Figure 4A). Window 1 includes the cylinder and the
downstream region from where the vortex shedding originates.
Window 2 and window 3 are obtained as the left and right
half of window 1, respectively, to study the capability of the
proposed method to reconstruct the flow downstream of the
cylinder with and without the data of the cylinder itself. The
windows 1, 2, and 3 have the lengths 4, 2, and 2, h, respectively.
Their height is h and they are centered in the y-direction and
extend over the whole z-direction. Extending the windows 1,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 742110209

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


De Marinis and Obrist Enhancing Turbulent Cardiovascular Flow Data

FIGURE 3 | Periodically oscillating flow: vorticity ω fields for two different phase averaging. φ1 corresponds to basic time t1 = 0.099755 [s], while φ11 corresponds to

basic time t11 = 1.097305 [s]. Von Kármán vortex street develops downstream the cylinder.

FIGURE 4 | Periodically oscillating flow. (A) Windows where the data are extracted from the ground-truth flow field. (B) Mean x-velocity and associated xx- covariance

component observed from the ground-truth DNS within window 1.

2, and 3 to the overall y-domain leads to the windows 4, 5,
and 6, respectively. The choice of window 4, 5, and 6 allows
to assess whether the availability of data close to the channel
walls will improve the flow reconstruction by using the DA
algorithm or not.

Each Edv;(s),φ is computed for a voxel formed by gv = 2 ×

2 × 2 grid nodes by averaging the ground-truth solution of
the corresponding gv nodes. These voxel-averaged values are
then further phase-averaged in order to obtain voxel-and-phase

averaged data Edv;φ and the associated covariances rv;φ for all the
phases, within the specific window (Figure 4B). Because the flow
is not turbulent, the covariance will be almost zero and its value
will just include the covariance of the numerical error of the

DNS solver and the (very low) inaccuracy of the chosen period
value T.

3.1.3. Comparison Between Ground Truth and DA

Predictions
In the DA predictions only the no-slip b.c. at the walls and the
fringe forcing for the inflow are imposed a priori. The cylinder
fringe region is not used anymore and only the use of the
observed data in the SEnKF algorithm, will reconstruct the flow
field in the wake of the cylinder. The diagonal matrix D in
Equation (35) is set to {Dii} = 1, 000. Six DA predictions, i.e., DA
1, DA 2, . . .DA 6, have been run by using the data set extracted
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from the six windows of interest, i.e., window 1, window 2,
. . .window 6, respectively.

The voxel-and-phase averaged velocity profiles 〈ux
(

Ex, tφ
)

〉φ

computed after 500T are shown in Figure 5A (left) along a line
parallel to the y-axis and crossing the center of the cylinder
at x = 9 [m]. When the data window includes the cylinder
(windows 1, 2, 4, 5) the SEnKF forces the flow velocities to zero,
because the data inside the cylinder have mean and covariance
both equal to zero. In contrast, the DA predictions using data
from window 3 and 6 show a nearly parabolic velocity profile,
which is the velocity profile that the flow assumes due to the
inflow and boundary conditions. This indicates that the proposed
methodology has limitations in propagating the information
from the observed data in upstream direction. Figure 5A (right)
shows the axial velocity profiles at x = 15 [m] in the wake of the
cylinder: all the DA predictions present good agreement with the
ground truth except for the DA prediction performed by using
data from window 2. This shows that the window 2 is too small
and do not contain enough data to guide the solution of the DA
prediction toward the ground truth. Figure 5B shows the xx-
covariance component profiles at x = 15 [m] (right) and at x = 9
[m] (left). DA predictions present an error with respect to the
ground truth DNS due to the additional uncertainty related to
the cylinder boundary condition and to the convergence history
of the DA methodology. On the other hand the information is
well propagated in downstream direction by the proposed DA
methodology as can be seen in Figure 5C for all DA predictions.
DA 2 presents a phase-shift with respect to the DNS due to the
absence of data in the region surrounding the cylinder which
apparently led to a counter-phase vortex detachment.

3.2. Turbulent Channel Flow
Hereafter, the DA methodology is extended to turbulent flows,
and validated for turbulent channel flow. To this end, the
dimensions of the channel are set to 4πh × 2h × 2πh according
to Kim et al. (38), see Figure 6. The laminar Poiseuille flow
Eu = {[y(2h − y)/h2]Ux, 0, 0} having maximum velocity Ux = 1
[m/s] has been used as initial condition for the velocity field. The
Reynolds number (based on the channel half-width h = 1 [m]
and the initial maximum velocity Ux) is set to 5, 000 which is
in the range of the intended final application for blood flow in
the aorta (39). Periodic boundary conditions have been imposed
in both the stream-wise and span-wise direction, while a no-slip
condition is ensured at the top and bottom wall. A constant non-
dimensional bulk velocity Ubk

x = 0.667 [m/s] has been enforced
in the stream-wise direction according to Schlatter et al. (40).

3.2.1. Ground Truth
DNS simulations have been run in order to obtain grid-
converged solutions that will be considered the ground truth.
In order to ensure the transition to turbulence in the channel
flow, the initial Poiseuille flow has been perturbed with a
two-dimensional (stable) Tollmien–Schlichting (TS) wave with
maximum stream-wise velocity amplitude of 3% of the laminar
center-line velocity and two superimposed weak oblique (stable)
three-dimensional waves with amplitude 0.1% with the same
fundamental stream-wise wavelength as the two-dimensional

disturbance. The computation of the TS waves was performed
using a standard Chebyshev collocation method involving the
solution to the Orr–Sommerfeld and Squire equations (41).
Sufficient convergence for Reτ and TKE was achieved for a
resolution of 65× 65× 65 points.

3.2.2. Data Acquisition
The data Edv;t to be used in the DA predictions have been extracted
from the flow field of the ground-truth DNS starting after 200 [s]
when a statistically-steady turbulent flow had been established.
The ensemble of states-of-system is chosen in accordance with
Equation (9).

Four different windows have been selected (Figure 7A).
Window 1 has a size of (π/2) h in x-direction and h in y-
direction. It is centered in y-direction. Windows 2 and 3 are
obtained by extending the window 1 over the whole y- and x-
direction, respectively, in order to evaluate the influence of the
amount of available data on the flow reconstruction. Window 4,
which covers the whole domain has been chosen to mimic the
configuration of clinical applications where the data are available
for the entire blood vessels. All windows are spread over the
whole domain in z-direction.

Data Edv;t are collected for 4, 000 [s] in order to compute the

covariance rv;t in an accurate way onto the voxel-grid. Each Edv;t
is obtained by averaging the ground-truth solution over voxels
formed by gv = 3 × 3 × 3 adjacent grid-nodes; these voxel-
averaged values are then further time-averaged in order to obtain
time-and-space averaged data. Because the flow is turbulent, the
covariance will be not zero and its value will include both the
covariance of the numerical error of the DNS solver and the
turbulent fluctuations covariance (Figure 7B).

3.2.3. Comparison Between Ground Truth and Data

Assimilation Predictions
In the DA predictions the contribution of each voxel-
based data is spread onto the gv grid-nodes according to
Equation (38). The initial conditions of the velocity are set
to Poiseuille flow without any perturbations such that the
flow would not show a transition to turbulence without
any additional external forcing due to the SEnKF. The
diagonal matrix D in Equation (35) is set to {Dii} =

10.
Four DA predictions, i.e., DA 1, DA 2, DA 3, DA 4, have

been run by using the data set extracted from the four windows
of interest, i.e., window 1, window 2, window 3, window
4, respectively.

The results of the DA predictions have been evaluated by
comparing the evolution in time of the friction Reynolds number
〈Reτ 〉 and TKE (t) with the ground truth (Figure 8). At the
beginning of the DA predictions, filtering the initial Poiseuille
flow by the observed data leads to a transient evolution of
the flow to the statistically-steady turbulent configuration. This
transient is different for each window with regard to the mean
value to which the solution tends and the time required to
overcome the transient. After this transient, Reτ present the
same qualitative behavior in time of the ground truth, even
though with different mean value for the different selected data
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FIGURE 5 | Periodically oscillating flow. Velocity profiles 〈ux
(

Ex, tφ1
)

〉φ1 (A) and xx-covariance component profiles 〈u′x
(

Ex, tφ1
)

u′x
(

Ex, tφ1
)

〉φ1 (B) from DNS and from DA

predictions: along a line parallel to the y-axis crossing the center of the cylinder at x = 9 (left); along a line parallel to the y-axis crossing the vortex street at x = 15

(right). (C) Comparison between the flow field of the ground-truth DNS and of the DA predictions: 〈ux
(

Ex, tφ1
)

〉φ1 .
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FIGURE 6 | Configuration of the turbulent channel flow. The initial Poiseuille flow has maximum stream-wise velocity Ux .

FIGURE 7 | Turbulent channel flow. (A) z-plane sections of the selected windows in the channel. (B) Mean x-velocity and associated xx- covariance component

observed from the ground-truth DNS within window 2.

windows. The results are in good agreement with the ground
truth, even though they are slightly underestimated. The value
of the TKE computed in the DA predictions are also good for all
configurations. The values of TKE stabilize around 0.55 [m2/s2]

for all the DA predictions and the more visible differences with
respect to the ground truth are in the amplitude of fluctuations.
The best agreement is obtained in DA 4. In contrast, the other
data windows lead to a loss of accuracy with respect to the ground
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FIGURE 8 | Turbulent channel flow: 〈Reτ 〉t (left) and TKE(t) (right) evolution over time obtained by using data acquired from different windows.

FIGURE 9 | Turbulent channel flow: comparison between DA predictions and ground truth on a line parallel to the y-axis and centered in the z-direction, i.e., z = πh,

for x = 3πh. Left: stream-wise mean velocity profiles 〈ux (x = 3πh, y, z = πh, t)〉t. Right: RSS profiles 〈u′x (x = 3πh, y, z = πh, t) u′x (x = 3πh, y, z = πh, t)〉t. Results are

plotted in wall units and are shown for the bottom half part of the channel, i.e., y ≤ h.

truth. DA 1 returns the least accurate trends, and extension of the
window in x- and y-directions, i.e., DA 2 and DA 3, significantly
improves accuracy. This means that larger amounts of available
data yields DA predictions that tend closer to the ground truth
with a shorter numerical transient. For the same reason, DA 4
returns the most accurate predictions.

The time-averaged velocity 〈u+x (Ex, t)〉t profiles computed after
4,000 time units are in almost perfect agreement with the
ground-truth profile. Figure 9 shows the comparison between
DA prediction and ground truth of the velocity profile 〈u+x (Ex, t)〉t
and the RSS profile 〈u′+x (Ex, t) u′+x (Ex, t)〉t on a line parallel to
the y-axis and centered in the z-direction, for x = 3πh. The
DA predictions recover the logarithmic law of the wall u+ =

Ay++B (42). The precision slightly decreases for DA 1 where not
enough data have been used. Moreover, in the boundary region,
the RSS profile 〈u′+x (Ex, t) u′+x (Ex, t)〉t present different peaks in
the different DA predictions. The more data are used in DA

predictions, the higher the accuracy is. The loss of accuracy for
DA 1 is in agreement with the loss of accuracy of the global
parameters evolution shown in the Figure 8.

3.2.4. Downsampling
In the previous section we evaluated the influence of different
window sizes on the accuracy of the results in the DA predictions.
Here we want to evaluate the influence of the spatial resolution
of the data extracted from the ground-truth solution. To do
this, the resolution of the data in window 4 has been down-
sampled meaning that the data voxels have a bigger size and
the data values are obtained averaging the ground-truth solution
over voxels formed by a bigger number of adjacent grid-nodes.
The downsampling factor (dw) characterizes the resolution of
the data acquisition: for instance, a dw of 2 means that each
Edn is obtained averaging the ground-truth solution over voxels
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FIGURE 10 | Turbulent channel flow: 〈Reτ 〉t (left) and TKE (t) (right) evolution over time obtained by using data acquired from window 4 with different downsamplings.

FIGURE 11 | Turbulent channel flow: comparison between DA predictions obtained by using data acquired from window 4 with different downsamplings and ground

truth on a line parallel to the y-axis and centered in the z-direction, i.e., z = πh, for x = 3πh. Left: stream-wise mean velocity profiles 〈ux (x = 3πh, y, z = πh, t)〉t. Right:

RSS profiles 〈u′x (x = 3πh, y, z = πh, t) u′x (x = 3πh, y, z = πh, t)〉t. Results are plotted in wall units and are shown for the bottom half part of the channel, i.e., y ≤ h.

formed by
(

1+ dw
)

×
(

1+ dw
)

×
(

1+ dw
)

adjacent grid-nodes;
these voxel-averaged values are then further time-averaged in
order to obtain time-and-space averaged data. Here, we analyze
the impact of the dw on the results starting from the effect on
the 〈Reτ 〉t and TKE (t) evolution, see Figure 10. Essentially, a
bigger dw (lower data resolution) reduce the accuracy of the
solution in the DA predictions: this loose of accuracy is due to
the. The results obtained with dw = 2 and dw = 4 are in a very
good agreement with the ground-truth results for both 〈Reτ 〉t
and TKE (t).

Figure 11 shows the comparison between DA prediction
and ground truth of the velocity profile 〈u+x (Ex, t)〉t profile and
the RSS profile 〈u′+x (Ex, t) u′+x (Ex, t)〉t on a line parallel to the
y-axis and centered in the z-direction, computed after 4,000
time units. Downsampling the data increases the magnitude of
the covariance rn such that the filter will trust in them less
than in the forecast solution given by the numerical solver.

The recovery of the log law and the RSS peak predictions
slightly deteriorate for higher downsamplings. Even though
the unperturbed initial conditions of the flow would not have
shown a transition to turbulence without the filter forcing, the
boundary conditions are able to maintain the turbulence. After
the numerical transient, the loose of accuracy due to the down-
sampled data is compensated by the numerical solver. This is an
important result because it means that the filter is able to give the
correct importance to the two different sources of information.

3.3. Pulsatile Turbulent Flow Downstream a
Bioprosthetic Transcatheter Aortic Valve
Here, the configuration setup for a pulsatile turbulent flow past a
self-expandable Transcatheter Aortic Valve (TAV) with a heart-
rate equal to 70 [beat/min] is investigated in the aortic region
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TABLE 1 | Pulsatile turbulent flow downstream a bioprosthetic heart valve: division of the pulse period T in N
exp
8

= 22 intervals and Nnum
8

= 66 intervals.

φ
exp

i
1 2 3 4 5 6 7 8 9 10 11

t
φ
exp
i

[s] 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15

φ
exp

i
12 13 14 15 16 17 18 19 20 21 22

t
φ
exp
i

[s] 0.16 0.17 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.60 0.70

φ
exp

i
1 2 … … 21 22

φ
num
i

1 2 3 4 … … 61 62 63 64 65 66

tφnum
i

[s] 0.05 0.0533 0.0566 0.06 … … 0.60 0.633 0.666 0.70 0.769 0.838

Numerical time intervals have been obtained by refining by a factor of 3 the temporal resolution of each time interval of the experimental data.

downstream the valve. The positive y-direction define the stream-
wise direction, while the x- and z-direction are the span-wise
ones. The Reynolds number is set to 4, 900, based on the nominal
diameter d = 23 [mm] of the TAV, on the peak (systolic) velocity
Uy = 1 [m/s] and on the kinematic viscosity ν of the fluid.
In this case, no ground truth is available but only experimental
data. Moreover, blood flow modeling uncertainty has to be taken
into account.

3.3.1. Data Acquisition
The generation of the data Edv;(s),φ to be used in the DA
predictions has been provided by an experimental setup. The
TAV was implanted in a quasi-stiff aortic silicon phantom of
the aortic root and integrated in a hydraulic pulse duplicator.
Tomographic Particle Image Velocimetry (Tomo-PIV) (43, 44)
was used to reconstruct the three-dimensional flow fields in the
region of interest. The pulse period T = 60.0/70 [s] has been
divided in N

exp
8

= 22 intervals as described in the Table 1.
The experimental grid domain has a size of 35 [mm] × 50

[mm] × 35 [mm] and consists of 42 × 59 × 42 voxels. Each
voxel-and-phase-averaged data has been computed by using 24
repetitions of the heart-pulse, and the covariance of the error
of the PIV data results from a phase averaging of instantaneous
voxel data fields taken at 24 pulses. Outside the region of interest,
the data (velocity and corresponding uncertainty) have been set
to zero in order to replicate the presence of the aortic walls. Of
course there are additional errors due to the PIV methodology
itself which are not considered in the present investigation.

3.3.2. Comparison Between Experiments, Direct

Numerical Simulation and Data Assimilation

Prediction
Two simulations have been performed for a time equal to 120T: a
DNS where the experimental data are used only to impose inflow
and wall boundary conditions; and a DA prediction where the
experimental data are used also to filter the forecast flow field by
using the DA methodology. The pulse period has been divided
in Nnum

8
= 66 intervals obtained by refining by a factor of 3

the temporal resolution of each time interval of the experimental
data, as shown in the Table 1.

The computational grid used for both DNS and DA prediction
has been obtained by refining the experimental grid by a factor of
2 in each direction and then adding an external padding equal to
at least 10% to each side of the three-dimensional domain. The
final size of the computational grid domain is 44 [mm] × 60

[mm] × 44 [mm] and consists of 105 × 145 × 105 grid nodes.
Mapping the voxel-grid onto the computational grid leads to
gv = 3 × 3 × 3 grid-nodes lying inside the corresponding voxel.
We use periodic boundary conditions for the full computational
domain with padding. In both simulations, the presence of the
aortic wall and the physical inflow conditions are enforced via
the fringe forcing method (cf. Section 2.4). The experimental
data forced to zero outside the region of interest and the lowest
5 y-plane slices data are used as desired values EU of the fringe
forcing applied in order to impose wall and inflow boundary
conditions, respectively. Since the inflow is time dependent, it
is not appropriate to use a constant value for λ in the Equation
(41). Here, a time-dependent λ has been chosen such that it
guarantees the stability condition of the Runge–Kutta time-
advancement scheme:

λ(RKsubstep,1t) =
1.0

α(RKsubstep)1t
, (46)

where 1t is the numerical time step and α is the first Runge–
Kutta coefficient for each Runge–Kutta substep RKsubstep. The
inflow boundary conditions for the intermediate numerical time-
steps have been imposed by linear interpolation in time of the
voxel data. The bulk flow voxel data are used only to perform
DA prediction. The initial flow field is set to zero. A sketch of the
configuration can be seen in Figure 12.

The results obtained by the experiments, DNS and DA
prediction have been compared to evaluate the capability of
the DA methodology to enhance the spatial and temporal
resolution of the observations and to increase the reliability of
the characteristic flow patterns captured from the numerical
solver. Herein, the systolic phase-averaged velocity 〈uy

(

Ex, tφ
)

〉φ

obtained by the Tomo-PIV experiments, DNS and the DA
prediction are shown in Figures 13A,B for x-plane and z-plane,
respectively.

The DNS and DA prediction present an enhancement in
time resolution with respect to the experimental data. The
boundary conditions extracted by the experimental data drive
the flow in the intermediate iterations between two subsequent
applications of the filter. This is an important result because it
has been possible to simulate the cardiovascular turbulent flow
downstream the heart valve numerically without the need for
Fluid-Structure-Interaction methods.
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FIGURE 12 | Pulsatile turbulent flow downstream of a transcatheter aortic valve: Numerical setup. The experimental grid is overlapped onto the computational

domain (blue). The wall boundary conditions are imposed in the yellow region which includes data masked in the experiments; The inflow boundary conditions are

imposed in the green region; DA is performed in the red region.

In the DNS, the results show a global overestimation of the
velocity field. This is due to boundary condition uncertainty and
blood modeling uncertainty. The DA prediction is affected by
the same boundary condition and blood modeling uncertainties
but the DA prediction strongly reduces the overestimation of the
DNS velocity field. It means that the use of the DA methodology
has improved the reliability of the velocity field results. The
three leaflet jet coming from the bioprosthetic valve seems to be
better defined in DA prediction (see, e.g., t = 0.175T slice, in
Figure 13A). In the lower part the back flow near the left wall,
the DA prediction present a smoother flow field (see Figure 13B).
This is due to the higher capability of the numerical solver to
investigate that region which is, on the contrary, a more difficult
challenge for the experimental tool. It is noteworthy that the DA
prediction presents a smaller reverse flow region: the filter trust
more in the numerical solver and consider the bigger reverse flow
region present in the experiments too uncertain with respect to
the forecast solution. Moreover, the DA methodology filters the
information coming from those voxel data near the wall that are
evidently affected by a tool acquisition error. This error is not
visible anymore in DA prediction.

Figure 14A shows the evolution of the flow field for
increasingly larger number of pulses performed by the DA
algorithm. Velocity profiles from DA prediction, DNS, and
experiments are compared in Figure 14B along two lines parallel
to y-axis. The results show that the flow field prediction has
reached a good convergence after 120 pulses.

The finer spatial and time resolution obtained in the DA
prediction enhanced the flow field of this specific configuration.
This is an important and promising result for future applications
of the proposed DAmethodology on in vivo data from Flow-MRI
of patient-specific configurations.

4. DISCUSSION

In the present manuscript, a new DA methodology has been
presented. The robust theoretical background of the (S)EnKF

approaches has been applied to pulsatile and turbulent flow
configurations. The different ensemble-averaging approaches,
that were presented here, show how the study of turbulent
flows can be reduced to the definition and the subsequent
investigation of the most important statistical properties
of the flow, such as mean velocity and the associated
fluctuations covariance.

In the context of turbulent flows, the proposed SEnKF-based
methodology states as hypothesis that the “true” state-of-system
is the mean velocity field. Turbulent fluctuations are deviations
from the ensemble-averaged quantities. This leads to the formal
equality between turbulent fluctuations and the observation error
Ern required in the derivation of a SEnKF.

In the derivation of our DA methodology, the definition
of the states of the ensemble allows us to treat the forecast
error Eqn in the proper way: this error has zero mean and
the contribution of the covariance of the numerical error
EqnNUM will be negligible compared with the one of the
turbulent error EqnTUR and modeling error EqnMOD . In the first
two test cases (sections 3.1, 3.2), the model is well defined
and therefore EqnMOD is zero. In the last test case (section
3.3), DNS and DA predictions are affected by the same
EqnMOD . Therefore, only the turbulent error is relevant in the
present study.

The choice of the ensemble of states-of-system in the case
of pulsatile and turbulent flows allows one to filter the forecast
solution at each time tn with the corresponding data flow field;
this yields to an additional but constant computational cost for
each pulse interval.

From a numerical point of view, filtering the forecast
solution with a forcing term only in nonconsecutive time-
step iterations could be seen as forcing the flow field with
a temporal Dirac δ function. This would lead to numerical
oscillations in the intermediate iterations between two filtering
iterations and to a local non-smooth advancement in time of the
numerical solution.

First, the DA methodology has been validated vs. an unsteady
flow past a cylinder confined in a channel using data acquired
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FIGURE 13 | Pulsatile turbulent flow downstream of a transcatheter aortic valve: comparison between experiments, DNS, and DA prediction of velocity field

〈uy
(

Ex, tφ
)

〉φ for x = 0 (A) and for z = 0 (B).
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FIGURE 14 | Pulsatile turbulent flow downstream of a transcatheter aortic valve: (A) velocity field 〈uy
(

x, y, z = 0, tφ = 0.175T
)

〉φ obtained by the DA algorithm for

increasingly larger number of pulses. (B) Velocity profiles along a line parallel to y-axis and crossing the reverse flow region, x = −13.5 mm and z = 0, (left) and along

the centerline, x = z = 0, (right).

from previous numerical simulations. In the DA predictions, the
presence of the cylinder was not taken into account by using
any boundary conditions but nevertheless the reconstruction
of the wake downstream the cylinder has been successfully
reconstructed by filtering the forecast solution with the data. The
test shows that the DA method, and in particular the proposed
choice of the ensemble of states-of-system, copes with unsteady
flow field presenting a periodicity in time.

Second, the methodology was extended to turbulent flow
applications. The statistically-steady configuration of the wall-
bounded turbulent flow shows that the turbulent features can
be reconstructed by using the data even though the numerical
simulation is initialized with a laminar flow which would not
exhibit a transition to turbulence by itself. The effect of the
different data configurations on the bulk flow and on the walls
has been investigated. Downsampling the resolution of data
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acquisition leads to a loss of accuracy in the DA prediction that is
limited to 5%.

Finally, the methodology has been applied to pulsatile and
turbulent configuration of a flow past a bioprosthetic heart valve.
The data of a pulsatile turbulent flow past a TAV, acquired
by a Tomo-PIV technique have been used to reconstruct the
wake in the aorta in a computational simulation with higher
spatial and temporal resolution. The test-case shows how the
DA methodology deals with FSI applications even though no
structural modeling is required. The results show the capability,
the robustness and the accuracy of the proposed methodology to
cope with realistic configurations of biomedical applications.

The presented results show that the filter is capable of
interpreting the accuracy and reliability of the data with respect
to the numerical solution giving locally a different weight to the
two different sources of information. A bigger amount of data,
although with greater uncertainty, allows to lead the solution
of the DA method closer to the true-state of the system. This
is useful in heart valve applications where the data acquired by
experimental investigations or through 4D Flow MRI techniques
suffer from lower accuracy near the walls; these noisy data are
filtered and the higher accuracy of the numerical solver will
return a better description of the flow field in such regions. On the
other hand the available data of the specific-patient configuration
will increase the accuracy of the numerical solution in the bulk
flow if compared with the solution obtained by using a FSI
solver employing a simplified morphology of the aortic valve and
aortic root.

A first limitation of the methodology is that we consider the
covariance across different voxels to be zero. This is equivalent
of assuming that the autocorrelation length is less than the voxel
size h. This limitation might be overcome solving with higher
computational cost the analysis step by using the global matrices
H, Pf and R instead of h, pf and r. A second limitation of the
methodology is represented by the definition of the matrix D

which is required to ensure positiveness of covariance matrix
pf . From a theoretical point of view D influence disappears for
increasingly large ensembles, but the choice of its value strongly
affects the convergence history of the DA prediction. For D

too high, the DA prediction will require a larger number of
cycles in order to reach a converged solution for both mean
velocity and covariance. Moreover, a large value of D reduces
the physical meaning of the matrix pf and this will influence
the sensitivity of the filter. On the other hand, for D too low
the forecast solution would be considered closer to the “true”
state-of-system by the filter even though it cannot be stated a
priori. In conclusion, the value of D has to be chosen high and
run the DA prediction for the required number of cylces until
convergence is reached. For this reason, in the DA prediction
of the pulsatile turbulent flow downstream a bioprosthetic heart
valve, 120 pulses (5 times the number of repetitions available by
the experiments) have been enough to enhance the description
of the mean flow fields with respect to the observations, but
have not produced a significant improvement of the RSS fields.

The investigation of the RSS fields requires to collect a larger
ensemble for both matching the classical requirements on the
ensemble size of turbulent statistics and fully overcoming the
influence of D. The sensitivity of the proposed methodology to
the matrix D and the size of ensemble needed for convergence
in these cardiovascular applications in the ascending aorta will
be further investigated in order to estimate the computational
cost required to enhance RSS fields. A further limitation is that
synthetic experimental data have been created without adding
any Gaussian error after spatially averaging inside the voxel,
even though this has been previously done in literature. This
choice has been made here, because we want to focus our
investigations on the effect of turbulent fluctuations (considered
as measurement noise). Additional noise may pose additional
problems to the described method, in particular, because the real
noise in MRI data has a non-Gaussian character. In practice, 4D
flow MRI quantification would require more complex methods
in order to quantify the effects of these hardware source of errors.
Specific methods have been developed for creating synthetic 4D
flowMRI data from raw Phase Contrast MRI data to better assess
turbulent features, e.g., turbulence intensity and TKE (45–50),
and for completely excluding the effects of the hardware source
errors by generating synthetic MRI data fields (51).

In conclusion, the results show that the method is promising
for future use with in vivo data from 4D Flow MRI.
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Introduction: Four-dimensional (4-D) flow cardiac magnetic resonance imaging can be
used to elegantly describe the hemodynamic efficiency of left ventricular (LV) flow
throughout the cardiac cycle. Patients with nonvalvular paroxysmal atrial fibrillation
(PAF) may have occult LV disease. Flow distribution analysis, based on 4-D flow, may
unmask the presence of LV disease by assessing flow components: direct flow, retained
flow, delayed ejection, and residual volume. This study aimed to identify LV hemodynamic
inefficiencies in patients with PAF and normal systolic function. We hypothesized that the
fraction of direct flow to the total end-diastolic volume would be reduced in patients with
PAF compared with controls.

Methods: We used 4-D LV flow component analysis to compare hemodynamics in 30
healthy controls and 50 PAF patients in sinus rhythm.

Results: PAF subjects and healthy controls had similar LV mass, volume, and ejection
fraction. Direct flow was lower in the PAF group than in the controls (44.5 ± 11.2% vs.
50.0 ± 12.2%, p � 0.042) while delayed ejection was higher in the PAF group (21.6 ± 5.6%
vs. 18.6 ± 5.7%, p � 0.022).

Conclusion: PAF patients demonstrated a relative reduction in direct flow and elevation in
delayed ejection.

Keywords: 4D-flow MRI, flow distribution, magnetic resoance imaging, direct flow, arial fibrillation

INTRODUCTION

Atrial fibrillation (AF) is a growing epidemic affecting approximately 37.6 million individuals worldwide,
and this has increased 33% during the last 20 years (Lippi et al., 2021) and is a significant contributor to
disability-adjusted life-years in the elderly (Abbafati et al., 2020). Paroxysmal AF (PAF) is typically initiated
by premature atrial ectopic beats originating from the pulmonary veins but is maintained by altered atrial
refractoriness related to tissue remodeling (Nattel et al., 2014). In the absence of valvular heart disease, the
latter is commonly suspected to be related to abnormal loading of the left atrium (LA) during diastole from
apparent or occult left ventricular (LV) dysfunction.

Cardiac magnetic resonance (CMR) is the gold standard for the volumetric evaluation of chamber
structure and function (Kawel-Boehm et al., 2015). The more recent availability of four-dimensional
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(4-D) flow magnetic resonance imaging (MRI) provides a unique
ability to assess complex 3-D blood flow patterns in vivo and may
facilitate gaining insights into complex normal and altered intra-
cardiac hemodynamics otherwise overlooked by standard 2-D
imaging techniques (Markl et al., 2016; Garcia et al., 2020).

To date, LV flow component analysis has been largely used to
study hemodynamic efficiencies of healthy subjects and patients with
heart failure (Eriksson et al., 2010; Stoll et al., 2019). In this method,
blood that flows through the LV during a heart cycle is separated into
four components (Figure 1) (Bolger et al., 2007). Direct flow is the
blood that enters and leaves the LV during a cycle. Retained inflow is
the blood that enters the LV during diastole and stays in at the end of
systole. Delayed ejection is that retained blood at the beginning of
diastole, which leaves the LV during systole. Residual volume is that
blood stays in the LV for more than one cycle. This method has been
applied in AF referral populations to study LV function recovery after
cardioversion (Karlsson et al., 2019); however, direct comparison of
these novel hemodynamic markers has not been studied between AF
patients versus healthy subjects. Given the expanding clinical burden
of AF patients’ heart failure with preserved ejection fraction (HFpEF)
among patients (Savarese and Lund, 2017), a detailed understanding
of abnormalities in LV flow distribution within this patient
population is strongly justified.

In this study, we aimed to identify the presence of LV
hemodynamic inefficiencies in patients with PAF and normal
systolic function using flow distribution based on 4-D flow
component analysis. We hypothesized that the fraction of
direct flow to the total end-diastolic volume is reduced in
patients with PAF compared with the healthy controls.

METHODS

Patient Population
A total of 50 patients with PAF with normal systolic function (age
� 56 ± 12, female � 16, scanned between July 2017 and August

2019) and 30 healthy controls (age � 50 ± 8, female � 10, scanned
between August 2017 and December 2020) were retrospectively
selected from our local database. The PAF initial cohort included
103 patients and healthy control cohort 35 subjects. Patients and
controls were selected to match by age given that the prevalence
of AF increase in parallel with the aging of the population
(Lakshminarayan et al., 2006). All patients were enrolled in
the Cardiovascular Imaging Registry of Calgary (CIROC) at
the time of clinical referral for cardiac MRI prior to
consideration of pulmonary vein ablation for PAF. CHA2DS2-
VASc score of PAF patients was calculated to assess stroke risk
level, using patient medical history prior to MRI examination
(Pamukcu et al., 2010). A commercial software (cardioDI™,
Cohesic Inc., Calgary, Canada) was used to coordinate routine
capture of patient informed consent and health questionnaires
and for standardized collection of MRI-related variables. Healthy
control subjects were older than 18 years of age with no
cardiovascular disease and no history of hypertension or
diabetes. Patients with significant mitral or aortic valve disease
and cases with inappropriate/incomplete image reconstruction
were not included. Healthy control screening was performed by a
certified research nurse from our institution. The study was
approved by the University of Calgary’s Conjoint Health
Research Ethics Board, and all subjects provided written
informed consent. All research activities were performed in
accordance with the Declaration of Helsinki.

MRI Data Acquisition
Patients and healthy subjects were required to be in sinus rhythm
at the time of CMR imaging. All subjects underwent an identical
standardized MRI protocol using 3 T MR scanners Skyra/Prisma
(Siemens, Erlangen, Germany) inclusive of standard multi-planar
steady-state free-precession (SSFP) cine imaging in four-, three-,
and two-chamber, short-axis of the LV at end-expiration, and 3-
D magnetic resonance angiography (MRA) of the LA using
administration of 0.2 mmol/kg gadolinium contrast (Gadovist®,

FIGURE 1 | LV blood volume (A) at the beginning of diastole, (B) at the end-diastole, and (C) at the end-systole. End-diastolic volume can be separated into four
components. Direct flow is a part of inflow during diastole (A toB), exiting the chamber during systole (B toC). Retained inflow is another part that remains in the chamber
at the end-systole (C). Delayed ejection is a part of LV volume at the beginning of diastole (A) that exits during the cycle. Residual volume stays in the chamber for more
than one cycle. MV indicates mitral valve; AoV, aortic valve; DF, direct flow; RI, retained inflow; DE, delayed ejection; and RV, residual volume.
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Bayer Inc., Mississauga, Ontario, Canada). Approximately
5–10 min following contrast injection, 4-D flow MRI was
performed using a prospectively triggered sequence with
respiratory navigator-based gating (WIP 785A; n � 68, WIP
1106; n � 12). Whole heart 4-D flow MRI was added at the
end of the protocol for the standard cardiac assessment of 3-D
intra-cardiac hemodynamics. 4-D flow imaging parameters were
as follows: gating � prospective, flip angle � 15°, FOV �
200–420 mm × 248–368 mm, spatial resolution � 2.0–3.5 ×
2.0–3.5 × 2.5–3.5 mm; temporal resolution � 25–35 ms, 25–30
phases, and velocity sensitivity � 150–200 cm/s. Total acquisition
time varies between 8 and 12 min, depending on heart rate and
respiratory navigator efficiency.

MRI Data Processing and Analysis
Volumetric chamber measurements were performed from
standard ECG-gated cine images using commercial software
(cvi42 v5.11, Circle Cardiovascular Imaging Inc., Calgary,
Canada). Short axis cine images were used to obtain LV end-
diastolic volume (EDV) (ml), LV end-systolic volume (ESV) (ml),
LV stroke volume (SV) (ml), LV mass (g), LV cardiac output
(CO) (L/min), LVEDV indexed to BSA (LVEDV/BSA) (ml/m2),
LVESV indexed to BSA (LVESV/BSA) (ml/m2), LVmass indexed
to BSA (LV mass/BSA) (g/m2), and LV ejection fraction (LVEF)
(%). LA volume (ml) and LA volume indexed to BSA (ml/m2)
were measured using the two- and four-chamber views using the
biplane area-length method.

4-D flow imaging was analyzed using a dedicated module from
cvi42 v5.11. LV flow component analysis is based on a previously
presented and validated method (Eriksson et al., 2010; Eriksson
et al., 2011). Automated valve tracking was recently incorporated
to improve accuracy and reduce variability (Garcia et al., 2021).
All data underwent preprocessing to correct for Maxwell terms,
eddy current–induced phase offset, and velocity aliasing if
necessary. Then, from the long-axis three-chamber cine image,
the locations of the aortic and mitral valve planes were
automatically recognized on each frame to constrain 4-D flow
analysis (Figure 2). The exact contour of the valves was refined
manually on 4-D flow images. Trans-valvular flow was calculated

throughout the cycle, and the isovolumetric relaxation (IVR)
phase identified where both flows were minimized after systole.
From each voxel in the LV segmentation an automated pathline
was emitted. Pathline particles were created backward and
forward in time until the identified end-systole within the
velocity field Runge–Kutta method (Butcher, 2007). Overall
pathlines represent the entire cardiac cycle particle tracking,
pathline positions relative at the time of end-systole relative to
the cardiac chambers are used to separate them into four flow
components (Figure 1) with both the volume and ratio for each
component reported. Flow components in the analyzed heartbeat
are defined by direct flow (blood that enters the LV during
diastole and leaves the LV during systole), retrained inflow
(blood that enters the LV during diastole but does not leave
during systole), delayed ejection flow (blood that starts and
resides inside the LV during diastole and leaves during
systole), and residual volume (blood that resides within the
LV, not a component of inflow or ejected volume).

Statistics
Statistics were analyzed using IBM SPSS Statistics for Windows,
version 26.0 (IBM Corp., Armonk, N.Y., United States). Continuous
variables were tested by the Shapiro–Wilk test to determine if
parameters were normally distributed. If parameters were
normally distributed, they were presented as mean ± standard
deviation, and the independent-samples t-test was performed to
compare between the PAF and control groups.When the parameters
did not satisfy the normality assumption, they were presented as
median with (the first quartile - the third quartile), and
Mann–Whitney U-test was used. A multiple linear regression was
performed to assess dependency of flow distribution variables on
demographic and conventional LV parameters. The Pearson
method was used to assess the correlation and agreement
between parameters. Categorical variables are presented by count
and frequency and compared using a chi-square test between two
groups. For all analyses, two-tailed tests with p-value < 0.05 were
considered statistically significant. Propensity score matching was
performed to assess baseline confounders and their impact on flow
distribution variables.

FIGURE 2 | LV flow component analysis workflow. To obtain segmentation of entrance and exit of the LV, valve plane was recognized on three-chamber cine
images. Exact shape of the valves was segmented on 4-D flow images for each time frame. Iso-volumetric relaxation phase was identified from time-flow graph,
minimizing both flows through the valves. From and to the selected phase, automated simulation traced particles and divided into four components.
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RESULTS

Patient Characteristics
The baseline characteristics of patients and controls are given in
Table 1. A significant difference was observed in the mean age of
the PAF cohort versus controls (56 ± 12 years vs. 50 ± 8 years, p �
0.009). Also, weight and BSA tended to be higher in the PAF
group (81.5 kg [72.8–100.0] vs. 76.0 kg [61.0–82.2], p � 0.011 and
1.99 m2 [1.84–2.21] vs. 1.90 m2 [1.71–2.02], p � 0.016,
respectively). Sex ratio, height, heart rate, and systolic/diastolic
blood pressure did not show significant differences. CHA2DS2-
VASc risk score was 0 or 1 in 82% of PAF subjects (Table 2) while
five subjects had a score of two, and only three subjects having a
score of three. These three latter cases were in two females with
age >75 and in a female >65 with hypertension. No patients had
score of four or above. Overall, our PAF groupmostly consisted of
low-risk patients. Standard volume and function measurements
of the left ventricle and left atrium are summarized in Table 3. LV
EDV indexed to BSA was lower in the PAF cohort than in the
controls (76.5 [66.4–87.3] vs. 88.8 [77.4–97.0], p � 0.006). There
were no other significant differences between the PAF and control
groups.

Left Ventricular Flow Distribution
Examples of LV flow component analysis from controls and PAF
patients are shown in Figure 3. Pathlines show direct flow and
retained inflow coming into the LV during diastole, followed by
outgoing flow consisting of direct flow and delayed ejection
during systole. At end-diastole, when all pathlines reside in the
LV, each of the different proportions of flow components are
uniquely labeled.

The volume of each flow component and its ratio to the total
flow are presented in Table 4. The ratio of direct flow to the total
flow was significantly reduced (−11%) in the PAF group
compared with controls (44.5 ± 11.2 vs. 50.0 ± 12.2, p �
0.042). Delayed ejection was reciprocally increased (+16%) in
the PAF group (21.6 ± 5.6 vs. 18.6 ± 5.7, p � 0.022) (Figure 4).
Observed differences in retained inflow and residual volume were
not significant.

To evaluate for independent associations of direct flow
(reduction) and delayed ejection (elevation) with known AF
diagnosis, two separate multivariable models were constructed
adjusting for age, sex, BSA, and hypertension. These variables
failed to predict direct flow and delayed ejection statistically
significantly, F (4, 46) � 0.685, p � 0.606, R2 � 0.056, and F
(4,46) � 1.712, p � 0.163, R2 � 0.130, respectively.

Correlation with LV function parameters (SV, LVCO, and
LVEF) were also evaluated. LVEF was moderately correlated with
both direct flow and delayed ejection (r � 0.432, p < 0.001 and r �
−0.357, p � 0.001, respectively).

Propensity score matching considered age, weight, and BSA
(Table 1) for further analysis of flow components. After balancing
the comparability of the baseline characteristics between groups,
only 18 PAF patients were matched to healthy volunteers. There
were no statistical differences between propensity score matched
cohorts for flow component parameters.

DISCUSSION

This study compared 4-D flow-derived LV component analysis in
patients with PAF and normal LVEF versus healthy controls.
Following multivariable adjustment for age, sex, BSA, and
hypertension, we identified significant and reciprocal
alterations in direct flow (reduced) and delayed ejection

TABLE 1 | Baseline characteristics.

Controls (n = 30) PAF patients (n = 50) p-value

Mean ± SD, median
[range] or count

(percent)

Mean ± SD, median
[range]or count (percent)

Age (years) 50 ± 8 56 ± 12 0.009
Sex (female) 10 (33%) 16 (32%) 0.902
Height (m) 1.75 [1.67–1.79] 1.77 [1.70–1.86] 0.062
Weight (kg) 76.0 [61.0–82.2] 81.5 [72.8–100.0] 0.011
BSA (m2) 1.90 [1.71–2.02] 1.99 [1.84–2.21] 0.016
HR (bpm) 59 [54–66] 63 [55–79] 0.077
Systolic BP (mmHg) 114 ± 12 116 ± 12 0.389
Diastolic BP (mmHg) 70 [55–74] 69 [63–75] 0.806

TABLE 2 | Risk score and factors in PAF group.

PAF (n = 44)

CHA2DS2-VASc

0 18 (41%)
1 18 (41%)
2 5 (11%)
3 3 (7%)

Risk factors

CHF/LV dysfunction 2 (6%)
Hypertension 7 (19%)
Aged 75 or over 1 (3%)
Diabetes 2 (6%)
Stroke 0 (0%)
Vascular disease 1 (3%)
Aged 65–74 10 (28%)
Sex category female 13 (36%)

*CHF, congestive heart failure; LV, left ventricle.
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(elevated) in patients with AF. This finding provides insights into
the unique hemodynamic phenotype of this referral population
that may explain their strong predisposition toward HFpEF.

The age difference between study groups is a recognized
limitation of this study. Age is one of the most impacting
factors on the risk of AF and its complications as well as sex.

TABLE 3 | Left ventricular and atrial volumes and function.

Controls (n = 30) PAF patients (n = 50) p-value

Mean ± SD,
median [range]

Mean ± SD,
median [range]

LV End-Diastolic Volume (ml) 162.6 ± 27.7 159.7 ± 34.4 0.693
LV End-Diastolic Volume indexed to BSA (ml/m2) 88.8 [77.4–97.0] 76.5 [66.4–87.3] 0.006
LV End-Systolic Volume (ml) 62.5 [45.9–75.8] 61.0 [51.5–79.5] 0.531
LV End-Systolic Volume indexed to BSA (ml/m2) 33 ± 7.3 31.9 ± 7.7 0.510
LV Mass (g) 103.8 ± 26.1 106.6 ± 27.2 0.658
LV Mass indexed to BSA (g/m2) 54.6 ± 9.8 52 ± 10.2 0.267
LV Stroke Volume (ml) 101.2 ± 14.7 94.5 ± 23.7 0.121
LV Cardiac Output (L/min) 5.9 ± 0.9 6.0 ± 1.3 0.852
LV Ejection Fraction (%) 61.2 [58.9–68.1] 60.3 [56.9–63.8] 0.061
LA Volume (ml) 69.4 ± 17.5 80.2 ± 26.4 0.054
LA Volume indexed to BSA (ml/m2) 36.8 ± 9.2 39.5 ± 12.4 0.317

FIGURE 3 | Flow pattern example in left ventricle. Each component is color-coded; green: direct flow, yellow: retained inflow, blue: delayed ejection, red: residual
volume. Reduced proportion of direct flow is observed at end-diastolic phase in PAF. LA indicates left atrium; LV, left ventricle; and AAo, ascending aorta.

TABLE 4 | Left ventricular flow distribution.

Controls (n = 30) PAF patients (n = 50) p-value

Volumes of flow components

Direct Flow (ml) 37.4 ± 13.4 33.5 ± 13.1 0.204
Retained Inflow (ml) 18.1 ± 7.0 19.8 ± 9.2 0.348
Delayed Ejection (ml) 15.0 ± 6.6 16.5 ± 7.1 0.390
Residual Volume (ml) 6.6 ± 4.1 7.4 ± 5.5 0.517

Ratio of flow components to the total flow

Direct Flow (%) 50.0 ± 12.2 44.5 ± 11.2 0.042
Retained Inflow (%) 23.5 ± 5.8 25.3 ± 5.5 0.164
Delayed Ejection (%) 18.6 ± 5.7 21.6 ± 5.6 0.022
Residual Volume (%) 8.0 ± 3.8 8.7 ± 4.1 0.450
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Nevertheless, correlation analysis between age and flow
components demonstrated no significant correlation. This
revealed flow component analysis is robust to such an external
factor, and therefore, the impact from age difference should be
limited.

A certain degree of elevated weight and BSA in the PAF group
can be explained by the well-known fact that overweight and
obesity are associated with the onset of AF (Frost et al., 2005). LV
EDV indexed to BSA was rather low in the PAF group but still
within normal range. This can be interpreted as AF burden
having not yet impacted LV dilation, so normal LV volume
size was normalized by elevated BSA. The similarity observed
in other LV and LA volume and function parameters indicate that
our enrolled group of PAF subjects were a relatively healthy
referral population at an early stage of the disease.

Compared with a prior study evaluating LV component analysis
in healthy subjects (Stoll et al., 2018), we observed higher direct flow
with reduced residual volumes (50 and 8%, respectively). However, it
is important to recognize that the previous study used manual
segmentation of the LV volume at only the end-diastolic and
end-systolic phases; these are used to constrain flow analysis
throughout the cardiac cycle. In our study, both mitral and aortic
valve planes were dynamically tracked with iterative, phase-adjusted
calculation of blood flow through each valve, which improves flow
quantification (Garcia et al., 2021). Although, particle tracing near
the LV apex of the heart was reduced inmost cases, whichmay cause
underestimation of the residual volume and, in consequence,
overestimation of the proportion of direct flow. The latter may
be due to the particle tracing algorithm used by the vendor and the
low velocities near the apex. A recommended validation is based on
comparing inflow vs. outflow for every subject. Further investigation
into larger cohorts and the sophisticated algorithm will enable
clinical use.

Heart failure (HF) and AF often coexist and have worse
prognosis than those with isolated HF or AF (Hindricks et al.,
2021). The prevalence of both AF and HF also increases with age.
AF can promote HF progression through cardiomyopathy

characterized by loss of atrial systole, LA dilation, and rapid
irregular ventricular rate affecting LV emptying and filling
(Olsson et al., 2006). When EF is preserved, the management
is mainly based on symptomatic therapy and treatment for
comorbidities. In our study, PAF patients had preserved EF
and were in sinus rhythm at the time of the scan. Of interest,
DF and DE were significantly different in PAF patients as
compared with controls. Both reduction of DF and elevation
of DE are markers of altered LV emptying and filling and may be
able to early characterize the predisposition to HFpEF.

Propensity score matching assessment considered age, weight,
and BSA for further analysis of flow components. A matched
cohort was reduced to 18 subjects with no significant differences
on flow component parameters. The latter may be due to the
matched cohort size and highlights the importance of considering
baseline cofounding factors in future studies employing flow
component analysis.

LIMITATIONS

Although we demonstrate that demographic factors are not
correlated with flow distributions, still the age gap between two
groups is a potential cofounding factor. Recruiting enough age-
matched controls will resolve the bias in the study groups. Blood
pressure measurements were not available in some subjects,
especially in the control group. Collecting complete data sets will
make sure that this flow distribution has not been affected by
external factors. We used commercial software for flow
distribution analysis. Although it provided a convenient workflow
for quantification of flow components, we could not access the raw
simulation results to investigate further. The cause of difference in
flow proportion with previous studies was postulated but not
confirmed. It is important to remark that flow component
analysis is sensitive to degraded preprocessing correction, such as
eddy currents, concomitant fields, noise, and aliasing corrections. In
addition, quality control of the preprocessed data sets is relevant for
the careful identification of aberrant pathlines (Eriksson et al., 2010).
Pathline common errors include, but they are not limited to, spatial
and temporal resolution, interpolation truncation, and
implementation algorithms (Chandler et al., 2015).
Implementation of flow analysis by our own will allow access to
raw results that reveal whether this method reconstructs LV volume
successfully, comparison with manual LV volume segmentation
method, and also further study such as energy-based analysis.
Propensity score matching findings were limited by the number
ofmatching subjects (n� 18). Based on previous studies, aminimum
of 30 subjects is needed to detect differences in flow components
between groups assuming a power of 80% and type 1 error of 0.5%
(p <0 .005) (Eriksson et al., 2010; Eriksson et al., 2011; Kim et al.,
2020).

CONCLUSION

This study used LV flow component analysis by 4-D flow MRI to
demonstrate occult changes in LV flow efficiency in patients with

FIGURE 4 | Compare of flow distribution between groups. PAF group
represents reduced direct flow and increased delayed ejection compared with
controls.
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PAF and normal systolic function. Hemodynamic alterations
were observed showing reduction in direct flow in the absence
of additional markers of adverse LV remodeling, such as LV
hypertrophy or chamber dilation. Cofounding baseline factors
need to be considered for a more representative assessment of
flow components. Expanded study into mechanisms underlying
reductions in LV efficiency in this patient population and its
relevance to future risk of HFpEF is required.
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Objective: This study aimed to: (1) evaluate the association between myocardial fibrosis

(MF) quantified by extracellular volume fraction (ECV) and myocardial strain measured by

two-dimensional (2D)- and three-dimensional speckle-tracking echocardiography (3D-

STE) and (2) further investigate which strain parameter measured by 2D- and 3D-STE is

the more robust predictor of MF in heart transplant (HT) recipients.

Methods: A total of 40 patients with HT and 20 healthy controls were prospectively

enrolled. Left ventricular (LV)-global longitudinal strain (GLS), global circumferential strain

(GCS), and global radial strain (GRS) were measured by 2D- and 3D-STE. LV diffuse MF

was defined by cardiovascular magnetic resonance (CMR)-ECV.

Results: The HT recipients had a significantly higher native T1 and ECV than healthy

controls (1043.8 ± 34.0 vs. 999.7 ± 19.7ms, p < 0.001; 26.6 ± 2.7 vs. 24.3 ± 1.8%,

p = 0.02). The 3D- and 2D-STE-LVGLS and LVGCS were lower (p < 0.005) in the

HT recipients than in healthy controls. ECV showed a moderate correlation with 2D-

LVGLS (r = 0.53, p = 0.002) and 3D-LVGLS (r = 0.60, p < 0.001), but it was not

correlated with 2D or 3D-LVGCS, or LVGRS. Furthermore, 3D-LVGLS and 2D-LVGLS had

a similar correlation with CMR-ECV (r = 0.60 vs. 0.53, p = 0.670). A separate stepwise

multivariate linear analysis showed that both the 2D-LVGLS (β = 0.39, p = 0.019) and

3D-LVGLS (β = 0.54, p < 0.001) were independently associated with CMR-ECV.
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Conclusion: CMR marker of diffuse MF was present in asymptomatic patients with HT

and appeared to be associated with decreased myocardial strain by echocardiography.

Both the 2D- and 3D-LVGLS were independently correlated with diffuse LVMF, which

may provide an alternative non-invasive tool for monitoring the development of adverse

fibrotic remodeling during the follow-up of HT recipients.

Keywords: heart transplant, diffuse myocardial fibrosis, cardiovascular magnetic resonance, extracellular volume

fraction, speckle tracking echocardiography

INTRODUCTION

Heart transplant (HT) is the most effective treatment for
patients with end-stage heart failure (1). The outcome of
HT has significantly improved owing largely to advances in
immunosuppressive therapy and the management of long-term
complications. However, myocardial fibrosis (MF) is a commonly
demonstrated histopathologic feature and is associated with a
higher risk of adverse cardiac events and death after HT (2–
9). Therefore, a reliable non-invasive method for monitoring
the development of fibrotic remodeling early may be desirable
during the follow-up of patients with HT and can assist to risk
stratification in HT recipients.

Histological biopsy is the gold standard for the assessment
of MF, but it is invasive and not practical for serial follow-
up after HT. Besides, the biopsied region only reflects the
local pathological information and cannot quantify diffuse MF.
However, numerous studies have validated that diffuse MF can
be measured non-invasively by extracellular volume fraction
(ECV) that was derived from cardiovascular magnetic resonance
(CMR) in various cardiovascular diseases (10–13). Furthermore,
previous studies have reported that two-dimensional speckle-
tracking echocardiography (2D-STE)-derived myocardial strain
may be a robust indicator to predict MF (14–16). However,
2D-STE is time-consuming and is affected by the through-
plane motion during a cardiac cycle and the transplanted hearts
would show noteworthy translational motion during the cardiac
phase, which can aggravate the “out-of-plane phenomenon”
of 2D-STE. Three-dimensional (3D)-STE can overcome the
limitation of plane dependency existing in 2D-STE. Moreover,
3D-STE requires less time to acquire and analyze images (17).
Nevertheless, the predictive value of myocardial strain for diffuse
MF in HT recipients and whether 3D-STE is superior to 2D-STE
remained unknown.

Therefore, this study aimed to: (1) evaluate the association
betweenMF andmyocardial strainmeasured by 2D- and 3D-STE
and (2) further investigate which strain parameter measured by
2D- and 3D-STE is the more robust predictor of MF defined by
CMR-ECV in HT recipients.

MATERIALS AND METHODS

Study Population
A total of 50 asymptomatic patients with HT who were scheduled
for echocardiogram at their routine follow-up examinations

were prospectively enrolled in this study. As myocardial edema
due to inflammation can expand the extracellular volume
and increase native T1 times, patients with acute rejection
(AR) at the time of recruitment were excluded. Patients
with the following conditions were also excluded: time after
HT < 6 months, left ventricular ejection fraction (LVEF)
< 50%, significant coronary allograft vasculopathy (CAV),
uncontrolled hypertension, uncontrolled blood glucose, renal
failure, arrhythmia, and poor image quality. There were 10
patients excluded due to poor echocardiographic image quality
(n = 6) and arrhythmia (n = 4). The remaining 40 patients
were included in the final analysis. Demographic data including
sex, age, height, and weight at the time of echocardiographic
examination were obtained. Clinical data including recipient
age, weight at HT, bypass time, ischemia time, donor age,
weight, and history of AR and CAV were collected from
a medical record review. Additionally, 20 healthy volunteers
with a similar distribution of sex and age to the HT group
were recruited as the control group. They had no history
of hypertension, diabetes mellitus, renal failure, or other
organic diseases based on physical examinations, biochemical
tests, ECG, and echocardiography that were enrolled as a
control group.

This study was approved by the Ethics Committee of
Tongji Medical College, Huazhong University of Science
and Technology, and all the participants provided a written
informed consent.

Conventional 2D Echocardiography
All the 2D, Doppler, and 3D images were acquired by using
a commercially available system (EPIQ 7C, Philips Medical
Systems, Andover, Massachusetts, USA) with S5-1 and X5-
1 transthoracic echocardiography transducers. Four heartbeat
images were collected and stored in digital format. All the
echocardiographic parameters were acquired according to the
published guidelines (18). LV diameter was measured at
end-diastole from the parasternal long-axis. Doppler mitral
valve peak early (E) and late (A) diastolic velocities and
E/A velocity ratio were measured on apical four-chamber
view. The mean value of early diastolic mitral annular tissue
velocity and left ventricular lateral wall tissue velocity (e’)
was measured by using tissue Doppler imaging. The LV Tei
index was defined as the ratio of isovolumic time divided
by ejection time with the use of tissue Doppler of the
mitral annulus.
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FIGURE 1 | Offline analysis of STE for left ventricular (LV) strain and CMR for LV-ECV. (A) 2D-STE offline analysis for LV. A1-A2, LV endocardial tracing in the three LV

apical long-axis and three LV short-axis views; A3, LV strain curves; (B) 3D-STE offline analysis for LV. B1, LV endocardial tracing at end-diastole and end-systole; B2,

3D-GLS, GCS, and GRS strain curves were generated. (C) Offline analysis for CMR-LV-ECV. C1-C2, measurements of native and postcontrast T1 time from LV

myocardium and LV blood pool. 2D-STE, two-dimensional speckle-tracking echocardiography; 3D-STE, three-dimensional STE; CMR, cardiovascular magnetic

resonance; ECV, extracellular volume fraction; GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global radial strain.

Left Ventricular Myocardial Strain
Measured by 2D-STE and 3D-STE
The 2D myocardial strain was performed on the 2D cardiac
performance analysis 1.2 software (TomTec Imaging Systems,
Unterschleissheim, Germany, UK) in the 2D echocardiographic
images with a frame rate of 50–70 MHz. LV longitudinal strain
was determined by endocardial tracing in the apical four-, three-
, and two-chamber views. LV circumferential and radial strain
were measured by endocardial tracing in the basal, middle, and
apical level of LV short-axis views on a frame-by-frame basis
during one cardiac cycle. If the tracking was suboptimal, manual
adjustment was performed. The LV global longitudinal strain
(LVGLS), LV global circumferential strain (LVGCS), and LV
global radial strain (LVGRS) were defined as the average peak
strain values automatically generated from the 16 segmental
strain curves by the software (Figure 1A).

The 3D-STE was performed on the four-dimensional
(4D) LV-Analysis 3.1 Software (TomTec Imaging systems,
Unterschleissheim, Germany, UK) in the 3D LV full-volume
images with frame rate of 19–23 MHz. After selecting the center
of the mitral annulus line and the apex of the left ventricle at
end-diastole, the workstation would track the LV endocardium
automatically and the manual adjustment was performed in case
of unsatisfactory tracking. The same procedure was performed at
the end-systolic frame. Subsequently, the software would perform
the 3D-STE throughout the cardiac cycle. Ultimately, the 3D-LV-
end-diastolic volume (EDV), end-systolic volume (ESV), LVEF,
and the myocardial strain would be generated automatically.
LVGLS, LVGCS, and LVGRS, respectively, were calculated as
the average peak systolic longitudinal, circumferential, and radial
strain of all the 16 LV segments (Figure 1B). Subjects with two
or more inadequately tracked segments were removed from
the analysis.

Cardiovascular Magnetic Resonance
Images Acquired and Analyzed
Cardiovascular magnetic resonance imaging was performed with
a 1.5-Tesla system (MAGNETOM Aera, Siemens Healthineers,
Erlangen, Germany, UK). CMR examination was performed
within 24 h of the echocardiography examination. Three long
axes and a set of contiguous short-axis cine images of LV were
acquired with a steady-state free precession sequence during
breath-hold of 10–15 s. The cine image parameters were as
follows: repetition time (TR)/echo time (TE), 38.09/1.21ms;
slice thickness, 8mm; field of view, 340 × 255 mm2; matrix,
256 pixels × 205 pixels; and flip angle, 80◦. T1 mapping was
performed on three standard LV short-axis slices before and
15min after the administration of a bolus of gadopentetate
dimeglumine contrast agent (0.2 mmol/kg, Magnevist, Bayer
Healthcare, Berlin, Germany, UK) by using a modified Look-
Locker inversion recovery (MOLLI) sequence with a 5- and 3-
sampling scheme. The typical MOLLI sequence parameters were:
TR/TE, 255.76/1.01ms; slice thickness, 8mm; matrix, 144 ×

256 pixels; flip angle, 35◦; and scan time, 11 s. The parameters
of postcontrast T1 were similar to those of the native T1,
except for a TE of 1.12ms and a TR of 359.76ms. Image
acquisitions at LV basal, middle, and apical short-axis slices in
diastole were performed before and 15min after the injection of
gadolinium, respectively.

Cardiovascular magnetic resonance data were analyzed with
a commercial software (Argus, Siemens Healthineers, Erlangen,
Germany, UK) by an experienced reader blinded to the
echocardiographic results. Regions of interest were drawn in
the blood and a midwall region of the myocardium and copied
between the pre- and postcontrast T1 and ECVmaps. Tomeasure
the T1 value of blood, a circular region of interest was positioned
in the LV cavity, avoiding papillary muscle (Figure 1C). Then,
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the ECV was calculated from the native and postcontrast T1
time, along with a hematocrit correction that was obtained on the
same day of the CMR scanning according to the well-established
formula (19).

Reproducibility
To evaluate the reproducibility of 2D-STE and 3D-STE
measurements, a total of 20 subjects (including 10 HT
recipients and 10 healthy controls) were selected randomly. For
intraobserver variability, analysis of the first 2D-STE and 3D-
STE data set of the 20 subjects (including 10 HT recipients and
10 healthy controls) was repeated 2–4 weeks later by the same
primary investigator. For interobserver variability, the data set
was analyzed by two blinded investigators.

Statistical Analysis
Continuous variables are presented as mean ± SD or median
[interquartile range (IQR)] and categorical variables are
presented as absolute numbers (percentages). The unpaired two-
sample t-test or the Mann–Whitney U-test was used to compare
continuous variables and the chi-squared test or the Fisher’s exact
test was used to compare categorical variables between the HT
and control group. Correlations between continuous variables
were evaluated with the Pearson’s correlation coefficients.
Potential predictors (demographic, clinical, LV conventional
function parameters, and myocardial strains) of ECV in HT
recipients were identified by the univariate linear regression
analysis. The variables with univariate p < 0.10 were included in
the multivariate linear regression analysis. To avoid collinearity
issues, the multivariate stepwise linear regression analysis for
2D-LVGLS and 3D-LVGLS (model 1 for 2D-LVGLS and model
2 for 3D-LVGLS) was performed separately, along with those
echocardiographic and clinical variables that demonstrated
a univariate p < 0.10. The interobserver and intraobserver
variability of the 10 HT recipients and 10 healthy volunteers were
assessed by the intraclass correlation coefficients (ICCs) and the
Bland–Altman analyses. Comparison of correlation coefficients
was performed with the MedCalc version 19.0.4 (MedCalc
Software, Ostend, Belgium, UK). All the statistical analyses,
except for the comparison of correlation coefficients, were
performed with SPSS Statistics version 23.0 (IBM, Armonk, New
York, USA). p < 0.05 was considered as statistically significant.

RESULTS

Clinical Characteristics
The baseline clinical characteristics of the 40 patients with HT
are given in Tables 1, 2. The most prominent etiology for HT was
dilated cardiomyopathy. The echocardiographic studies occurred
at amedian of 1.2 years after HT (IQR: 1.0–2.9 years). No patients
had clinically significant AR or CAV when they were enrolled in
this study. Immunosuppression regimens varied, but tacrolimus,
mycophenolate mofetil, and prednisone were commonly used.
Aspirin and statin were also frequently used.

TABLE 1 | Clinical characteristics of the 40 patients with HT.

Parameters Value

Characteristics Pre-HT

Recipient

Men, n (%) 30 (75)

Age, (years) 43 ± 13

Weight, (kg) 58 (50, 65)

Etiology for transplantation, n (%)

Dilated cardiomyopathy 24 (60)

Ischemic cardiomyopathy 8 (20)

Valvular heart disease 3 (7.5)

Hypertrophic cardiomyopathy 1 (2.5)

Complex congenital heart disease 1 (2.5)

Other disease 3 (7.5)

Invasive mPAP, (mmHg) 38 ± 14

Bypass time, (min) 97 (83, 115)

Aortic clamp time (min) 30 (27, 37)

Donor

Age, (years) 35 ± 10

Weight, (kg) 65 (55, 65)

Weight ratio, (donor/recipient) 1.1 ± 0.3

Ischemic time, (min) 333 (195, 380)

Characteristics at echocardiographic examination

Time since transplantation, (years) 1.2 (1.0, 2.9)

Surgical technique

Biatrial technique, n (%) 14 (35)

Bicaval technique, n (%) 26 (65)

History of AR, n (%) 4 (10)

Immunosuppressant medications

Tacrolimus, n (%) 35 (87.5)

Sirolimus/everolimus, n (%) 6 (15.0)

Cyclosporine, n (%) 5 (12.5)

Mycophenolate mofetil, n (%) 37 (92.5)

Prednisone, n (%) 32 (80.0)

Aspirin, n (%) 26 (65.0)

Statin, n (%) 25 (62.5)

ACE inhibitor/ARB, n (%) 15 (37.5)

Calcium-channel blocker, n (%) 18 (45.0)

Beta-blocker, n (%) 18 (45.0)

AR, acute rejection; HT, heart transplant; mPAP, mean pulmonary arterial pressure.

Echocardiographic and CMR Findings
Comparisons of echocardiographic and CMR parameters in the
40 patients with HT and 20 healthy controls are shown in
Table 2. Compared with healthy controls, patients with HT had
a significantly greater E/A ratio of the mitral valve and shorter
deceleration time (DT) of E wave, which may suggest impaired
LV diastolic function. Concerning LV systolic function, patients
with HT had lower 3D-LVEF than the healthy controls (62.4
± 5.5 vs. 66.1 ± 3.9%, p = 0.008), but remained within the
normal range. However, HT group showed impaired 2D-LVGLS,
2D-LVGCS, 3D-LVGLS, and 3D-LVGCS. In contrast, the two
groups did not differ in 2D- and 3D-LVGRS. Moreover, a weak
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TABLE 2 | Demographic information, echocardiographic, and CMR findings of the

HT group and control group.

Parameters Control group

(n = 20)

HT group (n = 40) P-value

Demographic information at echocardiography examination

Men (%) 14 (70%) 34 (75%) 0.68

Age (years) 45 ± 11 45 ± 14 0.944

Height (cm) 168 ± 8 166 ± 8 0.482

Weight (kg) 65 ± 6 62 ± 13 0.071

BSA (m2) 1.7 ± 0.1 1.7 ± 0.2 0.118

BMI (kg/m2 ) 23 (21, 24) 22 (20, 24) 0.169

Obesity, n (%) 3 (15.0) 8(20.0) 0.637

HR (bpm) 67 ± 10 88 ± 7 <0.001

SBP (mmHg) 120 (110, 124) 120 (112, 126) 0.346

DBP (mmHg) 80 (70, 87) 80 (71, 85) 0.766

Echocardiographic findings

LA, (mm) 33 ± 3 46 ± 7 <0.001

LVd, (mm) 44 ± 2 42 ± 4 0.093

IVST, (mm) 8.9 ± 0.8 9.6 ± 1.3 0.01

LVMI, (g) 72.0 ± 11.1 82.5 ± 17.6 0.007

Mitral valve

E, (m/s) 0.7 ± 0.2 0.8 ± 0.2 0.366

A, (m/s) 0.6 ± 0.1 0.5 ± 0.1 <0.001

E/A ratio 1.2 ± 0.4 1.8 ± 0.4 <0.001

e’, (cm/s) 11 ± 2 11 ± 2 0.528

E/e’ 7 ± 2 8 ± 3 0.334

DT, (ms) 210 ± 45 182 ± 34 0.02

Tei index 0.36 ± 0.06 0.52 ± 0.11 <0.001

2D-LVGLS, (%) −20.0 ± 2.5 −16.9 ± 2.3 <0.001

2D-LVGCS, (%) −29.1 ± 3.3 −26.6 ± 4.7 0.038

2D-LVGRS, (%) 39.3 ± 6.0 37.8 ± 7.6 0.198

3D-LVEDV, (ml) 90.5 ± 17.8 72.0 ± 19.4 0.001

3D-LVESV, (ml) 30.7 ± 7.3 27.2 ± 9.3 0.013

3D-LVEF, (%) 66.1 ± 3.9 62.4 ± 5.5 0.008

3D-LVGLS, (%) −20.8 ± 1.5 −17.2 ± 2.3 <0.001

3D-LVGCS, (%) −31.5 ± 3.7 −28.3 ± 5.1 0.015

3D-LVGRS, (%) 42.3 ± 4.1 40.7 ± 6.3 0.339

CMR findings*

Native T1 time, (ms) 999.7 ± 19.7 1043.8 ± 34.0 < 0.001

Post-contrast T1 time, (ms) 455.3 ± 24.5 429.8 ± 39.7 0.013

ECV, n (%) 24.3 ± 1.8 26.6 ± 2.7 0.002

2D, two dimensional; 3D, three dimensional; A, late diastolic inflow velocity; BSA, body

surface area; CMR, cardiovascular magnetic resonance; DBP, diastolic blood pressure;

DT, deceleration time of E; E, early diastolic inflow velocity; e’, mean value of early

diastolic mitral annular tissue velocity and left ventricular lateral wall tissue velocity; ECV,

extracellular volume fraction; HR, heart rate; IVST, interventricular septum thickness; LA,

left atrial diameter; LVd, left ventricular diastolic diameter; LVMI, left ventricular mass

indexed to body surface area; LVEF, left ventricular ejection fraction; LVGLS, left ventricular

global longitudinal strain; LVGCS, left ventricular global circumferential strain; LVGRS, left

ventricular global radial strain; PA, pulmonary artery; SBP, systolic blood pressure.

*Means that 31 patients with HT and 20 healthy controls had the data of CMR findings.

to moderate but significant correlation of global strain values
between the 2D- and 3D-STE was noted in the entire study
population (LVGLS: r = 0.57, p < 0.001; LVGCS: r = 0.46, p <

0.001; LVGRS: r = 0.45, p < 0.001) (Figure 2). There were 31 of
the 40 patients with HT and all the 20 healthy controls agreed to
undergo CMR examination within 24 h of the echocardiography
examination. Compared with healthy controls, the HT recipients
showed significantly longer native T1 time (999.7 ± 19.7 vs.
1043.8 ± 34.0ms, p < 0.001) and greater ECV (24.3 ± 1.8 vs.
26.6± 6.7%, p= 0.002).

Relationships Between Diffuse LVMF and
Clinical and Echocardiographic
Parameters
The diffuse LVMF was defined by CMR-ECV in this study. The
correlations between LV myocardial strain and CMR-ECV are
shown in Figure 3. For 2D-LVmyocardial strain, only 2D-LVGLS
correlated with ECV (r = 0.53, p = 0.002), whereas LVGCS and
LVGRS showed no correlation with ECV. Figure 3 also illustrates
the association of 3D-LV myocardial strain with CMR-ECV.
Similarly, as shown in Figures 3D–F, ECV only had correlation
with 3D-LVGLS (r = 0.60, p < 0.001) and not had correlation
with 3D-LVGCS or 3D-LVGRS. Moreover, 3D-LVEF did not
correlate with CMR-ECV. Furthermore, there was no significant
difference between the correlation of 2D-LVGLS with CMR-ECV
and the correlation of 3D-LVGLS with CMR-ECV (r = 0.53 vs. r
= 0.60, p= 0.670).

Table 3 shows the results of the univariate and multivariate
linear regression analyses for the relationship between ECV and
the clinical and echocardiographic variables in the HT recipients.
The univariate regression analysis revealed that recipient age,
time since HT, DT, 2D-LVGLS, and 3D-LVGLS were significantly
correlated with ECV. In addition, 2D-LVGLS had correlation
with 3D-LVGLS (r = 0.57, p < 0.001) (Figure 2). Therefore, to
avoid the problems of collinearity, 2D-LVGLS and 3D-LVGLS
were evaluated in two separate models. Finally, the stepwise
multivariate regression analysis showed that 2D-LVGLS (β =

0.39, p = 0.019) and 3D-LVGLS (β = 0.54, p < 0.001) both were
independently associated with CMR-ECV.

Reproducibility
The measurements obtained by 2D-STE and 3D-STE showed
excellent reproducibility. The complete data of interobserver
variability and intraobserver variability were shown in Table 4.

DISCUSSION

To the best of our knowledge, this is the first study to evaluate
the level of diffuse LVMF with non-invasive CMR-ECV, further
investigating the predictive value of 3D-STE-derived LV strain
for diffuse LVMF in patients with post-HT, and directly compares
its utility with that of 2D-STE-derived strains. The main findings
of this study were: (1) the level of diffuse MF defined by CMR-
ECV was higher even in asymptomatic patients with HT than
in healthy controls; (2) the increased LVMF measured by CMR-
ECVwas correlated with 2D- and 3D-LVGLS, not correlated with
LV-GCS, GRS, or ejection fraction (EF); and (3) both the 2D-
and 3D-LVGLS were independently correlated with the extent of
diffuse LVMF in HT recipients.
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FIGURE 2 | The relationships between LV strain parameters from 2D-STE and 3D-STE. The relationship between (A) 2D-LVGLS and 3D-LVGLS, (B) 2D-LVGCS and

3D-LVGCS, and (C) 2D-LVGRS and 3D-LVGRS. 2D-STE, two-dimensional speckle-tracking echocardiography; 3D-STE, three-dimensional STE; GLS, global

longitudinal strain; GCS, global circumferential strain; GRS, global radial strain; LV, left ventricular.

FIGURE 3 | The correlations of CMR-ECV and LV strain parameters. Correlations were showed between CMR-ECV and 2D-LVGLS (A), 2D-LVGCS (B), 2D-LVGRSV

(C), 3D-LVGLS (D), 3D-LVGCS (E), and 3D-LVGRSV (F). 2D, two-dimensional; 3D, three-dimensional; CMR, cardiovascular magnetic resonance; ECV, extracellular

volume fraction; GLS, global longitudinal strain; GCS, global circumferential strain; GRS, global radial strain; LV, left ventricular.

Left Ventricular MF in Patients With HT
The MF is a commonly demonstrated histopathologic feature in
patients with HT and its correlation with a higher risk of adverse
clinical outcome has been validated by the previous studies (2–
5). Adverse fibrotic myocardial remodeling is a suspected long-
term sequela of HT recipients. Therefore, it is clinically crucial to
quantify the MF in the transplanted hearts at an early stage.

Histological biopsy is the gold standard for assessing MF,
but it is invasive. The myocardial samples by the biopsy
cannot accurately assess the diffuse MF. Furthermore, the
endomyocardial biopsy is usually performed from the right
ventricular side in the transplanted hearts and, thus, can not
necessarily reflect LV information (1). Recently, the T1 time and
ECV measured by CMR T1 mapping have emerged as a reliable
non-invasive method for quantifying diffuse MF. However,

previous studies showed high variability in native T1 time for
assessing MF (20, 21). However, compared to native T1 time,
myocardial ECV, which was derived from myocardial and blood
pre- and post-contrast T1 relaxation time changes, has been
validated as a preferred non-invasive method for quantifying
actual diffuse MF in various cardiovascular diseases (10–13).
Therefore, we selected the non-invasive CMR-ECV to measure
diffuse MF in the patients after HT. This study proved that
ECV was higher even in asymptomatic patients with HT with
normal LVEF than in healthy controls, indicating the increased
diffuse MF in the transplanted hearts. The increased MF in the
transplanted hearts was consistent with a previous study that
measured the MF through the histological biopsy or CMR T1
mapping (3–7, 22). AR, CAV, ischemic injure of the donor’s heart,
and postoperatively immunosuppressive therapy all may lead to
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TABLE 3 | Univariate and multivariate linear regression analysis for ECV in patients with HT (n = 31).

Univariate analysis Multivariate analysis

Model 1 + 2D-LVGLS Model 2 + 3D-LVGLS

Variables β P-value β P-value β P-value

Pre-HT

Donor age, (years) 0.21 0.280

Donor weight, (kg) −0.08 0.663

Recipient age, (years) 0.37 0.044 0.18 0.267 0.09 0.543

Recipient weight, (kg) 0.17 0.378

Weight ratio, (donor/recipient) −0.02 0.923

Invasive mPAP, (mmHg) 0.21 0.276

CPB time, (min) 0.10 0.592

Aortic clamp time, (min) 0.11 0.559

Ischemic time, (min) −0.07 0.737

Post-HT

HR, (bpm) −0.13 0.496

SBP, (mmHg) −0.24 0.192

DBP, (mmHg) −0.22 0.233

History of ACR, (yes vs no) −0.19 0.302

Time since transplantation, (years) 0.42 0.018 0.24 0.139 0.32 0.022

Mitral valve

E/A ratio 0.04 0.822

E/e’ 0.17 0.376

DT, (ms) −0.32 0.079 −0.23 0.134 −0.29 0.039

LV Tei index 0.16 0.398

2D-LVGLS, (%) 0.53 0.002 0.39 0.019

2D-LVGCS, (%) 0.09 0.619

2D-LVGRS, (%) 0.06 0.750

3D-LVEF, (%) 0.26 0.151

3D-LVGLS, (%) 0.60 <0.001 0.54 <0.001

3D-LVGCS, (%) 0.13 0.481

3D-LVGRS, (%) −0.20 0.280

3D-LVEF, (%) −0.26 0.151

Abbreviations as in Tables 1, 2.

MF of the transplanted hearts (2, 23, 24). Moreover, this study
proved that CMR-ECV was positively correlated with time after
HT, which corresponded to some other studies that indicated
the MF may develop over time (3–5). Additionally, this study
also proved that the ECV was correlated with the recipient age,
which may suggest that recipient age would affect the allograft
remodeling in the transplanted hearts. Furthermore, this study
showed that the ECV did not correlate with ischemic time during
transplantation, which was not in concordance with the study
by Yuan et al. (22) but was in agreement with the study by
Ide et al. (7). Therefore, the association between LVMF and the
ischemic time needs to be further explored in the multicenter
studies among broader research populations in the future.

Correlation Between LV Myocardial Strain
and CMR-ECV
The echocardiographic myocardial strain can accurately
quantify ventricular mechanical function and it has emerged

as a promising modality for predicting MF non-invasively
and conveniently (14, 15). However, the correlation
between the myocardial strain and MF in patients with
post-HT has not been elucidated. Some studies have
shown that increased LVMF measured by CMR-ECV
was correlated with the decreased LV myocardial strain
in a variety of heart diseases (16, 25–27). However, the
studies about the association between 2D-myocardial strain
and ECV show high variability and studies addressing
which strain components might correlate best with ECV
have not been seen. This is the first study to reveal the
association between CMR-ECV and LV myocardial strain
measured by 2D- and 3D-STE simultaneously in patients
with HT.

This study showed that CMR-ECV both correlated with the
2D- and the 3D-LVGLS. A possible mechanism linking ECV
to reduced systolic strain may be that the increased fibrosis
leading to increased LV stiffness, which resulted in reduced
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TABLE 4 | Intraobserver and interobserver reproducibility for the parameters of the

two-dimensional and the three-dimensional speckle-tracking echocardiography.

ICC (95% CI) Bias Limits of agreement

Intra-observer (n = 20)

2D-LVGLS, (%) 0.95 (0.88-0.98) 0.1 −1.5∼1.7

2D-LVGCS, (%) 0.94 (0.85-0.97) 0.2 −3.0∼3.3

2D-LVGRS, (%) 0.87 (0.71-0.95) 1.0 −6.7∼4.7

3D-LVGLS, (%) 0.97 (0.93-0.99) 0.1 −1.2∼1.2

3D-LVGCS, (%) 0.92 (0.80-0.97) 0.3 −3.7∼3.2

3D-LVGRS, (%) 0.90 (0.78-0.96) 0.8 −3.7∼5.3

Inter-observer (n = 20)

2D-LVGLS, (%) 0.93 (0.83-0.97) 0.1 −1.7∼2.0

2D-LVGCS, (%) 0.90 (0.76-0.96) 1.2 −2.7∼5.3

2D-LVGRS, (%) 0.85 (0.67-0.94) 1.3 −7.3∼4.8

3D-LVGLS, (%) 0.95 (0.88-0.98) 0.1 −1.6∼1.8

3D-LVGCS, (%) 0.87 (0.70-0.95) 0.3 −4.4∼4.0

3D-LVGRS, (%) 0.86 (0.67-0.94) 0.8 −4.6∼6.2

Abbreviations as in Table 2.

n = 20 means that there were 10 patients with HT and 10 healthy controls data used in

this table.

end-diastolic muscle fiber length and, by the Frank–Starling
law, reduced cardiac muscle contraction and systolic strain.
The significant correlation between MF and GLS in the HT
recipients in this study is in agreement with previous studies
for other cardiovascular diseases (15, 16, 28). However, the
increased ECV was not correlated with GCS or GRS in this
study. This is possibly due to the fact that the LS mainly
depends on the subendocardial layer and the subendocardial
myocardium is sensitive to fibrosis (28). However, the CS
mainly reflects the strain in the midmyocardium and RS is a
change in the wall thickness of a length of the vertical line
from a point on the endocardial border to a cross point on
the epicardial border (29). In addition, patients with HT in
our study had no severe complications at the time of CMR
examination, such as AR and CAV in this study. Therefore,
the extent of LV diffuse MF may be relatively mild in our
subjects. Moreover, the early stage of MF mainly occurs in the
endocardium and only LS can reveal this abnormality (29, 30).
We believe that the aforementioned reasons may explain why
only decreased GLS had a correlation with the increased ECV in
the transplanted hearts.

Theoretically, compared with 2D-STE, 3D-STE is not affected
by geometric modeling and out-of-plane motion, and it can
evaluate the myocardial deformation in all the three spatial
dimensions (17, 31). However, clinical testing and validation are
needed to determine whether 3D-STE is superior to 2D-STE. The
comparability of 2D- and 3D-STE has been studied extensively in
healthy subjects and patients with various other cardiovascular
diseases previously (17, 32, 33). However, the comparability of
the association between 2D- and 3D-STE-derived strain and
CMR evidence of diffuse MF has not been studied in patients
post-HT simultaneously. This study made a direct comparison
of strain values by 2D and 3D-STE in predicting the MF and

revealed that 2D-LVGLS and 3D-LVGLS provides comparable
results. The image quality and spatial resolution of 3D-STE
are suboptimal than 2D-STE. The lower frame rate of 3D-STE
may not be sufficient to accurately capture all the phases of a
cardiac cycle. In addition, patients with HT had a higher heart
rate. The aforementioned limitations of 3D-STE may lead to
the conclusion that it is not superior to 2D-STE in correlation
with CMR-ECV.

Clinical Implications
This study proved that the level of diffuse MF defined by CMR-
ECV was higher even in asymptomatic patients with HT than in
healthy controls. Since MF is an adverse pathologic remodeling
and can result in poor clinical outcomes, a reliable non-invasive
method to monitor graft fibrosis would be clinically effective for
the early identification of higher risk of patients with HT. This
study showed that both 2D- and 3D-LVGLS were independently
correlated with diffuse MF in HT recipients. Considering the
correlation between 2D-STE or 3D-STE derived strain and MF
is not robust and only presents up to 36% variations of MF.
Therefore, CMR and cardiac biopsy cannot be replaced by
these echocardiography modalities. Still this study suggested that
measurements of 2D- and 3D-LVGLS may provide a valuable
preliminary alternative non-invasive assessment of MF in the
transplanted hearts, which may facilitate early risk stratification
of HT recipients during follow-up examinations.

Study Limitations
This study is a single-center study and is limited by a relatively
small sample size. The HT recipients with AR and CAV at the
time of CMR were not included in this study. So, the range
of diffuse MF in this study was relatively narrow. In addition,
there were no results of the histological biopsy in this study.
(Nevertheless, ECV has been validated as a valuable surrogate
marker for the assessment for the diffuse MF). Moreover, 3D-
STE is highly independent of image quality and its frame rate
was lower. Last, as the strain parameters are vendor dependent
and not interchangeable, our results may not apply to other
software algorithms.

CONCLUSION

This study showed that CMR marker of diffuse MF was present
in asymptomatic patients with HT and it was correlated with
the 2D- and the 3D-LVGLS, not with LVGCS and LVGRS by
echocardiography. The findings highlight the clinical superiority
of the 2D- and the 3D-LVGLS over LVGCS, LVGRS, and
other conventional parameters in predicting diffuse MF in HT
recipients. 2D- and 3D-LVFLS may provide noninvasive tools
for monitoring the development of adverse fibrotic remodeling
during the serial follow-up of HT recipients.
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Severe mitral regurgitation (MR) is a cardiac disease that can lead to fatal consequences.

MitraClip (MC) intervention is a percutaneous procedure whereby the mitral valve (MV)

leaflets are connected along the edge using MCs. The outcomes of the MC intervention

are not known in advance, i.e., the outcomes are quite variable. Artificial intelligence

(AI) can be used to guide the cardiologist in selecting optimal MC scenarios. In this

study, we describe an atlas of shapes as well as different scenarios for MC implantation

for such an AI analysis. We generated the MV geometrical data from three different

sources. First, the patients’ 3-dimensional echo images were used. The pixel data from

six key points were obtained from three views of the echo images. Using PyGem, an

open-source morphing library in Python, these coordinates were used to create the

geometry by morphing a template geometry. Second, the dimensions of the MV, from

the literature were used to create data. Third, we used machine learning methods,

principal component analysis, and generative adversarial networks to generate more

shapes. We used the finite element (FE) software ABAQUS to simulate smoothed particle

hydrodynamics in different scenarios for MC intervention. The MR and stresses in the

leaflets were post-processed. Our physics-based FE models simulated the outcomes

of MC intervention for different scenarios. The MR and stresses in the leaflets were

computed by the FE models for a single clip at different locations as well as two and

three clips. Results from FE simulations showed that the location and number of MCs

affect subsequent residual MR, and that leaflet stresses do not follow a simple pattern.

Furthermore, FE models need several hours to provide the results, and they are not

applicable for clinical usage where the predicted outcomes of MC therapy are needed in

real-time. In this study, we generated the required dataset for the AI models which can

provide the results in a matter of seconds.

Keywords: mitral valve, finite element method, cardiac imaging, principal component analysis, MitraClip
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1. INTRODUCTION

MitraClip (MR) is a percutaneous procedure to treat severe
mitral regurgitation (MR), a disease with a prevalence of 4million
in US and an incidence of 250,000 patients each year (1, 2). This
intervention is most appropriate for patients who cannot tolerate
surgery because of other diseases or poor health conditions (2).
The short-term and long-term benefits of MC has been reported
in clinical studies (3–5).

Despite the benefits of MC implantation, the positioning of
the clips is based on echocardiographic parameters including
color doppler which does not accurately predict reduction of
MR. Particularly, the location of the MC along the leaflet edges
and the number of MCs has a direct role in the effectiveness
of MC therapy. Currently, there is no systematic approach to
determine the location and number of MCs that minimize MR.
On the other hand, leaflet injury can occur as a result of MC
intervention (6, 7), which is another consideration for an optimal
MC therapy.

An ad-hoc approach to implant the MC in an optimal
scenario would be to try different locations and number
of MC, but this is not practical. Computational modeling
including finite element (FE) analysis can be used to create
in-silico models of MC procedure (8–11). Using FE, different
scenarios can be virtually evaluated for a subject, and the
best strategy is implemented during the MC intervention.
FE computations are time-consuming, however, making FE
models inappropriate for clinical usage. Artificial Intelligence
(AI) and its subcategory Machine learning (ML) is being
used in cardiovascular medicine and technology (12) and
presents an opportunity to speed MC simulations compared to
FE modeling.

To use AI for MC interventions, an atlas of shapes as
well as different scenarios for MC implantation, namely
the location and number of MCs is required. Notably, the
dataset should cover the diversity in MV geometry for
different subjects. The MV geometry can be acquired by
different imaging modalities such as magnetic resonance
imaging (MRI), CT scan, and echocardiography (Echo).
Although Echo modality contains less details compared
to MRI and CT scan, it is more convenient for patients.
Since there are hand-held Echo imaging devices in
development, this imaging modality is more likely to be
used in future mobile technologies and internet of things
(IoT) technology.

The aim of this paper is to introduce a methodology for
creating an atlas that can be used for MV AI applications.
Particularly, the data generation methods presented can be
used to mine the MC intervention based on AI algorithms.
Shapes and FE models of the MV are created where the
geometries of the models are based on Echo images of
the MV, the morphological data in the literature, principal
component analysis (PCA), and generative adversarial networks
(GANs). For each geometry, 7 scenarios were created whereby
the MR in untreated MV, and 6 locations for the MC
were simulated. We also show results for 2 and 3 MCs
for comparison.

2. METHODS

2.1. MV Geometry
To create the MV geometries, we morphed a template geometry
using data from several key points. The key points were obtained
from different sources as described below. The template MV
geometry was adopted from another study (13). For morphing
the geometry, PyGem, an open-source library in Python was
used. We used Radial Basis Functions (RBF) in this package (14).
We removed some chords from the original template (888 out
of 4,971 total chordal elements). This was necessary to cause
MR for some geometries obtained from normal valve data (as
described below).

2.1.1. Data From Patients

We obtained 3-dimensional (3D) echocardiographic image data
from University of California San Francisco (UCSF). The images
obtained were in accordance with UCSF Institutional Review
Board (number 19-27738). We used Echo images from UCSF to
create a portion of the dataset. An example Echo image is shown
in Figure 1. We used ImageJ software (version 1.53e, National
Institutes of Health) to manually obtain the pixel coordinates
of several key points (Figure 1) in each image. The pixel data
obtained in three views from the images, were used to morph
the template geometry (Figure 2). In total, we reconstructed
geometries from 29 patients.

It should be noted that the MV geometries pertain to patients
that were approved forMC intervention at UCSFMedical Center.
Thus, the geometries obtained from these images represent
pathological MVs that require MC intervention.

2.1.2. Data From Literature

Another source for creating the geometry is from data in the
literature. We used the statistics provided by Krawczyk-Ozóg
et al. for the leaflets [Figure 2; (15)]. A normal distribution
for the leaflet parameters was used in our study. Using the
mean and standard deviation from the dataset provided by
(15), we calculated the respective data for 5, 50, 95% percentile
of population. The template geometry was morphed using
the data for each datapoint to create respective geometry.
The resulting values are shown in Table 1. For each of
the aorto-mural and inter-commissural diameters, five values
were used while other morphological parameters were fixed
(Table 1).

This part of the dataset represents normal MV morphologies.
MV geometries that require MC could have characteristics that
are not seen in normal MV (such as the length of leaflets
and annulus diameter). In some patients with MR, however,
the MV morphology may be normal (16, 17). Unlike imaging
data, the geometries created from these data source were not
directly obtained from patients. Rather, they were used for
data augmentation.

2.1.3. Data From PCA

We used PCA to generate more virtual patients’ data using the
data we had. The coordinates from UCSF patients’ data and data
from literature were used for this purpose. We used the following
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FIGURE 1 | A sample 3D echo image. Six key points used in the morphing are shown with stars. The pixel data from these key points were obtained manually in

ImageJ, and they were used to create the respective geometry by morphing a template geometry. The shape on the right is the respective patient geometry after

morphing.

FIGURE 2 | The dimensions of six key points were computed from literature. The diameters of the annulus (two dimensions) and the leaflet edge dimensions (four

points) were adopted from data in the literature (15). A sample geometry created from literature data is shown.

equation for this purpose:

X ∼= XPCA = X̄ +

M
∑

m=1

αm

√

λmWm (1)

where X̄ is the mean shape, and {Wm} and {λm} are
the eigenvectors and eigen values of the covariance matrix,
respectively, {αm} is the shape code, andM is number of principal
components (18–20). We used three components as they could

describe over 90% of total shape variation (21). We used linear
algebra library in Python to apply singular value decomposition
on the MV dataset, and then, PCA computations followed. In
total, the valve dataset used for PCA contained 180 shapes.

The geometries obtained from PCA were a combination
of MVs from patients and normal MVs. Similar to the
geometries created from literature (section Data From
Literature), the geometries obtained from PCA were used for
data augmentation.
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2.1.4. Data From GANs

After creating the dataset from image dataset and literature, we
had a dataset from different geometries. Using this dataset, we
generated more images using GANs (22). This algorithm has
two parts. One part generates the geometries (the generator) and
the other part tries to distinguish the generated geometry from
a real geometry (discriminator). Initially, the discriminator can
recognize the generated image from the real image, but as the
generator trains, the discriminator has difficulty in separating
the generated image from the real images. To implement
this algorithm, we treated the geometries as images. A deep
learning (DL) model in TensorFlow was adopted for this
purpose (23). We used TensorFlow for computations in Google
Collaboratory with Graphics Processing Units (GPUs), with
following specifications: name: Tesla P100-PCIE-16GB, driver
version: 460.32.03, memory: 16280 MiB.

2.2. Computational Set Up
After the geometries for the MVs were developed, they were used
to conduct FE simulations. The FE model included the MV, its
chords and the left ventricle (LV), as indicated in Figure 1. As

TABLE 1 | The values used for the leaflet morphological parameters.

Parameter Values (mm)

AML 13.63, 20.6, 27.57

P1 6.85, 11, 15.15

P2 8.25, 12.9, 17.55

P3 6.08, 10.4, 14.72

Aorto-mural diameter 21.5, 22.0, 22.5, 23.0, 23.5

Intercommissural diameter 17.65, 18.15, 18.65, 19.15, 19.65

For the variations in diameters, other parameters were fixed at following values: AML =

13.63mm, P1 = 6.85mm, P2 = 8.25mm, P3 = 6.08 mm.

mentioned above, the MV geometry was adopted from another
study (13). The blood flow was modeled using Smoothed Particle
Hydrodynamics (SPH) where particles represent the red blood
cells. The MC was simulated by connecting respective points on
the MV leaflet edges (Figure 3).

The leaflet materials were modeled using hyperplastic fiber-
reinforced material, as below (24, 25):

9dev =
a

2b
eb(I1−3)

+

∑

i=f ,t

ai

2bi

{

ebi(I4i−1)2
− 1

}

(2)

+
aft

2bft

{

ebft
(

I8ft
)2

− 1
}

9vol =
1

D

(

J2 − 1

2
− ln (J)

)

where a and b are isotropic stiffness of the tissue; af and bf are
tissue stiffness in the fiber direction, at and bt are tissue stiffness
in the (transverse) plane perpendicular to the fiber direction,
and aft and bft are shear rigidity between fibers and transverse
plane. I1, I4i and I8ft are invariants, as follows:

I1 : = tr(C)

I4i : = C :(f0 ⊗ f0)

I8fs : = C : sym(f0 ⊗ t0) (3)

C is the right Cauchy-Green tensor, f0 and s0 are vectors that
define the fiber and trans-fiber directions, respectively. J is the
deformation gradient invariant and D is a multiple of the Bulk
Modulus K ( 2K ).

FIGURE 3 | The FE model (left) and the MV (right). The six locations for MC are shown.
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We used LV (including papillary muscles) as the surrounding
geometry for the blood flow and did not consider deformations in
the LV nodes. The MV annulus changed for different geometries,
but the LV geometry was the same. This caused a mismatch
between LV and MV annulus. To avoid leakage between LV and
MV due to this mismatch, a surface was placed to seal the gap.
This surface did not affect the deformations of the MV and only
sealed the gap between MV and LV. The blood flow was enforced
by a plate in the LV side of the MV that moved toward the
MV. A pressure was applied to the leaflets to close them. The
MV annulus motions were adopted from the literature. The SPH
methodology is similar to previous publications (24, 26).

The FE simulations were conducted in several steps: (1) SPH
particles entered the LV and subsequently the model replicated
an LV filled with blood; (2) MC was implemented by connecting
respective nodes from two leaflets; (3) Pressure load was applied
to close the leaflets; and (4) Particles were forced to move toward
the MV, using a plate.

The FE software Abaqus Unified FEA (Part of
3DEXPERIENCE SIMULIA software Suite, Dassault Systemes,
Providence, RI, USA) version 2020 was used for computations.
For leaflets, we used a material available in Abaqus Living Heart
license that is based on Equation 2. The leaflets element type
was C3D8I (8-node linear brick, incompatible modes); the
chords element type was T3D2 (linear 3-D truss), and the blood
particles element type was C3D8R (8-node linear brick, reduced
integration with hourglass control). The Abaqus explicit solver
was used with automatic time incrementation, and mass scaling
was used. The general contact (including self-contact) was used
for interaction between the model components including blood
particles, leaflets, LV, and the plate which was used to move the
particles toward atrium. The FE computations were conducted
on the UberCloud platform using Google Cloud Platform
computational nodes. We used C2 instances (Cascade Lake) with
30 cores and 240 GB of main memory for computations. The
average runtime for each FE model was 6 h.

3. RESULTS

We created 55 geometries from image data, 106 geometries
based on leaflet parameters in the literature, and 20 geometries
using PCA (Figure 4). Although GANs could generate additional
shapes (Figures 5, 6), we did not use it to create more
geometries, as it required more computational costs. The GANs
algorithm required several epochs to generate MV models
that were similar to the dataset (Figure 5). Although in the
initial epochs the geometries provided by GANs were randomly
distributed, the generated geometries became closer to the
MV (Figure 5). The output from GANs was not directly
useable for FE modeling, but it provided coordinates of 6
key points which could be used to morph the template FE
model (Figure 6). The result shown in Figure 6 was obtained
from 81 geometries based on geometrical parameters from
the literature.

The blood flow through the MV was simulated by
the FE models. The MR was different for different

geometries (Figures 7–10). As well, other parameters were
affected including the deformations in the leaflets and
stress distributions.

With one MC, with different MC locations, the MR was
altered, and the alterations in MR was more noticeable for
some MC locations (Figures 8, 9). Other parameters, including
the stress distributions and leaflet deformations changes with
MC location.

Simulation scenarios with two and three MCs showed the MR
with more than one clip. More than one MC led to lower MR
compared to one MC, but the reduction in MR depended on the
locations of the MCs. When two MCs are used, the locations of
the two MCs with respect to each other, affects MR and stresses.
The results for three MCs could lower the MR compared to two
MCs. The stresses in the leaflets were altered with three MCs
(Figures 10, 11). The number of MCs noticeably affected the
orifice area. As the number of MCs increased, theMV orifice area
became smaller (Figure 11).

4. DISCUSSION

We presented a methodology to generate an atlas for prediction
ofMC intervention outcomes. Our approach is based on different
data-generation methods, namely patients’ data, literature
reports, PCA, and GANs. In case the data from patients is
limited, our approach can be used to generate/augment the data.
We used echo images as one source of data generation as this
modality is more available and safer than other modalities, and
it is less expensive. Our FE modeling simulated fluid-structure
interaction (FSI) for different scenarios for MC interventions.

The patient data that we used are based on Echo images. There
are different modalities for MV imaging including MRI and CT.
We used Echo modality because this imaging method is more
readily available, less costly and safer. There are patients who
cannot tolerate MRI; e.g., those with pacemakers. On the other
hand, hand-held Echo cardiac imaging devices are progressing
to the clinics (27). Therefore, our approach is compatible
with current efforts for personalized imaging methods. These
technologies that are integrated in mobile devices will expand
Internet of Things (IoT) technologies, providing patient-oriented
medicine and more effective treatments. On the other hand,
working with Echo images is more complicated than MRI.
The Echo images do not come in a regular DICOM format
that can be directly used for geometrical reconstruction. Some
vendors have provided software modules that makes it possible
to convert DICOM data to 3D Cartesian format (Philips),
but particularly, Siemens machines do not provide such a
module. Our methodology contributes to using Echo images for
MV simulations.

The outputs of PCAwere directly appropriate for FEmodeling
(Figure 4). The GANs could provide a tool for MV data
augmentation. In comparison to PCA, GANs were recently
introduced (22). This deep learning algorithm has been used in
many domains, particularly for computer vision. The outputs of
GANs were not directly appropriate for FE modeling, but they
provide the information to generate FE models; e.g., coordinates
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FIGURE 4 | A model created from literature data and a model created using PCA.

FIGURE 5 | The GAN model was able to produce MV geometries after several epochs.

of key points that we used for morphing. Given that GANs
provided the shapes after several epochs (Figures 5, 6), we used
PCA for the data generation in this study.

Our study emphasizes using ML analysis for MC intervention
optimization. First, it is not feasible to experiment with MC
location to determine the optimal MC implantation strategy.
Furthermore, stresses in the leaflets cannot be measured
experimentally. The FE modeling can be used to virtually
simulate the outcomes of different MC intervention scenarios.
FE modeling (especially when FSI is considered), however, can
be challenging. For some patients, the geometry of the leaflets
deviates from a normal geometry such that the distortions in
FEs cause numerical instability. This implies that FE modeling

is limited in terms of numerical convergence for some patients.
Moreover, FE modeling is time-consuming especially when FSI
is involved. Even after FE computations are complete, they do
not directly lead us to MC intervention improvements. Notably,
based on the results, for the same MV geometry the alterations
in MR does not follow a pattern that can be intuitively extracted
from the data (Figure 9). Similar toMR, results for leaflet stresses
also do not show a pattern by a simple analysis. In other words,
the interplay between factors that affect MR and leaflet stress is
complicated, making it difficult to provide a rule of thumb for
optimal MC intervention.

On the other hand, ML models do not suffer from FE
modeling limitations mentioned above. Once a ML model is
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FIGURE 6 | The GAN-generated geometries became more similar to real MVs after several epochs.

FIGURE 7 | The MR and leaflet stress for two different subjects.

developed, it can provide the results in much shorter time than
FE modeling (25, 28), and it can provide the results for the
MV parameters that are within the data distribution (results
will be provided except for outliers). In this paper, we described
data generation, an important step in using ML analysis for MC
outcomes prediction.

Because our data generation is founded on FE models, we
aimed to use a FE modeling approach that captures import
information about MV dynamics and at the same time is
computationally efficient. Our FE model has two important
aspects that makes it more advanced compared to previous
studies. First, it includes the LV as the surrounding geometry
for blood whereas in our previous report, we used a cylinder
(26). Because FSI models are relatively complex, inclusion of LV

is important from a FE modeling standpoint. Second, our FE
modeling approach is adaptable for different parameters of the
MV, including geometrical parameters. This aspect is important
because FSI models are typically sensitive to variations in model
parameters. Moreover, we modeled not only the MV and LV
but also the MC and different scenarios for MC implantations
were considered. The average runtime for our FE models made
it possible to use them for our data generation workflow (∼6 h).
We are not aware of a previous study that provided a workflow to
create a dataset of MV FSI models for different scenarios of the
MC intervention.

The MR and leaflet stress are important parameters for MC
intervention. In particular, the locations and number of MCs
are crucial factors for the outcome of the intervention. Our
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FIGURE 8 | The MR for “No Clip” and 6 locations for a single MC (the same geometry).

FIGURE 9 | Histograms that show percentage of MR reduction in the MV for each MC location. These histograms were plotted only for scenarios where MR reduced

after MC intervention.

simulations show that when one MC is used, the stress and MR
is different for each MC location (Figure 8). Similarly, when the
number of MCs increased to 2 and 3, the MR and stresses were
altered (Figures 10, 11). For the model shown in Figures 10, 11,
with one clip (location 3), the reduction inMRwas 40%, with two
clips it was 83% (A) and 61% (B), and with three clips it was 95%.
The maximum von Mises stress in the leaflets for one clip was
15.1 MPa, for two clip it was 13.2 MPa (A) and 11.2 MPa (B),
and with three clips it was 17.0 MPa. Moreover, the geometry
of the MV is another factor that plays a role in the outcomes
of MC intervention (Figure 7). The maximum von Mises stress

was 8.3 and 2.2 MPa for subjects A and B, respectively,
in Figure 7.

Another important aspect of MC intervention is the
alterations in the orifice area caused by MC(s) (29). Based on
patient’s background and preexisting pressure gradients, typically
two or more clips run the risk of causing mitral stenosis (30).
Our FE models simulate the effects of MCs on the orifice area
as number of MCs change (Figure 11). Specifically, for the
geometry in Figure 11, in relation to one clip scenario, two clips
reduced the orifice area by 54% (A) and 23% (B). With respect
to one clip, however, three clips reduced the orifice area by 72%.
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FIGURE 10 | The MR for two and three MCs. For two clips, (A) represents clips at locations 3 and 4, and (B) represents clips at locations 3 and 5.

FIGURE 11 | Leaflet von Mises stresses for one, two, and three MCs. These

figures show the implantation of the MC. For two clips, (A) represents clips at

locations 3 and 4, and (B) represents clips at locations 3 and 5.

Therefore, our results also show that 3 MCs have noticeably
higher effects on the MV orifice area.

The average MR reduction obtained by implanting a MC in
locations 1 (45%), 3 (39%), 4 (39%), and 5 (48%) were relatively
similar to each other. The average MR reductions obtained by
implanting aMC at locations 2 (19%) and 6 (23%), however, were
noticeably lower (Figure 9). The histograms for MR reductions
for locations 2 and 6 are relatively similar. The similarity between
MR reduction for locations 2 and 6 can be explained based on
the vicinity between these two locations, and that they are both

closer to the posterior commissure than the anterior commissure.
Figure 9 demonstrates that the average values of MR should be
interpreted with caution. Notably, for some geometries, a MC
implanted in location 2 or 6 led to a larger reduction in MR
than other locations. As such, it is important to determine the
optimal MC scenarios based on each patient’s parameters rather
than average data.

5. LIMITATIONS

The MV has a wide range of parameters that can be different
for each patient. These parameters include (but are not limited
to) the geometrical specifications of the annulus and leaflets, the
chords, the material properties, and the functional/degenerative
type of the disease. The methodology we present in this paper
is a proof of concept study that can be used for different types
of MV diseases. Once the dimensions of the MV for a patient
is extracted from the respective images, they can be used to
drive the FE geometry using the morphing process explained
in “Methods” section. As mentioned above, FE models do not
converge for all geometries, but ML models can provide the
results for that patient as long as the geometry distribution is
within the dataset distribution range. As such, for a data set
generation methodology, it is important to include data with a
wide range of variance, as much as information is available.

We presented several methods to create the MV geometries
including echo images, morphological data (from literature),
PCA, and GANs. Each method provides a different approach to
generate data. As such, the proposed methodology can utilize
information in the form of either images or MV dimensions
to create the dataset and utilize PCA and GANs to augment
the data. In this study, the size of available images was limited.
As such, morphological data from normal MVs were used to
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augment the data. This is a limitation in terms of data distribution
because normal MVmorphologies can be different from patients’
morphologies. This limitation related to the available data, can
be addresses as we collect more patient images or morphological
data from pathological MVs (that need MC) becomes available.
It should be noted that MR can be caused by chordae or papillary
muscle rupture (17), in which case the MVmorphology might be
normal. Therefore, a comprehensive dataset for MC intervention
needs to include MVs with normal morphology.

ForML simulations, a larger training data set is generallymore
desirable. Because the echo images provide the specifications of
the patients’ geometries directly applicable to MC therapy, there
is a need to collect more images from a wide variety of patients.
A larger patient images dataset can improve the distribution of
geometries and the size of the training dataset. The former will
cover more patients’ geometries and the latter will improve the
ML model accuracy. We are collecting more MV images from
patients that need MC intervention.

We did not use GANs for creating additional parts for our
dataset in this paper, but we showed that GANs are trainable for
generating MV geometries. This result is important because PCA
and GANs are two different approaches. The former finds pattern
in data by looking at directions of largest orthogonal variances,
but the latter finds a complex non-linear function between
the inputs and outputs. Therefore, GANs can provide virtual
geometries that are not created by PCA. In our future work,
GANs can be used to augment geometries from patient data.

An additional limitation is that the LV was considered as
the surrounding geometry for the blood flow simulations, which
did not consider deformations of the LV; i.e., the LV geometry
remained unchanged. In our simulations, we found the FSI
convergence is sensitive to the model geometrical specifications.
Amodel that uses a rigid LV geometry is more likely to encounter
convergence failure than a model that uses a rigid cylinder. Thus,
we included a rigid LV geometry since it is a step closer to a
more evolvedMVmodel. Futuremodels require FSI that involves
both MV and LV. The LV deformations should be considered
in future models where the contraction of the LV will cause
the ejection of the blood. This future work can integrate our
LV models (25, 28) with our MV and MC modeling approach.
The MV will be a part of the LV in such a way that the plate

used to seal the gap between MV and LV will not be required.
Also, annulus deformations will be caused by LV deformations,
and the motions at the annulus will not be applied as boundary
conditions. It should be noted that such a model likely requires
tremendous computational resources, particularly if it is used for
data generation.

Since the effects of MC on MR and MV dynamics do not
follow simple patterns or rules, an AI tool is needed for such
an analysis. This paper described a methodology to generate the
dataset for AI-based tools for MC intervention improvements,
but we did not present an AI tool. The next step in the AI analysis
is to apply AI models on the data. Analysis of the data and
applying AI models for prediction of MC outcomes can be topics
of future publications.
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Hemodynamic Assessment in
Bicuspid Aortic Valve Disease and
Aortic Dilation: New Insights From
Voxel-By-Voxel Analysis of Reverse
Flow, Stasis, and Energetics
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Paul W. M. Fedak1,2, James A. White1,2 and Julio Garcia1,2,3,7*
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Objectives: Clinical management decisions surrounding ascending aorta (AAo) dilation in
bicuspid aortic valve (BAV) disease benefit from personalized predictive tools. 4D-flowMRI
may provide patient-specific markers reflective of BAV-associated aortopathy. This study
aims to explore novel 4D-flow MRI parametric voxel-by-voxel forward flow, reverse flow,
kinetic energy and stasis in BAV disease. We hypothesize that novel parametric voxel-by-
voxel markers will be associated with aortic dilation and referral for surgery and can
enhance our understanding of BAV hemodynamics beyond standard metrics.

Methods: A total of 96 subjects (73 BAV patients, 23 healthy controls) underwent MRI
scan. Healthy controls had no known cardiovascular disease. Patients were clinically
referred for AAo dilation assessment. Indexed diameters were obtained by dividing the
aortic diameter by the patient’s body surface area. Patients were followed for the
occurrence of aortic surgery. 4D-flow analysis was performed by a single observer in
five regions: left ventricular outflow tract (LVOT), AAo, arch, proximal descending aorta
(PDAo), and distal descending aorta (DDAo). In each region peak velocity, kinetic energy
(KE), forward flow (FF), reverse flow (RF), and stasis were measured on a voxel-by-voxel
basis. T-tests (or non-parametric equivalent) compared flow parameters between cohorts.
Univariate and multivariate analyses explored associations between diameter and
parametric voxel-by-voxel parameters.

Results: Compared to controls, BAV patients showed reduced stasis (p < 0.01) and
increased RF and FF (p < 0.01) throughout the aorta, and KE remained similar. In the AAo,
indexed diameter correlated with age (R � 0.326, p � 0.01), FF (R � −0.648, p < 0.001), RF
(R � −0.441, p < 0.001), and stasis (R � −0.288, p < 0.05). In multivariate analysis, FF
showed a significant inverse association with AAo indexed diameter, independent of age.
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During a median 179 ± 180 days of follow-up, 23 patients (32%) required aortic surgery.
Compared to patients not requiring surgery, they showed increased KE and peak velocity
in the proximal aorta (p < 0.01), accompanied by increased RF and reduced stasis
throughout the entire aorta (p < 0.01).

Conclusion: Novel voxel-by-voxel reverse flow and stasis were altered in BAV patients
and are associated with aortic dilation and surgical treatment.

Keywords: 4D-flow imaging, bicuspid aortc valve, reverse flow, kinetic energy, flow stasis, parametric mapping

1 INTRODUCTION

Bicuspid aortic valve (BAV) is considered the most common
congenital valvular malformation with an overall prevalence in
the general population of 0.5–2% (Siu and Silversides, 2010). BAV
disease includes heterogeneous morphological phenotypes of
fused cusps and raphe (Sievers and Schmidtke, 2007) which
can lead to different pathological and clinical outcomes (Masri
et al., 2017). At a population level, BAV is associated with
increased risk of aortic dilation (Jamalidinan et al., 2020),
requiring surgical intervention in 30–50% of individuals
(Branchetti et al., 2014). Despite this, there is still variability in
the clinical management guidelines (Baumgartner et al., 2017;
Borger et al., 2018) for BAV aortopathy and strategies among
cardiovascular surgeons vary substantially (Verma et al., 2013).
This may be related to current recommendations relying on
binary thresholds of ascending aorta (AAo) diameter to guide
timing of proximal aortic aneurysm surgery, though these are
recognized as poor predictors of acute aortic events (Pape et al.,
2007). Thus, much emphasis has been placed on identifying
alternative, patient-specific markers of BAV aortopathy that
may provide improved characterization for this patient
population.

Abnormal hemodynamics within the aorta related to
abnormal valve geometry is considered an important factor in
the development of BAV aortopathy (Verma and Siu, 2014).
Four-dimensional flow magnetic resonance imaging (4D-flow
MRI) has become recognized technique to quantify and
characterize abnormal hemodynamics in BAV in a recently
published consensus (Michelena et al., 2021). Particularly, wall
shear stress (WSS) and flow displacement have shown
encouraging associations with aortic dilation (Mahadevia et al.,
2013; Guzzardi et al., 2015; Garcia et al., 2016; van Ooij et al.,
2017; Rodríguez-Palomares et al., 2018; Dux-Santoy et al., 2019).
In addition, other flow-based parameters such as forward flow
(FF), reverse flow (RF), and energetics can be easily derived from
the 4D-flow MRI velocity field (Harloff et al., 2010; Jamalidinan
et al., 2020). However, most of these flow-based parameters are
derived using 2D plane-based approaches (Stalder et al., 2008),
which have been shown to underestimate true values (Shen et al.,
2018), and it does not take advantage of the 3D nature of 4D-flow
MRI. Shen et al.(Shen et al., 2018) and Jarvis et al. (Jarvis et al.,
2020; Jarvis et al., 2021) recently introduced 3D voxel-by-voxel
methods that provide 4D-flow derived parametric mapping of FF,
RF, kinetic energy (KE) and stasis in the thoracic aorta. In this
study, we applied 4D-flow derived parametric mapping to:

(Siu and Silversides, 2010): evaluate differences in 3D-derived
aortic parametric voxel-by-voxel hemodynamic markers between
BAV patients and healthy controls, (Sievers and Schmidtke,
2007), explore associations between these markers and a
structural marker of aortopathy (i.e. aortic diameter), and
(Masri et al., 2017) observe differences in these markers for
patients progressing to aortic surgery versus patients not
requiring surgery during observational follow-up. We
hypothesize that novel parametric voxel-by-voxel markers will
be associated with aortic dilation and referral for surgery and can
enhance our understanding of BAV hemodynamics beyond
standard metrics.

2 MATERIALS AND METHODS

2.1 Study Cohort
Aortic 4D-flowMRI was acquired in 73 BAV patients (age � 49 ±
16 years; 21 female) and 23 healthy controls (age � 37 ± 14 years;
eight female). Patients were recruited as a pre-defined sub-
study of a prospective observational clinical outcomes registry
at our institution. The study was coordinated by commercial
software (cardioDITM, Cohesic Inc, Calgary, Alberta) for the
routine capture of patient informed consent, health
questionnaires and for standardized collection of MRI-
related variables. Healthy volunteers ≥18 years of age were
recruited and underwent identical workflow and were required
to have no known cardiovascular disease, hypertension or
diabetes and have no contraindications for MRI (Kramer
et al., 2013).

All subjects enrolled to our study were required to be ≥18 years
of age and agree to the incremental performance of research pulse
sequences inclusive of 4D-flow MRI, and prospective follow-up
using electronic health data matching for iterative capture of
clinical and procedural events. For this study patients were
identified by standardized coding of clinical referral
indications for BAV plus confirmation of BAV morphology by
MRI. Patients were excluded for the following reasons: history of
prior myocardial infarction or known non-ischemic
cardiomyopathy, complex congenital heart disease, MRI-coded
moderate-severe mitral insufficiency, or a left ventricle ejection
fraction (LVEF) < 50%.

The study was approved by the Institutional Review Board
(IRB) at our institution and all subjects provided written
informed consent. All research activities were performed in
accordance with the Declaration of Helsinki.
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2.2 Cardiac Magnetic Resonance Data
Acquisition
All MRI examinations were performed using 3T MRI scanners
[Prisma (N � 71) or Skyra (N � 25), Siemens, Erlangen,
Germany]. Indication-based protocolling ensured consistent
imaging procedures for all subjects. Imaging was performed in
accordance with published recommendations (Kramer et al.,
2013). Routine, retrospectively-gated balanced steady-state free
precession (SSFP) cine imaging was performed in 4-chamber, 3-
chamber, and 2-chamber, sequential short axis ventricular views
and short axis aortic valve views, the latter to characterize valve
morphology. Through-plane 2D phase-contrast (2DPC) flow
imaging of the aortic valve was performed at the valve
annulus, cusp tips, and 1 cm below the annulus. 3D magnetic
resonance angiography (MRA) of the thoracic aorta was
performed using administration of 0.2 mmol/kg gadolinium
contrast (Gadovist, Bayer, Canada). Approximately 5–10 min
following contrast administration, retrospectively ECG-gated
4D-flow MRI (WIP 785A) was acquired during free breathing
using navigator gating of diaphragmatic motion (Garcia et al.,
2021). 4D-flow imaging parameters were as follows: spatial
resolution (row × column × slice) � 2.0–2.5 × 2.0–2.5 ×
2.4–3.5 mm3, temporal resolution � 36.24–40.56 m s, flip angle
� 15; field of view (FOV) � 240–350 × 320–400 mm2, bandwidth
� 455–495 Hz/Pixel, velocity sensitivity (Venc) � 150–550 cm/s,
echo time � 2.01–2.35 m s, pulse repetition time � 4.53–5.07 m s.

2.3 4D-Flow Analysis
4D-flow MRI analysis was performed using an in-house
program developed in MATLAB (2020b) with workflow
schematically summarized in Figure 1. Workflow consists
of a preprocessing step through which raw data are subject
to noise masking, velocity anti-aliasing, and corrections for
Maxwell terms and eddy currents (Markl et al., 2007) (Figures
1–A). A time-averaged 3D phase-contrast MR angiography
(PC-MRA) was derived from 4D-flow data, as previously
described in the literature (Bock et al., 2007; Markl et al.,
2007) to depict the aortic lumen region. Segmentation of the
entire aorta was achieved using a semiautomatic software
package called “4D-flow Analysis Tool” (Fatehi Hassanabad
et al., 2020), which was previously developed in our group and
is shown in Figures 1–B.

2.4 Data Analysis (Parametric
Hemodynamic Maps)
The segmentation results were used to mask the 4D-flow velocity
field and perform volumetric hemodynamic analyses. Parametric
hemodynamic mapping of FF, RF, flow stasis, and KE was
performed using an in-house MATLAB program according to
a recently reported workflow (Shen et al., 2018; Jarvis et al., 2020;
Jarvis et al., 2021). Briefly, 4D-flow data were interpolated to
isotropic voxels (1 mm × 1 mm × 1 mm) using cubic spline
interpolation. Each voxel was matched to the nearest plane

FIGURE 1 | Workflow diagram. (A) Preprocessing of the original 4D-flow data, including calculation of 3D PC-MRA from the measured 3D velocities and
magnitude. (B) 3D segmentation of the thoracic aorta. (C) Velocity, kinetic energy, forward flow, reverse flow, and stasis maps stratified by regions: left ventricular outflow
tract (LVOT), ascending aorta (AAo), aortic arch (Arch), proximal descending aorta (PDAo) and distal descending aorta (DDAo). Maximum diameter calculated in each
region using 2D PC-MRA.
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(based on the shortest 3D distance) along the aortic centerline.
Plane position along the centerline was used to define the
direction of FF (i.e. flow moving downstream with respect to
the plane) and RF (i.e. flow moving upstream with respect to
the plane) for each voxel in the aortic volume (Shen et al.,
2018). FF and RF were calculated for each aortic voxel, and
time-frame, and summed over the cardiac cycle (leading to
units of mL/cycle).

Voxel-wise flow stasis was determined as the percent of
cardiac time-frames below the threshold value of velocity �
0.1 m/s (which was considered slow flow) (Jarvis et al., 2020).
Voxel-wise KE was determined for each time-frame by:

KE � 1
2
· ρ · dV · v(t)2 (1)

with ρ being the blood density (assumed as 1,060 kg/m3) and
dV the unit voxel volume (i.e. 1 mm3), summed over the
cardiac cycle. Peak velocity was the maximum absolute
velocity over systole using maximum intensity projections
(MIPs) (Rose et al., 2016). Parametric maps were calculated
as mean intensity projections for FF, RF, stasis, and KE,
Figures 1–C.

Regional analysis was performed by dividing the aorta
into five volumetric regions based on standard anatomic
landmarks recommended in the thoracic aortic
disease guidelines and previous studies (Fatehi Hassanabad
et al., 2020; Hiratzka et al., 2010; Garcia et al., 2017; Garcia
et al., 2015): 1) left ventricular outflow tract (LVOT); 2)
ascending aorta (AAo); 3) aortic arch (Arch); 4)
proximal descending aorta (PDAo); 5) distal descending

aorta (DDAo) (Figures 1–C). All aforementioned flow
parameters were calculated separately in each of
these regions. Reynolds number was calculated at the
aortic vena contracta location to assess flow regime (Stalder
et al., 2011).

2.5 Valve Phenotypes, Aortic Diameters,
and Dilation Patterns
BAV phenotypes were evaluated from aortic valve cine SSFP
image acquisitions and categorized according to Sievers’
classifications (Sievers and Schmidtke, 2007), as follows: type 0
(no raphe); type 1 RL (one raphe connecting the right coronary
and left coronary cusps); type 1 RN (one raphe connecting the
right coronary and non-coronary cusps); type 2 (two raphes),
Figure 2.

Maximum aortic diameters (mm) were measured for each
aortic region using 3D contrast-enhanced MRA data, as
recommended by published guidelines (Hiratzka et al., 2010).
Diameters were indexed to body surface area (BSA) (Gehan and
George, 1970) to normalize data across both study and volunteer
populations. BSA-indexed diameters have been suggested to offer
enhanced prognostic value for BAV patients compared to raw
diameter values (Davies et al., 2006).

In keeping with previously used classifications (González-
Santos and Arnáiz-García, 2017), patients were stratified by
AAo dilation severity, as follows: non-dilated (max AAo
diameter <35 mm), moderately dilated (35 mm < max AAo
diameter <45 mm), and severely dilated (max AAo diameter
>45 mm).

FIGURE 2 | Helical flow patterns throughout the cardiac cycle. Panel (A) shows a control. Panel (B) shows a bicuspid aortic valve (BAV) with right-left (RL) fusion.
Panel (C) shows a BAVwith right-non coronary (RN) fusion. Panel (D) shows a BAV type 0 fusion. Panel (E) shows a BAV type 2 fusion with moderate aortic regurgitation.
Panel (F) shows a BAV RN fusion withmild aortic regurgitation. White-orange arrows point to helical flow patterns and orange arrows to aortic valve regurgitation jet. Note
that BAV patients develop reverse helical flow in the ascending aorta. At the bottom of each case a diagram of Sievers fusion type is illustrated.
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2.6 Statistical Analysis
A Shapiro Wilks test was used to determine the normality of each
parameter. A student’s t-test (or non-parametric equivalent if at
least one parameter had a non-normal distribution) was used to
evaluate differences in parameter means between two opposing
cohorts; when analyzing differences between more than two
opposing cohorts, a one-way ANOVA (followed by Tukey’s
post hoc test) was used.

To determine associations between aortic hemodynamic
measures and vessel dilation, we correlated aortic diameters to
each hemodynamic parameter within the BAV cohort only.
Pearson correlations (or Spearman if at least one parameter
had a non-normal distribution) were used and correlations
were performed in the AAo region alone.

To further elucidate what hemodynamic parameters are most
significantly associated with aortic remodelling in the context of
BAV disease, a multivariate model was constructed including
BSA-indexed aortic diameter as the dependent variable with age
and hemodynamic parameters as independent variables. In each
model, hemodynamic parameters were only included if they
demonstrated a significant univariate association with the
indexed aortic diameter and no multicollinearity with each
other; however, age was always included to evaluate its
importance in aortic remodelling relative to flow parameters.

For all tests, a p-value ≤ 0.05 was considered statistically
significant. For univariate analyses, a correlation coefficient
greater than absolute 0.25 was additionally required to be
considered statistically significant. All statistical analyses were
performed in SPSS 25 (Chicago, IL).

3 RESULTS

3.1 Cohort Assignments
Of the BAV patients, there were: Type 0 (n � 19), Type 1 (n � 47;
11 RN, 36 RL), Type 2 (n � 4), and un-identified (n � 3). Patients
with type 2 or un-identified valve phenotype were not included in

statistical analyses due to the small sample size. Normal aortic
valve morphology was confirmed in all healthy volunteers.

Twelve patients (16.4%) had no aortic dilation, 24 (32.8%) met
moderate dilation criteria, and 27 (37.9%) met severe dilation
criteria. Of those with dilation, a root morphotype was observed
in 10 (19.6%) patients, while an ascending morphotype was
observed in 13 (25.5%). No aortic dilation criteria was met in
any of the health volunteers.

3.2 Subject Demographics and Aortic
Dimensions
Baseline patient characteristics are provided in Table 1; standard
aortic measurements are provided separately in Table 2.
Compared to healthy volunteers (i.e. percent change in
mean value), BAV patients were significantly older ([24%];
p < 0.01). However, no significant differences in left ventricle
(LV) chamber volumes, mass or function were identified.
Aortic measurements showed larger diameters of the AAo
([31%], p < 0.01), PDAo ([15%], p < 0.05), and DDAo ([11%],
p < 0.01]) among patients with BAV disease. Once diameter
was indexed to BSA, these differences only persisted at the
AAo ([24%], p < 0.01) location.

Compared to Type 1 BAV subjects, Type 0 BAV subjects were
associated with lower indexed diameters of the SOV ([-4%], p <
0.05). No other significant differences between valve types were
identified. BAV patients with moderate or severe dilation had
significantly larger BSAs and a smaller proportion of females
when compared with non-dilated BAV patients. There were no
other significant differences in baseline characteristics between
dilation severity classifications.

3.3.4D-Flow MRI Findings
3.3.1 BAV Patients vs Healthy Controls
It was possible to observe small helical patterns in the arch and in
the proximal descending aorta, Figure 2. BAV patients exhibited
larger helical flow regions with pronounced reverse flow direction

TABLE 1 | Demographics of study cohort.

Parameter Cohorts

All subjects BAV types Dilation severity Outcome

Control
(n = 23)

BAV (n = 73) Type
1-RL

(n = 36)

Type
1-RN

(n = 11)

Type 0
(n = 19)

Non dilation
(n = 12)

Mod.
Dilation
(n = 24)

Severe
dilation
(n = 27)

No Surgery
(n = 49)

Surgery
(n = 24)

Age (yrs) 37 ± 14 49 ± 16* 49 ± 17 53 ± 14 45 ± 15 38 ± 19 50 ± 13 50 ± 15 48 ± 17 51 ± 13
Female (n) 8 (35%) 21 (29%) 9 (25%) 4 (36%) 5 (26%) 8 (67%) 3 (13%)† 5 (19%)‡ 17 (35%) 4 (17%)
BSA (m2) 1.9 ± 0.3 2.0 ± 0.3 2.0 ± 0.2 2.0 ± 0.3 2.0 ± 0.3 1.8 ± 0.3 2.1 ± 0.2† 2.0 ± 0.2‡ 2.0 ± 0.3 2.1 ± 0.2
Heart Rate (bpm) 64 ± 11 63 ± 12 65 ± 12 57 ± 5 62 ± 12 62 ± 10 66 ± 14 62 ± 11 63 ± 13 63 ± 9
LVEDV (ml) 167 ± 40 189 ± 63 190 ± 67 177 ± 37 169 ± 56 159 ± 29 198 ± 55 206 ± 73 175 ± 48 210 ± 78*
LVESV (ml) 64 ± 19 76 ± 34 78 ± 33 59 ± 22 68 ± 32 63 ± 16 81 ± 32 85 ± 41 72 ± 29 80 ± 40
LVEF (%) 62 ± 5 60 ± 9 59 ± 10 67 ± 9 61 ± 7 61 ± 4 59 ± 13 60 ± 9 59 ± 10 63 ± 7
LV Mass (g) 103 ± 31 132 ± 49 127 ± 48 164 ± 63 117 ± 32 105 ± 26 142 ± 42 144 ± 61 120 ± 38 153 ± 60*
LVCO (L/min) 6.7 ± 1.7 7.2 ± 2.7 7.3 ± 2.9 6.6 ± 1.4 6.5 ± 1.7 6.0 ± 0.8 7.8 ± 3.0 7.7 ± 3.0 6.5 ± 2.2 8.5 ± 3.0*

BAV- bicuspid aortic valve, Mod.- moderate, Morpho.—morphotype, BSA-body surface area, LV—center ventricular, LVEDV- center ventricular end-diastolic volume, LVESV—center
ventricular end-systolic volume, LVEF—center ventricular ejection fraction, LVCO- center ventricular cardiac output. *p < 0.05 between opposing cohorts, †p < 0.05 betweenmod. dilation
and non-dilation cohorts, and ‡p < 0.05 between severe dilation and non-dilation cohorts.
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in the ascending aorta, Figure 2-Bottom. Peak velocity
measurements were greater in BAV patients at the LVOT
([32%], p < 0.05) and AAo ([42%], p < 0.001) while FF
was lower in the AAo ([-33%, p < 0.05) (Table 2; Figure 3).
The BAV cohort also showed significantly elevated RF
throughout the entire aorta, with the largest increase being
at the AAo ([254%], p < 0.001). Stasis levels were significantly
lower in BAV patients from the LVOT to PDAo, with the
largest decrease being at the AAo ([-54%], p < 0.001). Controls
had Reynolds numbers in the range of [5,275–1,135] while

BAV patients had a range of [5,504–3,0411] at vena contracta;
thus indicating the presence of turbulent flow in the
ascending aorta.

3.3.2 Bicuspid Aortic Valve Types
Type 0 BAVs exhibited less stasis in the DDAo (30 ± 18% vs 41 ±
16% [-27%]; p < 0.05) compared to all Type 1 BAVs together. No
other significant difference was found in the comparison of Type
0 and Type 1 valves. When accounting for specific phenotypes of
Type 1 BAVs, Type 1-RN possessed the greatest peak velocity in

TABLE 2 | Parameter differences between BAV patients and healthy controls at each aortic region.

Parameter Location

LVOT AAo Arch PDAo DDAo

Control BAV Control BAV Control BAV Control BAV Control BAV

Diameter (mm) 28 ± 5 29 ± 4 28 ± 4 40 ± 7** 25 ± 3 26 ± 5 20 ± 3 23 ± 4* 18 ± 3 20 ± 3*
Indexed Diameter
(mm/m2)

15 ± 2 14 ± 2 15 ± 3 20 ± 4** 13 ± 2 13 ± 3 11 ± 2 11 ± 2 10 ± 2 10 ± 2

Peak Velocity (m/s) 1.3 ± 0.2 1.9 ± 1.0* 1.5 ± 0.3 2.6 ± 1.2** 1.2 ± 0.2 1.5 ± 0.8 1.2 ± 0.3 1.3 ± 0.8 1.4 ± 0.4 1.2 ± 0.5
KE (μJ) 1.9 ± 0.5 2.6 ± 1.8 1.8 ± 0.6 2.3 ± 1.2 1.5 ± 0.6 1.7 ± 1.0 1.8 ± 0.7 1.7 ± 1.1 2.0 ± 0.9 1.6 ± 0.9
FF (mL/cycle) 0.18 ±

0.04
0.15 ±
0.06*

0.18 ± 0.04 0.12 ±
0.03**

0.17 ± 0.04 0.14 ± 0.04* 0.19 ±
0.05

0.16 ± 0.05 0.22 ± 0.07 0.17 ± 0.05*

RF (mL/cycle) 0.025 ±
0.01

0.045 ±
0.05*

0.011 ±
0.001

0.039 ±
0.02**

0.010 ±
0.006

0.029 ±
0.02**

0.010 ±
0.01

0.019 ±
0.02**

0.005 ±
0.004

0.015 ±
0.025*

Stasis (%) 33 ± 9 22 ± 12** 50 ± 10 23 ± 11** 52 ± 10 32 ± 16** 53 ± 10 35 ± 18** 43 ± 13 38 ± 17

Diameter and indexed diameter measurements at the SOV, region are not included. LVOT-center ventricular outflow tract, AAo-ascending aorta, Arch—aorta arch, PDAo-proximal
descending aorta, DDAo—distal descending aorta, BAV- bicuspid aortic valve, KE—kinetic energy, FF—forward flow, RF—reverse flow. Values are reported as mean ± stdev. *p < 0.05
and **p < 0.001.

FIGURE 3 | Differences in hemodynamic parameters between BAV patient cohort (right) and healthy control cohort (left). Note: BAV—bicuspid aortic valve,
LVOT—left ventricular outflow tract, AAo—ascending aorta, Arch-aortic arch, PDAo—proximal descending aorta, DDAo-distal descending aorta. Symbols indicate
significant p-values: *p < 0.05 **p < 0.001.
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the arch when compared to both Type 1-RL (2.1 ± 1.4 m/s vs 1.4 ±
0.5 m/s [50%]; p < 0.05) and Type 0 (2.1 ± 1.4 m/s vs 1.4 ± 0.4 m/s
[50%]; p < 0.05). No other results were statistically significant. An
example of Type 1-RL hemodynamics is illustrated in Figure 4.

3.3.3 Dilation Severity
Moderately dilated patients showed less stasis in the AAo
([-36%], p < 0.05) and more RF in the arch ([83%], p < 0.05)
compared to non-dilated (Table 3). Severely dilated patients
showed less stasis in the AAo ([-39%], p < 0.01) and arch
([-34%], p < 0.05) accompanied by more RF in the arch
([106%], p < 0.01) compared to non-dilated patients. No other
significant differences in these cohorts were observed.

3.4 Univariate andMultivariate Associations
Indexed AAo diameter correlated positively with age (R � 0.326,
p � 0.01), but negatively with FF (R � -0.648, p < 0.001), RF

(R � 0.441, p < 0.001) and stasis (R � −0.288, p < 0.05). No other
significant univariate correlations were found between indexed
diameter and hemodynamics at the level of the AAo. Flow-related
associations are shown in Figure 5.

Multivariate results are shown in Table 4. Focusing on the
AAo, the model included indexed AAo diameter as the
dependent variable and age, AAo FF, AAo stasis, and AAo
peak velocity as the independent variables. This model
demonstrated an overall R � 0.709 and showed AAo FF
(β � -0.492, p � 0.001) to be most strongly associated with
indexed AAo diameter.

3.5 Surgical Intervention
Twenty-four patients underwent surgical intervention and had a
follow-up of 179 ± 180 days. Of these patients, 18 (78%) had an
aortic valve replacement, two (9%) had an AAo replacement, and
three (13%) had both. Patients who received surgery had larger

FIGURE 4 |Bicuspid aortic valve cases with right-left and right-non coronary fusion. Arrows point to helical flow patterns. Forward flow, reverse flow, kinetic energy,
and flow stasis from each subject are represented using maximum intensity projections. Gray line represents the vessel wall from the aortic segmentation.

TABLE 3 | Parameter differences between BAV dilation severity.

Parameter AAo Arch

Non-dilated (n � 22) Mod. dilation (n � 24) Severe Dilation (n � 27) Non-dilated (n � 22) Mod. dilation (n � 24) Severe Dilation (n � 27)
RF (mL/cycle) 0.033 ± 0.015 0.037 ± 0.016 0.045 ± 0.016* 0.018 ± 0.010 0.027 ± 0.017* 0.039 ± 0.018**
Stasis (%) 31 ± 13 20 ± 9* 19 ± 10** 41 ± 15 33 ± 17 27 ± 14*

Mod.—moderate; RF- reverse flow. Values are reported as mean ± stdev. *: p < 0.05 compared with non-dilated, **p < 0.01 compared with non-dilated.
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diameters at the arch ([14%], p < 0.01), greater LV mass ([27%],
p < 0.05), and greater LVCO ([31%], p < 0.01) than those who did
not receive surgery. No other significant differences in baseline
characteristics were found.

Patients with surgical intervention demonstrated greater KE
and peak velocity at the LVOT ([92%], p < 0.01 and [84%], p �
0.01, respectively), AAo ([61%], p < 0.001 and [75%], p < 0.001),
and arch ([53%], p < 0.05 and [56%], p < 0.001), as shown in
Figure 6 and Table 5. Patients who received surgery also
demonstrated significantly elevated RF and decreased stasis

throughout the entire aorta, most prominently at the arch
([120%], p < 0.001 and [-52%], p < 0.001).

4 DISCUSSION

This study uses 4D-flow techniques to evaluate thoracic aorta
parametric voxel-by-voxel hemodynamics in the context of BAV
disease. Our main findings demonstrate that (Siu and Silversides,
2010) 3D-derived aortic peak velocity, FF, RF, and stasis are
significantly altered in BAV patients, and (Sievers and Schmidtke,
2007) Peak velocity, KE, FF, RF, and stasis associate with aortic
dilation and referral for surgery. Secondary findings suggest that
differences in BAV phenotype and dilation severity impact
downstream hemodynamics throughout the thoracic aorta.

4.1 Flow Is Abnormal in BAV Patients
Consistent with previous literature (Mathieu et al., 2015; Garcia et al.,
2016; Rodríguez-Palomares et al., 2018), we found BAV patients to
possess increased peak blood velocity and vessel diameter in the AAo.
This is likely due to BAV morphology producing high-velocity jets
and BAV patients’ increased propensity for AAo dilatation (Siu and
Silversides, 2010). In the current study, Reynolds number indicated
presence of turbulence in the ascending aorta. Controls in this study
exhibited higher in vivo Reynolds numbers than controls in Stalder

FIGURE 5 |Correlates of aortic diameter in the AAo region only. Panel A shows forward flow (FF) plot. Panel B shows reverse flow (RF) plot. Panel C shows stasis
plot. Panel D shows peak velocity plot.

TABLE 4 | Multiple linear regression results.

Model Associations

Std. Coef

AAo diameter indexed β p
Age 0.174 0.080
AAo FF −0.492 0.001
AAo RF 0.198 0.151
AAo stasis −0.008 0.954
AAo Peak Velocity 0.031 0.778

Model only included significant univariate correlations (R > 0.25, p < 0.01) and no
multicollinearity with each other. AAo—ascending aorta, FF- forward flow, RF- reverse
flow, ß - standardized coefficient, S.E., standard error.
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et al. who reported a range of [3,357–4,528] using prospectively gated
4D flow (Stalder et al., 2011). Some experimental studies reported a
range of [2,400–10,000] in the aorta under normal hemodynamic
conditions (Keshavarz-Motamed et al., 2014; Ha et al., 2019).

When compared to controls, BAV patients exhibit
significantly elevated RF throughout the entire aorta. The RF
findings agree well with previous studies that document increased
helical flow and vortices within the AAo of BAV patients

compared to healthy volunteers (Faggiano et al., 2012;
Rodríguez-Palomares et al., 2018; Shan et al., 2019), which is
likely a result of the eccentric off-centered jet produced by a BAV
(Rodríguez-Palomares et al., 2018). However, RF differences in
the distal aorta are less documented. It is possible that minor
helical flow persists in the descending aorta, which would
maintain elevated RF levels. Regardless of the underlying
mechanism, RF levels in the descending aorta have been

FIGURE 6 | Differences in hemodynamic parameters between BAV patients who received follow-up surgery and BAV patients who did not. Note: BAV—bicuspid
aortic valve, LVOT—left ventricular outflow tract, AAo—ascending aorta, Arch—aortic arch, PDAo—proximal descending aorta, DDAo—distal descending aorta.
Symbols indicate significant p-values: *p < 0.05 **p < 0.001.

TABLE 5 | Parameter differences between BAV patients who did or did not receive aortic surgery following 4D-flow MRI scan.

Parameter Location

LVOT AAo Arch PDAo DDAo

No Surgery
(n � 49)

Surgery
(n � 24)

No Surgery
(n � 49)

Surgery
(n � 24)

No Surgery
(n � 49)

Surgery
(n � 24)

No Surgery
(n � 49)

Surgery
(n � 24)

No Surgery
(n � 49)

Surgery
(n � 24)

Diameter (mm) 28 ± 4 30 ± 4 38 ± 7 43 ± 6** 25 ± 5 28 ± 4** 22 ± 4 23 ± 3 20 ± 3 21 ± 2
Indexed
Diameter
(mm/m2)

14 ± 2 15 ± 2 19 ± 4 21 ± 4 13 ± 3 14 ± 2 11 ± 2 11 ± 1 10 ± 2 10 ± 1

Peak Velocity
(m/s)

1.5 ± 0.5 2.7 ± 1.2** 2.1 ± 0.7 3.7 ± 1.3** 1.3 ± 0.4 2.0 ± 1.0** 1.3 ± 0.7 1.5 ± 1.1 1.1 ± 0.4 1.3 ± 0.6

KE (μJ) 2.0 ± 1.0 3.8 ± 2.3** 1.9 ± 0.8 3.1 ± 1.6** 1.5 ± 0.8 2.3 ± 1.1* 1.6 ± 1.0 1.9 ± 1.3 1.5 ± 0.8 1.8 ± 1.2
FF (mL/cycle) 0.15 ± 0.056 0.17 ±

0.062
0.12 ± 0.031 0.12 ±

0.025
0.14 ± 0.041 0.15 ±

0.034
0.16 ± 0.051 0.16 ±

0.036
0.17 ± 0.049 0.16 ±

0.052
RF (mL/cycle) 0.039 ±

0.031
0.057 ±
0.079

0.033 ±
0.013

0.051 ±
0.016**

0.022 ±
0.013

0.045 ±
0.017**

0.014 ±
0.011

0.033 ±
0.026*

0.009 ±
0.0081

0.028 ±
0.032**

Stasis (%) 26 ± 12 16 ± 8** 25 ± 11 18 ± 9* 38 ± 14 20 ± 10** 41 ± 17 24 ± 14** 43 ± 16 27 ± 13**

LVOT-left ventricular outflow tract, AAo, ascending aorta, Arch - aorta arch; PDAo, proximal descending aorta, DDAo-distal descending aorta, D—Diameter, Di—Dimeter indexed, PV,
peak velocity, KE-kinetic energy, FF- forward flow, RF- reverse flow. Values are reported as mean ± stdev. *: p < 0.05 and **p < 0.01.
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recently implicated in stroke development. Previous studies have
demonstrated the presence of retrograde flow in the descending
aorta of cryptogenic stroke patients (Harloff et al., 2010), as well
as the theoretical ability of this retrograde flow to carry plaques
back towards the brachio-cephalic branches in the arch (Harloff
et al., 2007). Harloff et al. estimates that this retrograde flow
pattern may account for up to 24% of cryptogenic stroke events
(Harloff et al., 2010). Thus, our observed increase in descending
aorta RF in BAV patients is an intriguing finding with clinical
implications that may warrant future research.

BAV patients were also observed to have significantly reduced
blood stasis in all aortic regions (except DDAo) compared to
healthy controls. There are very few previous studies which
provide context to this finding. Hassanabad et al. (Fatehi
Hassanabad et al., 2020) demonstrated that BAV patients, in
comparison to healthy volunteers, possessed greater pressure
drop throughout the entire thoracic aorta. This may imply an
association between pressure drop and stasis. However, in this
study we did not evaluate pressure drop and parametric voxel-by-
voxel markers were not normalized to arterial pressure.

Lastly, KE levels found in BAV patients were similar to those
found in healthy controls, even in the AAo. This is unexpected, as the
increased blood jet velocity resulting from a BAV would conceivably
lead to greater KE values near the valve. However, previous studies,
such as that conducted by Elbaz et al. (Elbaz et al., 2019), have also
found similar KE levels between controls and BAV patients in the
AAo. To interpret these findings, it is important to note that KE is
only one aspect of a fluid’s total energy cost, which also includes
turbulent kinetic energy (TKE), viscous energy loss (EL), and heat. It
should also be recognized that BAV patients have consistently been
shown to exhibit greater aortic TKE and EL, especially in the AAo
(Dux-Santoy et al., 2019; Elbaz et al., 2019). Thus, while BAV patients
likely possess significantly elevated KE immediately proximal to the
valve, it is possible that much of this KE is subsequently lost in the
form of EL and TKE due to chaotic helical flow that develops in the
AAo. Thus, when wemeasure the average amount of KE in the entire
AAo region over the cardiac cycle–as we do in this study–it is
reasonable that KE measurements may be comparable between
healthy controls and BAV patients.

4.2 Aortic Dilation Is Related to Blood Flow
In the AAo, vessel diameter was negatively associated with
regionally-matched stasis and FF. This may be due to the
increases in helical flow patterns that accompany AAo
dilatation (Hope et al., 2007; Bürk et al., 2012; Dux-Santoy
et al., 2019), as helical flow patterns leave less opportunity for
forward flow and stasis. While it is important to note that our
BAV cohort is older than controls, thus agemay be a confounding
factor in these associations, our multivariate analysis
demonstrated both FF and stasis to be stronger independent
predictors of diameter than age.

4.3 Ascending Aorta Flow Associates With
Surgical Outcomes
No significant difference in aortic diameters was seen between
patients who received follow-up surgery and those who did not.

Because most of the patients with a surgical event received
valvular surgery exclusively, while few patients received AAo
replacement surgery, our surgical cohort is mostly characterized
by individuals with valvular inefficiencies, rather than aortic
aneurysms.

Those who receive surgical intervention exhibited much
greater KE, velocity, and RF levels in the proximal aorta. As
mentioned above, this is likely a result of the surgical cohort’s
level of valvular disease severity. Progression of valvular diseases
such as calcification, stenosis, and regurgitation increases blood
velocity, vorticity, and retrograde flow within the AAo (Garcia
et al., 2019), which would conceivably equate to increased levels
of KE, velocity, and RF.

Results also demonstrated significantly lower levels of stasis
throughout the entire thoracic aorta in patients who received
follow-up surgery compared to patients who did not.
Alternatively, the elevated peak blood velocities in the surgical
cohort may also explain their lower stasis levels. Either way, stasis
appears to be a measure of great difference between patients who
received follow-up surgery and patients who did not.

4.4 Secondary Findings: Effect of Valve Type
and Dilation Severity on Distal Aorta Blood
Flow
Previous studies have shown different BAV morphologies and
dilation geometries to each possess unique flow characteristics in
the AAo (Girdauskas et al., 2012), which may provide great
clinical utility in disease severity assessments of BAV patients.
Our study has expanded this knowledge by demonstrating that
differences in flow patterns between valve phenotypes and
dilation severities persist beyond the AAo region into the arch
and descending aorta. Thus, it may be of utility for future studies
to consider the entire thoracic aorta when characterizing flow
patterns of valve types, dilation geometries and aortic arch shape.

4.5 Limitations
This study has several limitations. Patients and control cohorts
were not age matched; given that age correlated with several
parameters of interest, age may be a confounding variable in our
findings. Patients were only included if they underwent clinically-
ordered MRI examinations for aortic dilation or significant
valvular stenosis and/or insufficiency. Accordingly, our patient
cohort had a more severe disease phenotype than prior studies.
Due to the localized nature of our voxel-by-voxel approach, it
cannot be used to assess standard cardiac output. However,
cardiac output can be estimated from an analysis plane at the
left ventricle outflow tract, in a similar manner to 2D phase-
contrast. As a cross-sectional design looking at the associations of
parameters at a single point in time, no causative relationships
can be determined from our analyses; future longitudinal studies
are needed. Valve type, dilation severity, and surgical outcome
cohort sizes were modest, and thus findings drawn from their
analyses are limited. The parametric hemodynamic parameters
presented in this study were measured over the entire cardiac
cycle, rather than at systole or diastole. This reduces the
sensitivity of our results and may overlook important
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phenomena occurring at specific time points in the cardiac cycle.
We did not monitor progression rates over time (i.e. between
several serial visits) using parametric voxel-by-voxel markers.
Similarly to wall shear stress (van Ooij et al., 2016), voxel-by-
voxel markers can be used for generating hemodynamic atlases,
which allow a personalized evaluation of disease progression, as
recently reported by Soulat’s et al. (Soulat et al., 2021).

Lastly, WSS was not included in the analysis for the presented
cohort. It may be relevant to explore the association between 3D
parametric voxel-by-voxel markers, axial/circumferential WSS
(Rodríguez-Palomares et al., 2018), and in-plane rotational
flow (Dux-Santoy et al., 2019). Most WSS studies usually
report WSS magnitude (Mahadevia et al., 2013; Guzzardi
et al., 2015; van Ooij et al., 2016; van Ooij et al., 2017) rather
than the WSS vector decomposition. Recent studies reported that
increased in-plane rotational flow and higher axial/
circumferential WSS may explain aortic dilation morphotypes
(Rodríguez-Palomares et al., 2018; Dux-Santoy et al., 2019).

5 CONCLUSION

This study used novel measurement techniques to comprehensively
explore thoracic aortic hemodynamics in the context of BAV disease.
BAVpatients present significantly altered 3D-derived hemodynamics
throughout the thoracic aorta compared to healthy controls, some of
which are associated withmeasures of aortic dilation and the need for
surgery. Further longitudinal studies are needed to explore these flow
parameters in relation to BAV aortopathy, especially stasis and
reverse flow, in the effort to provide improved clinical
management of BAV patients.
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Background: As one of the important treatment methods for cancer patients,

radiotherapy may lead to incidental irradiation of the heart, resulting in

radiotherapy-induced heart disease (RIHD) arising many years after radiotherapy.

While, there are few studies on early subclinical cardiac damage, which may be essential

for the protection of late RIHD. To detect and predict RIHD and early subclinical cardiac

damage induced by thoracic radiation therapy, based on two-dimensional speckle

tracking echocardiography (2D STE) combined with multiple circulating biomarkers and

accurate heart dosimetry.

Methods and Analysis: This is a monocentric prospective cohort study in which

104 patients treated for malignant tumors and with cardiac radiation exposure will

be included. All participants will be followed for 12 months after radiotherapy.

Echocardiography, 2D STE, and blood samples will be underwent at 5-time points

(baseline; after completion of RT; 2, 6, and 12 months after RT). Left ventricular ejection

fraction (LVEF); global longitudinal, radial, and circumferential strain; diastolic function

parameters; creatine kinase (CK); creatine kinase isoenzyme (CK-MB); cardiac troponin

T (cTnT); N-terminal pro-B-type natriuretic peptide (NT-proBNP) and hypersensitive

C-reactive protein (hs-CRP) will be measured at baseline and every follow-up time. The

incidence of major adverse cardiovascular events will be recorded.

Discussion: This study details the protocol and presents the primary limits

and advantages of this single-center project. The inclusion of patients began

in 2021, and the results are expected to be published in 2023. This study

will be allowed to enhance knowledge on detection and prediction of early

subclinical cardiac dysfunction induced by thoracic radiation therapy, based on two-

dimensional speckle tracking echocardiography (2D STE) combined with circulating

biomarkers and accurate heart dosimetry. Furthermore, we will evaluate risk factors

of subtle cardiac damage and identify high-risk groups for early heart damage.
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INTRODUCTION

Cancer is expected to rank as the most critical barrier to
increasing life expectancy and the leading cause of death in
the world in the twenty-first century. Data from global cancer
statistics indicate that there will be about 18.1 million new
cancer patients all over the world in 2018 (1, 2). According
to statistics, one half of the cancer patients would undergo
radiation therapy (RT) as neoadjuvant or adjuvant treatment (3).
As an essential treatment modality of comprehensive treatment
for cancer patients, radiotherapy can significantly improve the
cure rate and survival rate of cancer patients (4). However, RT
used to treat carcinomas, especially thoracic cancer, such as
Hodgkin lymphoma, lung, breast cancer, etc, carries a high risk
of developing cardiovascular side effects.

Heart is inevitably affected during thoracic radiation therapy,
resulting in radiotherapy-induced heart damage. Thoracic
radiation therapy is associated with long-term increased risk
of coronary artery disease, heart failure, myocardial infarction,
valvular disease, arrhythmias, pericarditis, and major adverse
cardiovascular events many years after RT (5, 6). A meta-analysis
of more than 42,000 breast cancer patients in 78 randomized
controlled trials showed heart disease mortality increased in
patients received RT (rate ratio 1.27, 2p = 0.0001) (7). Several
studies confirmed the association between radiotherapy and the
increased risk of heart disease, showed the relative risks within
the range of 1.18–3.5 (8–11). A retrospective study of 2168
women undergoing radiotherapy for breast cancer showed that
the rates of major coronary events increased linearly with the
mean dose to the heart by 7.4% per gray (95% confidence interval,
2.9 to 14.5; P < 0.001), with no minimum threshold for risk (10).
Moreover, a retrospective single-institution study of 415 patients
with Hodgkin lymphoma showed that the incidence of coronary
artery disease 20 years later to be 10.4% after a median of 9
years after RT treatment (12). In general, compared with non-
irradiated patients, patients undergoing thoracic radiotherapy
have a 2% higher absolute risk of cardiac morbidity at 5 years and
a 23% increased absolute risk after 20 years (4). Radiotherapy-
induced heart disease (RIHD) can involve any structure of
the heart and has become one of the major complications
threatening the survival of post-RT cancer patients (4, 12–14).
Heart complications may partially offset the positive effect of
radiation therapy on cardiac radiation exposure patients.

Long before the onset of clinically cardiac events occurring,
subclinical cardiac changes may occur during the process, after
completion, over weeks, months, or first years after RT, that
can be detected based on functional dysfunction (15–17). Early
detection of RIHD may have important clinical significance for
cancer patients, especially young cancer patients. Furthermore, it
may be essential for the prediction and protection of late RIHD.

As an essential tool for the assessment of cardiac structure
and function, echocardiography has been widely used. However,
left ventricular ejection fraction (LVEF) is a relatively insensitive
index for detecting subclinical cardiac damage at an early
stage (15, 17). It is mainly because no significant change in
LVEF occurs until a critical amount of myocardial damage
took place and after compensatory mechanisms are exhausted.
Recently, two-dimensional speckle-tracking echocardiography
(2D STE) has been used for detecting and quantifying
subtle cardiac damage induced by RT. Previous studies have
shown that when the radiation reaches a specific dose, global
longitudinal, circumferential strain, radial strain, and strain
rate are substantially decreased, which can be detected by
2D STE before the decrease of LVEF and the appearance of
clinical symptoms (16–18). The most recent study included
40 women treated for left breast cancer showed that global
longitudinal strain (GLS) significantly decreased during the first
year following RT: a decrease in strain was observed at all post-
RT time points (18.9 ± 2 at 6 weeks, 18.9 ± 3 at 12 months
vs. 20.6 ± 2% before RT, p < 0.01) (17). Based on this clinical
state, it appeared that early subclinical cardiac dysfunction of
RT could be measured by strain, which is consistent with
recent recommendations in the evaluation of cardiovascular
complications after radiotherapy (19).

Traditional circulating biomarkers, such as creatine kinase
(CK), creatine kinase isoenzyme (CK-MB), cardiac troponin T
(cTnT), and cardiac troponin I (cTnI) may play an essential
role in the detection of acute and late RIHD (20–22). However,
early subclinical cardiac damage does not necessarily have an
increase in these cardiac biomarkers. Fortunately, many serum
biomarkers (e.g., hypersensitive C-reactive protein (hs-CRP) and
N-terminal pro-B-type natriuretic peptide (NT-proBNP) have
been shown to be potential biomarkers for cardiac damage after
RT (22–24). Despite the variability of outcomes, specific serum
biomarkers may represent a promising tool for the prediction
of early myocardial dysfunction, leading to a more appropriate
stratification of those patients who demand closer monitoring.
Nevertheless, further studies with more specific biomarkers are
certainly needed to empower this association so that patients
receive the greatest benefit.

A large number of studies have shown that many
chemotherapy drugs can lead to cardiac toxicity (25, 26).
Patients with chemotherapy exposure before radiation therapy
may be more likely to present radiation-induced heart damage.
The history of chemotherapy may be an essential risk factor for
radiation-induced heart damage. However, to our knowledge,
there is no prospective study on the occurrence of early radiation-
induced heart damage in patients with or without a history of
chemotherapy. Therefore, this study aims to assess the value of
2D STE combined with the assessment of multiple circulating
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biomarkers and accurate heart dosimetry in the detection and
prediction of early subclinical cardiac damage induced by
thoracic radiation therapy. Risk factors and high-risk groups of
subtle cardiac damage and major adverse cardiovascular events
(MACE) during the 12 months follow-up will also be evaluated.

METHODS AND ANALYSIS

Study Design
It is a monocenter, prospective cohort study that will include
patients who will receive RT. All patients will be followed 12
months after RT. 2D STE parameters and circulating biomarkers
will be collected. MACEs were defined as a diagnosis of unstable
angina [International Classification of Diseases, 10th Revision
(ICD-10) codes I20], new arrhythmia (ICD-10 codes I44–I49),
acute myocardial infarction (ICD-10 codes I21), heart failure
(ICD-10 codes I50), valvular heart disease (ICD-10 codes I08
and I39), acute pericarditis (ICD-10 codes I30), and cardiac
death (diagnosis by clinician) in this study. The determination
of maces events is based on the patient’s clinical symptoms, the
results of cardiac damage markers, electrocardiogram (ECG),
echocardiography and ambulatory ECG (27–32).

Study Population and Groups
One hundred and four patients with thoracic radiotherapy will
be included in Peking University Third Hospital from June 21,
2020 to December 31, 2021. Participants will be recruited based
on the eligibility criteria presented in Table 1. All of the patients
will be included at the baseline before RT and followed for 12
months after RT. Written informed consent will be obtained
from all recruited patients. This study was approved by the
Ethics Committee of the Peking University Third Hospital and
completed under its supervision. Informed consent was signed
by all study participants. Our study was in accordance with all
the ethical requirements and followed the reporting guideline
for case series. Patients or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of
our research.

Oncologist and cardiologist will present the study to the
eligible patients, explaining the study, offering participation,
and requesting written informed consent. All patients will be
informed that they have no obligation to participate, and they can
stop participating at any time and without any consequences for
therapeutic schedule and medical follow up.

Follow-Up Strategy
Before radiotherapy, echocardiography, 2D STE, CK, CK-MB,
cTnT, NT-proBNP, ECG, hs-CRP, alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and creatinine will be
detected, and eligible patients will be enrolled. All participants
will be followed up after completion of RT (post-RT), 2 months
after RT (2-months post-PT), 6 months after RT (6-months
post-PT), and 12 months after RT (12-months post-PT). During
subsequent follow-up, echocardiography, 2D STE, CK, CK-MB,
cTnT, NT-proBNP, ECG, and hs-CRP will be collected at every
follow-up time.

Data Collection
A precise description of cancer, treatments for cancer, and
information about the main risk factors of a cardiac event
is collected at inclusion; details will be shown in Table 2.
Echocardiography, 2D STE, ECG, and circulating biomarker
measurements are detailed in Table 3.

Radiation Therapy
All of the patients will be treated with stereotactic body
radiotherapy (SBRT). Before radiotherapy, the chest CT

TABLE 1 | Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

With malignant tumors Satisfactory echocardiographic images

could not be obtained

Will receive radiotherapy Moderate or severe valvular disease

With cardiac exposure during the

radiotherapy process

Cardiomyopathy

Could receive regular follow-up for 12

months

Congenital heart disease

Written informed consent Refractory hypertension

Coronary artery disease*

Heart failure

Arrhythmia requiring intervention

Pericarditis

Acute myocarditis

Participating in other clinical studies of

drug intervention

Severe liver and kidney dysfunction

Autoimmune disease

Pulmonary hypertension

Coronary artery disease: at least 50% stenosis based on previous coronary angiography

or coronary CT angiography, or with a history of percutaneous coronary stent implantation.

*With LVEF<50%, unstable angina, or acute myocardial infarction within 3 months.

TABLE 2 | Baseline characteristics.

Characteristic Value

Age

Hight

Weight

Body mass index (BMI)

Systolic blood pressure (SBP)

Diastolic blood pressure (DBP)

Smoking status

Hypertension

Diabetes

Hyperlipidemia

Arrhythmia

Cancer Type

Size

Chemotherapy history

Mean heart dose
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TABLE 3 | Parameters of echocardiography, 2D STE, ECG and circulating

biomarkers.

Parameters

Echocardiography: commercially available ultrasonography systems

LVEF measured by the modified Simpson or the modified Quinones method

LV mass index calculated by the Devereux formula

The degree of aortic and mitral regurgitation classified according to the

guidelines of the American Society of Echocardiography

E/A wave ratio

E/e’ ratio

Left atrium volume index calculated using the area-length method

Systolic pulmonary arterial pressure

Two-dimensional speckle-tracking echocardiography: TomTec (TomTec

Imaging Systems GmbH, Unterschleissheim, Germany)

Global longitudinal strain (GLS)

Global radial strain (GRS)

Global circumferential strain (GCS)

S’

ECG

Heart rate

rhythm

P-R intervals

QRS wave

QTC

S-T segment changes

Circulating biomarkers

CK

CK-MB

cTnT

NT-proBNP

HsCRP

2D STE, two-dimensional speckle tracking echocardiography; ECG, electrocardiogram;

LVEF, left ventricular ejection fraction; LV, left ventricular; CK, creatine kinase; CKMB,

creatine kinase isoenzyme; cTnT, cardiac troponin T; NT-proBNP, N-terminal pro-B-type

natriuretic peptide.

examination will be carried out to locate the target area.
According to the location of CT, the treatment target area is
gross tumor volume and planning target volume is appropriately
expanded on the basis of the anterior target. The treatment
plan was made by multiplan 4.6 planning system. After the
plan was completed, the plan was verified first, and then the
stereotactic radiotherapy robot was used. In the treatment, we
use the Xsight-Spinal tracking system, synchronous respiratory
tracking mode, or the six-dimensional bed system to control the
patient’s position and focus perfectly, so as to achieve the effect
of precise radiotherapy. According to the treatment plan, the
minimum, average and maximum doses of the heart and the V5,
V10, V20 and V30 of the heart are counted. To evaluate the effect
of radiotherapy dose on heart more accurately, we converted all
maximum and mean cardiac doses to the biologically effective
doses (BED), assuming an α/β ratio of 3 for the heart, with
conversion to an equivalent dose in 2-Gy fractions (EQD2) using
the linear quadratic model (33–35). The BED was calculated

using the equation nd[1+d/(α/β)], the EQD2 was calculated
from the dose-volume histograms as nd[(d+α/β) ÷ (2+α/β)], n
is a number of fractions, d is dose per fraction, and α/β was 3Gy
(36). According to the RTOG 0236 report, the average dose of
heart is limited to less than or equal to 30Gy (37). Planning and
contouring of the RT and the affected area and dose of heart will
be recorded.

Study Endpoints
Primary Endpoint
The primary endpoint is an at least 10% decrease in the global
longitudinal, radial, and circumferential strain or strain rate,
determined using cardiac 2D STE, compared with the baseline,
which can be considered clinically pertinent based on those
observed in the previous studies (38).

Secondary Endpoints
CK, CKMB, cTnT and NT proBNP were within the range of
normal reference values at baseline, but exceeded the upper limit
of normal reference values at follow-up.

ECG indicates new arrhythmia.
Patients had symptoms and signs of heart failure with LVEF

decreased by at least 5% and less than 55%, or LVEF decreased by
at least 10% and less than 55% without symptoms and signs, or
LVEF < 50%, measured by echocardiography (38).

Data Management
Study data will be managed by two study investigators using a
predesigned casereport form (Microsoft Office Excel and Word)
with double data-entry. Data checks will be regularly performed
to ensure data quality. The number of eligible, included and
excluded of patients will be recorded. Withdrawals will also
record as detailed as possible.

Statistical Analysis
Sample Size Calculation
The sample size was based on a statistical power of 80%, an
alpha-risk of 5%, the definition of the primary endpoint (a
decrease in the global longitudinal, radial, circumferential strain
or strain rate of at least 10%). The baseline value was derived
from the literature: mean global longitudinal strain before RT =

the post-RT value was derived from the literature: mean global
longitudinal strain after RT in patients without a history of
chemotherapy = −17.5 ± 1.7%, mean global longitudinal strain
after RT in patients with a history of chemotherapy = −16.1 ±

1.9% (39). Taking into account a 20% patients lost, the inclusion
of 104 patients is necessary.

Statistics
Continuous variables will be expressed as means ± standard
deviation or median (interquartile range) where appropriate.
Categorical variables will be expressed as counts (percentages).
Changes regarding early subclinical cardiac damage and
biomarkers between the baseline and the follow-up in two groups
will be tested with repeated measures analysis of variance. For
within-group comparisons, changes in the GLS, GCS, GRS, S’,
LVEF, and circulating biomarkers between the baseline and the
follow-up time points will be analyzed using paired t-test for
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parametric variables, and Wilcoxon signed-rank test for non-
parametric variables. Chi-square test will be used to compare
the occurrence and progression of early subclinical cardiac
damage and changes in circulating biomarkers between the two
groups. Mixed regression models will be used to investigate
the correlation between RIHD and age, blood pressure, BMI,
smoking status, hypertension, hypercholesterolemia and heart
dose. All statistical analyses will be performed using SPSS 24.0
statistical software, and a P < 0.05 will be considered significant.

DISCUSSION

This population-based cohort study aims to estimate the value
of 2D STE combined with multiple circulating biomarkers in
the detection and prediction of early subclinical cardiac damage
induced by thoracic radiation therapy in patients with SBRT.
Furthermore, we want to find the risk factors of subtle cardiac
damage and to determine the prevalence of MACE within 12
months post-RT.

The study has far-reaching clinical significance. Firstly, the
subclinical heart damage reduced by radiotherapy can be
identified early by combining 2D STE, echocardiography and
a variety of circulating biomarkers. Secondly, the risk factors
of RIHD were further identified by prospective cohort study,
so as to achieve the early identification of high-risk groups
before radiotherapy in the future. Moreover, after detection of
RIHD, we will further explore the occurrence mechanism of
early RIHD, and explore the prevention and treatment measures
through randomized controlled trials, in order to achieve early
intervention before the occurrence of clinical symptoms, reduce
the incidence of RIHD, alleviate a patient’s suffering, improve
the quality of patients’ life and reduce the economic burden
on patients and society. Meanwhile, this study will also provide
reference clinical research data for the formulation of guidelines
and the detection and protection of RIHD.

Meanwhile, there are some limitations to this study. First,
the sample size was small,which might represent a beta error.
Second, as the follow-up in this study was limited to 12 months,
subclinical cardiac changes may not produce during this period.
A larger study with a longer duration of follow-up would be
required to validate our current observations and to determine
its impact on long-term adverse outcomes. Although these
hindrances should be acknowledged, we believe the findings
from this study will provide important data, which will help

focus on “high-risk” patients for longer follow-ups and take up
protective measures.

This study will allow evaluating the advantages of 2D STE
combined with circulating biomarkers in early detection and
prediction of RIHD and validate risk factors and high-risk

groups of subclinical cardiac damage, which will be important
for proposing primary and secondary preventive measures and
improving patient care and quality of life.

To summarize, this study will elucidate concerns and
problems related to RIHD and risk foctors.The findings will form
a basis for developing early detection method for subclinical
cardiac damage and interventions to alleviate RIHD in people
who will receive thoracic radiotherapy in the shaort and
long term.
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Background: Cardiac involvement in patients with Becker muscular dystrophy (BMD)

is an important predictor of mortality. The cardiac phenotype of BMD patients is

characterized by slowly progressive myocardial fibrosis that starts in the left ventricular

(LV) free wall segments and extends into the septal wall during the disease course.

Purpose: Since the reason for this characteristic cardiac phenotype is unknown

and comprehensive approaches using e.g. hybrid imaging combining cardiovascular

magnetic resonance (CMR) with 18F-fluorodeoxyglucose (FDG) positron emission

tomography (PET) are limited, the present study addressed this issue by a comprehensive

non-invasive imaging approach.

Methods: Hybrid CMR- and FDG-PET-imaging was performed in N = 14 patients with

BMD on a whole-body Biograph mMR system (Siemens, Erlangen, Germany). The CMR

protocol comprised cine- and late-gadolinium-enhancement (LGE)-imaging. Metabolism

was assessed with FDG-PET after oral glucose loading to effect myocardial carbohydrate

uptake. PET was acquired for 65min starting with tracer injection. Uptake values from

60 to 65min p.i. were divided by the area under the blood activity curve and reported as

percentages relative to the segment with maximal myocardial FDG uptake.

Results: A characteristic pattern of LGE in the LV lateral wall was observed in 13/14

patients whereas an additional septal LGE pattern was documented in 6/14 patients

only. There was one patient without any LGE. Segmental FDG uptake was 88 ± 6% in

the LV lateral wall vs. 77 ± 10% in the septal wall (p < 0.001). There was an inverse

relationship between segmental FDG activity compared to segmental LGE extent (r =

−0.33, p = 0.089). There were N = 6 LGE-positive patients with a segmental difference

in FDG uptake of >15% in the LV lateral wall compared to the septal wall = 1FDG-high

group (lateral FDG = 91±3% vs. septal FDG = 69±8%; p < 0.001) while the remaining

N = 7 LGE-positive patients showed a segmental difference in FDG uptake of ≤15% =

1FDG-low group (lateral FDG = 85±7% vs. septal FDG = 83 ± 5%; p = 0.37). Patients

in the 1FDG-high group showed only a minor difference in the LGE extent between the
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LV lateral wall vs. septal wall (p = 0.09) whereas large differences were observed in the

1FDG-low group (p < 0.004).

Conclusions: Segmental FDG uptake—reflecting myocardial metabolic activity—is

higher in the LV free wall of BMD patients—possibly due to a higher segmental work

load. However, segmental metabolic activity seems to be dependent on and limited by

the respective segmental extent of myocardial fibrosis as depicted by LGE-imaging.

Keywords: CMR, PET, FDG, LGE, muscular dystrophy, cardiomyopathy

INTRODUCTION

Duchenne and Becker muscular dystrophies (DMD and BMD)
are the most frequent X-chromosomal recessive neuromuscular
disorders and are caused by mutations in the dystrophin gene.
Such mutations can either lead to total absence (DMD) or to
structural impairment of fragile dystrophin protein (BMD) (1,
2). Since dystrophin is a central protein in the cell membrane
of skeletal as well as cardiac muscle cells, particularly BMD
patients do not only suffer from skeletal muscle weakness but also
from progressive cardiomyopathy (2, 3). Cardiac involvement
in BMD patients is characterized by a non-ischemic pattern of
left ventricular (LV) myocardial fibrosis starting in the LV free
wall and leading to non-ischemic dilated cardiomyopathy (2, 4–
6). Heart failure symptoms and ventricular arrhythmias have
become a major cause of morbidity and mortality in MD patients
(2, 7, 8).

Cardiovascular magnetic resonance (CMR) imaging has
developed into the most relevant clinical imaging technique
regarding detection of cardiac involvement and monitoring of
cardiac disease progression—not only for BMD patients. It
cannot only measure shape and function of the heart, but also
reveals even subtle structural changes in the myocardium such as
fibrosis. Previously, our group described a characteristic pattern
of cardiomyopathy in patients with BMD (5), the potential for
predicting adverse cardiac events (7) and the detection of diffuse
interstitial fibrosis (9) based on multi-parametric CMR data.

Recently, hybrid positron-emission-tomography (PET)
magnetic resonance imaging (MRI) systems have been
introduced that offer the unique capability of simultaneous
PET and MRI for optimal spatial and temporal co-registration.
This simultaneous approach is extremely valuable for BMD
patients in order to relate different parameters, hitherto acquired
separately, with each other on a patient-to-patient and even
region-by-region basis. Thereby, the relevance and association
of changes in both metabolic and structural abnormalities can be
established. Also, simultaneous imaging obviates the need for a
second imaging session, a significant relief for the often severely
physically impaired patients.

A comprehensive PET-CMR approach in BMD patients
to assess different aspects of myocardial changes at the
same time in the same cardiac region may well-reveal new
insights into pathophysiology of cardiac disease and has
not been attempted so far. In this context, we present
the first preliminary data of our ongoing PET-CMR-MD
research project.

METHODS

Study Population
Fourteen patients with BMD were prospectively enrolled within
the scope of the ongoing PET-CMR-MD research project that
focuses on cardiac phenotyping of patients with BMD with
different severity of myocardial involvement. The diagnosis of
BMD was confirmed by skeletal muscle biopsy evaluation with
immunohistochemical analysis of the dystrophin protein and/or
a genetic work-up with screening for dystrophin gene mutation.
Cardiological work-up included (amongst others) physical
examination and hybrid PET-CMR imaging. Blood samples were
obtained for laboratory studies including measurement of total
creatine kinase (CK), high-sensitive troponin-T (hsTnT), NT-
pro-brain-natriuretic-peptide (NT-proBNP) apart from others.
This study was approved by the local ethics committee and the
federal office for radiation protection (BfS). Written informed
consent was obtained from each patient prior to inclusion to
this study.

CMR Acquisition and Data Analysis
All patients included in this study underwent a simultaneous
and comprehensive PET-CMR imaging study. The studies were
performed on a 3-T PET-MRI system capable of simultaneous
PET and MRI image acquisition (Biograph mMR, Siemens
Healthcare). The CMR protocol comprised (amongst others)
cine-imaging and late-gadolinium-enhancement (LGE)-imaging,
∼10–15min after a cumulative gadolinium (Gadovist R©) dose
of 0.10 mmol/kg. Cine-imaging was performed using a steady-
state-free-precession (SSFP) sequence in three long-axis slices
(four-, three- and two-chamber) and a stack of short-axis slices
completely covering the LV.

Image analysis and interpretation were performed using
commercially available software (cvi42, Circle Cardiovascular
Imaging, Calgary, Alberta, Canada). Ventricular volumes,
ejection fraction and LV mass were derived by contouring endo-
and epicardial borders on the short-axis cine images and indexed
to body surface area. LGE extent was assessed on the short-axis
contrast images and an image intensity level ≥3 SD above the
mean of remote myocardium was used to define LGE indicative
of damaged myocardium as described previously and expressed
as percentage of total LV mass. Based on the 17-segment AHA
myocardial segmentation model, we defined a LV “septal wall” as
segments 2, 3, 8, 9 and 14, and a LV “lateral wall” as segments 5,
6, 11, 12 and 16.
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PET Acquisition and Data Analysis
Metabolism was assessed with FDG-PET after oral glucose
loading (50 grams) one hour before tracer injection to
effect myocardial carbohydrate uptake, in accordance with
clinically established protocols (10). Since diabetes was an
exclusion criterion for the study, administration of insulin as
recommended in the above guidelines for higher blood glucose
levels one hour after glucose loading was not necessary. PET was
acquired for 65min in list-mode, where all events are stored for
retrospective sorting into time frames. The tracer (∼185 MBq)
was injected as a slow bolus (duration ∼45 s) starting thirty
seconds into the list-mode scan. Uptake values from 60 to 65min
were divided by the area under the blood activity curve and
reported as percentages relative to the segment with maximal
myocardial FDG uptake.

In accordance with our CMR data analyses, we used the same
17-segment AHA myocardial segmentation model for our PET
data analyses and defined a LV “septal wall” as segments 2, 3, 8,
9 and 14, and a LV “lateral wall” as segments 5, 6, 11, 12 and
16. Segmental PET analysis was performed using the Cardiac
PET tool of the software package PMOD version 3.703 (PMOD
Technologies, Zurich).

Statistical Analysis
Statistical analysis was performed with SPSS (version 26.0,
IBM Corp., Armonk, NY). Normally distributed variables are
expressed as mean ± SD. Skewed variables are expressed
as median and range. Categorical variables are expressed
as frequency with percentage. Student’s t-test was used for
comparison of groups concerning normally distributed variables,
while Mann-Whitney U test was used for comparison of non-
normally distributed variables. Non-parametric Kruskal–Wallis
test was used in case of multiple comparisons of non-normally
distributed variables. Fisher’s exact test was used to compare non-
continuous variables expressed as proportions. Non-parametric
Spearman correlations were used for correlation analysis of non-
normally distributed variables. A p-value < 0.05 was considered
statistically significant.

RESULTS

Study Population
Patient characteristics as well as major laboratory results are
illustrated in Table 1. The median age of the present study group
of (male) BMD patients was 33 years (19–59 years) and there
were only N = 3 (21%) patients with loss of walking ability.
Median total CK levels were substantially elevated with 858
U/l (374–3.787 U/l) whereas hsTnT levels were only modestly
increased. There was no patient with NT-proBNP elevation in
our study group.

CMR Findings
Major CMR findings are shown inTable 2. Median LV-EF in allN
= 14 BMD patients was 55% (46–61%) withN = 6 (43%) patients
showing an impaired LV systolic function with a LV-EF <55%.
Median RV-EF was 57% (51–63%) and there was no patient with
an impaired RV systolic function (defined as RV-EF <50%). A

characteristic pattern of non-ischemic LGE in at least one LV
wall segment was observed in N = 13 (93%) patients. There was
only one patient without any LGE—who also showed a preserved
LV and RV systolic function. Presence of any LGE (mostly small
areas) in the septal wall was observed in N = 6 (43%) compared
to N = 13 (93%) patients with mostly extensive LGE in the LV
lateral wall.

FDG-PET Results in Relation to CMR
Findings
Segmental FDG uptake was 88 ± 6% in the LV lateral wall vs. 77
± 10% in the septal wall in the entire study group (p < 0.001).
In more detail, segmental FDG uptake in those patients with a
total LGE extent of ≤10% was 89 ± 6% in the lateral wall vs. 75
± 10% in the septal wall (p = 0.011). In contrast, there was no
significant difference in segmental FDG uptake in those patients
with a total LGE extent of >10% (86 ± 8% in the lateral wall
vs. 79 ± 8% in the septal wall, p = NS). There was a moderate
inverse relationship between segmental FDG activity compared
to segmental LGE extent (r =−0.33, p= 0.089).

There were N = 6 LGE-positive patients with a segmental
difference in FDG uptake of >15% in the LV lateral wall
compared to the septal wall = 1FDG-high group (lateral FDG
= 91 ± 3% vs. septal FDG = 69 ± 8%; p < 0.001) while the N
= 7 LGE-positive patients showed a segmental difference in FDG
uptake of ≤15% = 1FDG-low group (lateral FDG = 85 ± 7%
vs. septal FDG = 83 ± 5%; p = 0.37). There was no significant
difference in “global” as well as “septal” LGE extent between
the 1FDG-high vs. 1FDG-low group (Table 2). In contrast,
there was a substantial difference in “lateral” LGE extent with
significantly larger areas of LGE in the 1FDG-low group.

The single patient without any LGE and preserved LV and
RV systolic function showed a balanced FDG uptake when
septal segments were compared to lateral ones (Figure 1).
Patients in the 1FDG-high group showed rather small areas
of LGE in both the septal as well as the lateral walls without
significant differences (p = 0.09) and were characterized
by the highest segmental FDG uptake values in the LV
lateral wall Table 2; Figure 2. In contrast, patients in the
1FDG-low group were characterized by rather large areas
of LGE in the LV lateral wall compared to the septal wall
(p < 0.004), but showed less extensive FDG uptake in
the lateral wall compared to the 1FDG-high group Table 2;
Figure 3.

DISCUSSION

To the best of our knowledge, this is the first clinical study
that uses simultaneous PET-CMR imaging in patients with BMD
in order to assess both metabolic (FDG-PET) and structural
myocardial changes (LGE-CMR) at the same time in the
same cardiac regions. Based on the presented preliminary data,
we hypothesize that (a) segmental FDG uptake (reflecting
myocardial metabolic activity) is higher in the LV lateral
free wall (compared to the septal wall) of BMD patients
possibly due to a higher segmental work load, however, only
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TABLE 1 | Patient characteristics.

BMD (all) BMDLGE-positive1FDG-high BMD LGE-positive 1FDG-low p-value

N = 14 N = 6 N = 7

Age, years 33 (19–59) 41 (22–55) 39 (19–59) 0.94

BMI, kg/m² 20 (18–23) 20 (19–21) 20 (18–22) 0.48

CK total, U/l 857 (374–3,787) 958 (374–3,787) 854 (517–1,540) 0.83

hsTrop-T, ng/l 18 (12–50) 23 (16–38) 17 (13–50) 0.77

NT-proBNP elevation (%) 0% 0% 0% NS

ACE-inhibitor therapy (%) 29% 33% 29% NS

ß-blocker therapy(%) 14% 17% 14% NS

Loss of walking ability (%) 21% 33% 14% NS

TABLE 2 | CMR parameters.

BMD (all) BMDLGE-positive1FDG-high BMD LGE-positive 1FDG-low p-value

N = 14 N = 6 N = 7

LV-EF, % 55 (46–61) 55 (50–61) 53 (46–60) 0.52

LV-EDV index, ml/m² 92 (72–115) 92 (78–99) 95 (72–115) 0.67

LV mass index, g/m² 64 (50–75) 64 (53–72) 65 (50–75) 0.67

RV-EF, % 57 (51–63) 57 (51–62) 57 (53–63) 0.94

RV-EDV index, ml/m² 85 (72–106) 85 (72–100) 91 (74–106) 0.89

LGE presence, n (%) 13 (93) 6 (100) 7 (100) 1.0

Global LGE extent, % 7 (0–47) 6 (3–19) 17 (4–47) 0.09

Septal LGE extent, % 0 (0–36.8) 0 (0–36.8) 1.4 (0–15.1) 0.72

Lateral LGE extent, % 17.8 (0–74.5) 13.3 (3.1–18.9) 36.3 (9.9–74.5) 0.018

Bold font indicates a p-value <0.05.

FIGURE 1 | The single patient without any LGE and preserved LV and RV systolic function showed a balanced FDG uptake when septal segments were compared to

lateral ones.
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FIGURE 2 | Patients in the 1FDG-high group showed rather small areas of LGE in both the septal as well as the lateral walls without significant differences and were

characterized by the highest segmental FDG uptake values in the LV lateral wall.

FIGURE 3 | Patients in the 1FDG-low group were characterized by rather large areas of LGE in the LV lateral wall compared to the septal wall, but showed less

extensive FDG uptake in the lateral wall compared to the 1FDG-high group.

as long as myocardial scarring is limited, and (b) extensive
and ongoing myocardial scarring in the LV free wall results
in equalization of lateral vs. septal wall FDG uptake by a

“relative” decrease in lateral wall FDG uptake due to a decreasing
number of “viable” cardiomyocytes whilst growing scars in
this region.
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Measurement of FDG-uptake—reflecting myocardial glucose
metabolism—can be influenced by different patient-specific as
well as procedural factors. This important issue was recently
addressed in depth by Minamimoto et al. (11) nicely illustrating
that “major factors affecting myocardial glucose metabolism
include sex differences, aging, obesity, and diabetic mellitus” and
that “metabolic change also occurs in pathological states such
as obesity, diabetic mellitus, and non-ischemic cardiomyopathy.”
Moreover, these authors mentioned that “the physiological FDG-
uptake . . . will be poorly-reproducible in the following PET
examination” (!). These issues are important limitations of all
FDG-PET studies and do not only concern our present study . . .

The presence of LGE in BMD patients is caused by progressive
myocardial fibrosis as a consequence of ongoing cardiomyocyte
cell death due to genetic dystrophin-deficiency. Consequently,
naturally occurring LGE does not disappear in BMD patients
and is rather extending in the further disease course with a
continuous shift in the pattern from subepicardial to transmural.
Noteworthy, this process of progressive myocardial fibrosis starts
in the LV lateral free wall and extends to the septal wall
segments during the natural disease course—but is always more
pronounced in the LV lateral free wall.

As explained previously, myocardial fibrosis that can be
depicted by LGE-imaging preferentially located in the LV
free lateral wall of BMD patients is likely (a) due to
increased mechanical stress in this region and (b) preceded
by adaptive metabolic alterations that occur prior to final
cell death. The detailed molecular pathomechanism leading to
progressive cardiac contractile dysfunction in BMD patients
is still not known. Early alterations in cell metabolism
and signal transduction were suggested based on preclinical
studies in dystrophin deficient animal models (12). Moreover,
excessive intracellular calcium signaling and reactive oxygen
species (ROS) generation with breakdown of the mitochondrial
membrane potential were described in in vitro studies and may
constitute the link between the initial sarcolemmal injury due to
dystrophin deficiency and mitochondrial dysfunctions (12, 13).
In addition, it was demonstrated that even intact dystrophin
deficient cardiomyocytes have reduced compliance and increased
susceptibility to stretchmediated calcium overload, which in turn
lead to cardiomyocyte contracture and cell death. Hence, the
fragility of the cell membrane caused by deficient sarcolemmal
dystrophin may predispose cardiomyocytes to “metabolic”
alterations, which in turn may be enhanced by an excessive
susceptibility to mechanical stress. Therefore, it is not surprising
that segmental FDG uptake is higher in the LV lateral free
wall (compared to the septal wall) of BMD patients—as long as
myocardial scarring in these segments is limited.

Future studies with larger sample size need to confirm
the present hypothesis-generating preliminary results (and are
currently performed at least at our center) using simultaneous
PET-CMR imaging. Obviously, a “relatively” increased segmental
FDG uptake may reflect “aggravated,” however, “reversible”
metabolic changes in the myocardium (caused by e.g. disease-
specific mechanical stress) and thereby precede irreversible cell
death with occurrence of replacement fibrosis. Hence, FDG-PET
findings—in addition to simultaneous LGE-CMR findings—may

help to detect very early cardiac disease stages and thereby allow
to timely start appropriate therapy and to carefully monitor
cardiac disease stage.

Limitations
Obviously, the study group was rather small and cautious
interpretation of the present data and results is required.
However, BMD is an orphan disease and both recruitment of
patients as well as conduct of PET-CMR studies are challenging
in BMD patients. Noteworthy, this is the first PET-CMR study
that was performed in BMD patients so far. Second, myocardial
FDG uptake is prone to variations that do not always reflect
pathological changes in metabolism (e.g. in case of suboptimal
oral glucose loading to effect myocardial carbohydrate uptake).
We cannot rule out some “physiological” differences between
septal and lateral wall FDG-uptake, but we do not believe
that those “physiological” effects may explain the substantial
differences observed in the present study. Finally, we have
chosen a simplified and targeted approach regarding analysis
of FDG-PET data in order to allow a straightforward and
categorical comparison of LV lateral vs. septal wall segments—
without getting lost in too complex analyses that would not be
appropriate in our small study group. It was decided against full
quantitation of myocardial glucose utilization since this would
require a lengthy glucose clamp procedure (14) considered too
time consuming in addition to the already lengthy PET-CMR
imaging procedure for this patient group with the risk of early
scan termination.

CONCLUSION

Segmental FDG uptake—reflecting myocardial metabolic
activity—is higher in the LV free wall of BMD patients—possibly
due to a higher segmental work load. However, segmental
metabolic activity seems to be dependent on and limited by the
respective segmental extent of myocardial fibrosis as depicted
by LGE-imaging.
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Background and Aim: Pericoronary adipose tissue (PCAT) reflects pericoronary

inflammation and is associated with coronary artery disease. We aimed to identify the

association between local PCTA thickness using cardiac magnetic resonance (CMR) and

prognosis of patients with ST-elevation myocardial infarction (STEMI), and to investigate

the incremental prognostic value of PCAT thickness in STEMI after reperfusion.

Methods: A total of 245 patients with STEMI (mean age, 55.61 ± 10.52 years)

who underwent CMR imaging within 1 week of percutaneous coronary intervention

therapy and 35 matched controls (mean age, 53.89 ± 9.45 years) were enrolled.

PCAT thickness indexed to body surface area at five locations, ventricular volume and

function, infarct-related parameters, and global strain indices were evaluated using CMR.

Associations between PCAT thickness index and 1-year major adverse cardiovascular

events (MACE) after STEMI were calculated. The prognostic value of the standard model

based on features of clinical and CMR and updated model including PACT thickness

index were further assessed.

Results: Patients with MACE had a more significant increase in PCAT thickness

index at superior interventricular groove (SIVGi) than patients without MACE. The

SIVGi was significantly associated with left ventricular ejection fraction (LVEF), infarct

size, and global deformation. SIVGi > 4.98 mm/m2 was an independent predictor

of MACE (hazard ratio, 3.2; 95% CI: 1.6–6.38; p < 0.001). The updated model

significantly improved the power of prediction and had better discrimination ability than

that of the standard model for predicting 1-year MACE (areas under the ROC curve

[AUC] = 0.8 [95% CI: 0.74–0.87] vs. AUC = 0.76 [95% CI: 0.68–0.83], p < 0.05;

category-free net reclassification index [cfNRI] = 0.38 [95% CI: 0.1–0.53, p = 0.01];

integrated discrimination improvement [IDI] = 0.09 [95% CI: 0.01–0.18, p = 0.02]).
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Conclusions: This study demonstrated SIVGi as an independent predictor conferred

incremental value over standard model based on clinical and CMR factors in 1-year

MACE predictions for STEMI.

Keywords: ST elevatedmyocardial infarction, magnetic resonance imaging, pericoronary adipose tissue, coronary

artery disease, prognosis

INTRODUCTION

Effective stratification of residual risk during the early
postoperative period is particularly important for the short-term
prognosis of patients with acute myocardial infarction (MI) (1).
Previous studies have shown that decreased cardiac function,
morphological changes of the left ventricle, and large myocardial
infarct size evaluated using cardiac magnetic resonance (CMR)
imaging are common predictors of adverse events after MI
(2). CMR strain indicators, which signal decreased myocardial
compliance, have become important prognostic and functional
markers for early risk stratification and treatment decisions for
survivors of MI (3, 4).

Inflammation has long been postulated to play an important
role in the atherosclerotic progression and recurrent major
adverse cardiovascular events (MACE) (5, 6). Reportedly, the
volume and thickness of epicardial adipose tissue (EAT), as
a source of inflammatory cytokines, is associated with the
severity of coronary artery disease (CAD) (7–9). Recent evidence
demonstrates that the CT attenuation of pericoronary adipose
tissue (PCAT) – the EAT directly surrounding the coronary
arteries – is associated with cardiac mortality (10, 11). It might
imply that the local PCAT might have a more direct and efficient
impacts on CAD compared with the global EAT. However, there
are only a few studies on the relationship between local PCAT
and ST-elevation myocardial infarction (STEMI), and no study
has been reported on the incremental prognostic value of PCAT
thickness after revascularization in patients with STEMI.

Therefore, the purpose of this study was to evaluate the
changes in PCAT thickness at different locations after STEMI,
to evaluate the association of PCAT thickness indices with the
occurrence MACE, and to determine the effective predictors
among PCAT thickness indices to investigate the incremental
prognostic value of PCAT thickness index inMACEwithin 1 year
after STEMI.

MATERIALS AND METHODS

Study Group
From April 2017 to December 2019, we retrospectively
screened 323 patients who had STEMI for the first time and
underwent percutaneous coronary intervention (PCI) therapy
at Shengjing Hospital of China Medical University. STEMI
was defined according to current definitions (12). We excluded
patients who did not undergo contrast CMR imaging within
1 week of PCI, had CMR images of poor quality, or had
a history of MI or revascularization. A total of 245 patients
met the eligibility criteria and were enrolled in the study
(Supplementary Figure 1). We also enrolled 35 participants

without any known or suspected CAD (based on clinical history)
who underwent CMR imaging between December 2019 and
July 2020 as control subjects. This study complied with the
tenets of the Declaration of Helsinki and was approved by
the Shengjing Hospital of China Medical University Research
Ethics Committee.

Clinical Assessment and Endpoint
We collected the relevant clinical history data of all patients
and controls, including information on baseline clinical
characteristics, cardiovascular risk factors, laboratory
parameters, current medication, and angiographic information.
The follow-up information was obtained from the patients’
medical records and from telephone interviews. The endpoint
was time to first MACE within the 12-month follow-up
period post-revascularization, and included a composite of
cardiovascular death, recurrent MI, clinically driven target
lesion revascularization, and readmission for heart failure (13).
Planned-staged procedures were not counted as MACE.

CMR Imaging and Analysis
All patients were examined using a 3.0-T MR scanner (Ingenia,
Philips Healthcare, Best, Netherlands). Anonymized CMR
images were analyzed offline using customized software (Circle
Cardiovascular Imaging, cvi42 R©, Calgary, Canada). The images
were analyzed by two experienced observers blinded to all
patient data. CMR data were prospectively incorporated into
the database. The details of the technical aspects of CMR
acquisitions, sequences, and quantification have been described
previously (14).

Left ventricular ejection fraction (LVEF) (%), left ventricular
end-diastolic volume (LVEDV) index (ml/m2), left ventricular
end-systolic volume (LVESV) index (ml/m2), left ventricular
mass index, right ventricular ejection fraction (%), right
ventricular end-diastolic volume index (ml/m2), right ventricular
end-systolic volume index (ml/m2), microvascular obstruction
(%), edema size (% of left ventricular mass), infarct size (%
of left ventricular mass), and myocardial salvage index (%
of left ventricular mass with myocardial edema not showing
delayed enhancement) were calculated. Tissue tracking-CMR
strain analysis was also performed, and the global strain values
(global radial strain [GRS], global circumferential strain [GCS],
and global longitudinal strain [GLS]) through the entire cardiac
cycle were calculated semi-automatically using the software as
previously described (14).

Measurement of PCAT Thickness
Pericoronary adipose tissue thickness was measured
using the end-diastolic phase CMR cine images
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(Supplementary Figure 2). PCAT thickness was defined as the
distance between the myocardial surface and the pericardium,
which is perpendicular to the pericardium through the center
of coronary arteries inside the PCAT. All PCAT measurements
were indexed to the body surface area of individual patients to
get corrected parameters (right atrioventricular groove PCAT
thickness index [RAVGi], anterior interventricular groove
PCAT thickness index [AIVGi], left atrioventricular groove
PCAT thickness index [LAVGi], superior interventricular groove
PCAT thickness index [SIVGi], inferior interventricular groove
PCAT thickness index [IIVGi]).

Statistical Analysis
Continuous data were tested for normal distribution using the
Kolmogorov–Smirnov test. Normally distributed data were
expressed as mean ± SD and compared using Student’s t-test.
Nonparametric data were expressed as medians (interquartile
ranges) and compared using the Mann–Whitney U test.
Categorical variables were expressed as percentages and
compared using the chi-square test or Fisher’s exact test
where appropriate. The correlations between PCAT thickness
indices and CMR imaging parameters were evaluated using
Pearson’s correlation coefficient and the reproducibility
was assessed using Bland–Altman analysis and intra-class
correlation coefficients.

The time-dependent receiver operating characteristics (ROC)
curve analysis was used to assess the performance of the strain
indexes and PCAT thickness indexes for the prediction of adverse
cardiac events 1-year post STEMI. The areas under the ROC
curve (AUCs) and the corresponding 95% CI were calculated
as well. Meanwhile, the optimal cutoff for each index was
determined. Kaplan–Meier curves were used to estimate MACE-
free survival rates with respect to high and low level of the PCAT
index with best discriminative ability. The comparison of survival
rates between groups was examined using the log-rank test.

To facilitate the construction of the Cox regression model,
continuous variables were categorized into binary variables using
optimal cutoffs, median values, or values of clinical significance,
as appropriate. Univariate Cox regression model was used
to estimate the risk of adverse events, which were expressed
as hazard ratios (HR) and 95% CIs. Two multivariable Cox
regression models were then conducted. Those were the standard
model and updated model. The least absolute shrinkage and
selection operator (LASSO) strategy, an efficient in handling
high-dimensional data (15), was used to select the most useful
predictors except for the PCAT thickness indexes in the standard
model. The optimal λ in the LASSO Cox regression model was
determined by 10-fold cross-validation using the one standard
error of the minimum criteria (1-SE criteria). Thereafter, the
PACT thickness index with the best performance will be added
in to update the standard model. The performances of the
two models were further assessed by AUCs. The incremental
prognostic value of the updated model was evaluated using
delta AUC. The category-free net reclassification improvement
(NRI) and integrated discrimination improvement (IDI) were
calculated as well (16). NRI is defined as the difference in the
proportions of study subjects with events correctly assigned a

higher probability and study subjects without events correctly
assigned a low probability by an updated model compared
with the standard one (16). IDI refers to the extent to which
the updated model can improve the average sensitivity but
without reducing average specificity as compared with that of
the standard model (17). Finally, a nomogram that enables the
visualization of the probability of 1-year MACE was drawn to
assist risk stratification.

A two-tailed p < 0.05 was considered statistically significant.
All statistical analyses were conducted using R software (version
3.6.3, Vienna, Austria). The following packages were involved:
“timeROC,” “survivalROC,” “survival,” “survminer,” “glmnet,”
and “survIDINRI.”

RESULTS

Baseline Characteristics
Table 1 shows the baseline clinical and CMR imaging
characteristics of the study population categorized as control
vs. patients with STEMI and further stratified according to the
occurrence of MACE. There were no significant differences
between the patients with STEMI and the control subjects with
respect to age and sex. Patients with STEMI were significantly
more likely to have traditional cardiovascular risk factors than
the control subjects. Compared with patients without MACE,
patients with MACE-STEMI had higher Troponin I value.
However, there was no significant difference between patient
with and without MACE in peak high-sensitivity C-reactive
protein (hs-CRP) as a marker of systemic inflammation.
Patients with STEMI, especially those with MACE, had a
larger chamber size, lower LVEF, larger infarct size, and less
deformation, as evaluated using GRS, GCS, and GLS, than the
controls (Table 1).

Pericoronary Adipose Tissue Thickness
Index and Main CMR Parameters
The PCAT thickness indices of patients with STEMI were
significantly greater than those of controls at all locations
measured, except IIVGi (Table 1). However, only SIVGi showed
significant difference between patients with MACE and patients
without MACE (Table 1). We found that only SIVGi was
associated with LVEF, infarct size, and the three strain indices
in all patients with STEMI (Table 2). We also noted a significant
increase in SIVGi in patients with lower LVEF, larger infarction
size, and less deformation (LVEF≥50%: 4.63 ± 1.47 mm/m2,
LVEF < 50%:5.34 ± 1.63 mm/m2, p = 0.001; infarction size
≤ 13.73%:4.60 ± 1.38 mm/m2, infarction size > 13.73%:5.37
± 1.69 mm/m2, p < 0.001; GRS ≥ 22.77%:4.67 ± 1.57
mm/m2, GRS < 22.77%:5.30 ± 1.55 mm/m2, p < 0.01;
GCS ≤ −14.2%:4.71 ± 1.52 mm/m2, GCS > −14.2%:5.61
± 1.57 mm/m2, p < 0.001; GLS ≤ −8.6%:4.79 ± 1.61
mm/m2, GLS > −8.6%:5.26 ± 1.53 mm/m2, p = 0.02)
(Supplementary Table 1).
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TABLE 1 | Baseline characteristics of study population.

Variables Controls

(N = 35)

All STEMI (N = 245) P value MACE-STEMI

(N = 47)

No MACE-STEMI

(N = 198)

P value

Clinical characteristics

Age (years) 53.89 ± 9.45 55.61 ± 10.52 0.36 56.87 ± 9.99 55.31 ± 10.65 0.36

Male sex (%) 25 (71.43) 197 (80.41) 0.22 38 (80.85) 159 (80.30) 0.93

BMI (kg/m2 ) 22.01 ± 3.44 25.87 ± 3.29 <0.001 25.75 ± 3.17 25.91 ± 3.33 0.77

BSA (m2) 1.71 ± 0.23 1.85 ± 0.18 <0.001 1.84 ± 0.17 1.86 ± 0.18 0.68

Diabetes mellitus (%) 3 (8.57) 62 (25.31) 0.03 9 (19.15) 53 (26.77) 0.28

Hypertension (%) 6 (17.14) 108 (44.08) <0.01 23 (48.94) 85 (42.93) 0.46

SBP (mm Hg) 119.80 ± 17.28 125.69 ± 21.13 0.12 126.94 ± 19.44 125.40 ± 21.55 0.66

TC (mmol/L) - 4.88 ± 1.13 - 5.00 ± 1.16 4.85 ± 1.12 0.40

TG (mmol/L) - 2.00 ± 1.82 - 1.69 ± 1.38 2.08 ± 1.91 0.19

HDL-C (mmol/L) - 1.02 ± 0.32 - 1.12 ± 0.34 1.00 ± 0.31 0.03

LDL-C (mmol/L) - 3.01 ± 1.03 - 3.19 ± 0.97 2.97 ± 1.04 0.19

#Dyslipidemia (%) - 185 (75.51) - 33 (70.21) 152 (76.76) 0.35

eGFR (ml/min/1.73 m2) - 96.33 ± 17.12 - 96.33 ± 16.95 96.33 ± 17.13 1.00

Smoking (%) 7 (20.00) 146 (59.59) <0.001 30 (63.83) 116 (58.59) 0.51

Heart rate on admission (bpm) 69.63 ± 8.32 78.96 ± 17.72 <0.01 82.34 ± 21.43 78.15 ± 16.69 0.15

Killip class >I (%) 0 35 (14.29) - 10 (21.28) 25 (12.63) 0.13

Symptom onset to reperfusion

time (min)

- 304 (190–535) - 358 (253–573) 300 (175–529) 0.72

Peak creatine kinase MB (ng/ml) - 126.00

(79.90–205.35)

- 160.10

(89.30–335.60)

126.00 (79.90–168.30) 0.08

Troponin T (ng/ml) - 4.08 (1.32–10.0) - 4.26

(2.13–10.00)

4.08 (1.21–11.34) 0.93

Troponin I (ng/ml) - 31.60 (9.00–54.83) - 43.51

(17.65–76.06)

27.35 (8.93–41.54) <0.01

Peak hs-CPR (mg/dL) - 5.80 (3.0–10.34) - 7.00

(3.90–10.80)

5.60 (2.68–10.34) 0.26

Anterior infarction (%) 0 108 (44.08) - 26 (55.32) 82 (41.41) 0.08

Multivessel disease (%) 0 6 (2.45) - 1 (2.13) 5 (2.53) 0.87

Initial TIMI flow grade >1 (%) - 66 (26.94) - 10 (21.28) 56 (28.28) 0.33

Final TIMI flow grade 3 (%) - 240 (97.96) - 45 (95.74) 195 (98.48) 0.23

Medications

Aspirin (%) 6 (17.14) 244 (99.59) <0.001 47 (100) 197 (99.49) 0.63

Statins (%) 8 (22.86) 241 (98.37) <0.001 45 (95.74) 196 (98.99) 0.12

ACEI/ARB (%) 7 (20.00) 223 (91.02) <0.001 43 (91.49) 180 (90.91) 0.90

βblocker (%) 4 (11.43) 224 (91.43) <0.001 41 (87.23) 183 (92.42) 0.25

Conventional CMR characteristics

LVEF (%) 58.49 ± 6.76 50.15 ± 11.93 <0.001 42.36 ± 12.16 51.99 ± 11.13 <0.001

LVEDVi (ml/m²) 69.11 ± 10.72 73.84 ± 14.55 0.07 80.47 ± 16.21 72.27 ± 13.71 <0.001

LVESVi (ml/m²) 29.03 ± 7.46 37.61 ± 14.61 0.001 47.48 ± 17.47 35.26 ± 12.81 <0.001

LV mass index (g/m2) 52.22 ± 10.58 63.37 ± 11.51 <0.001 65.92 ± 12.93 62.76 ± 11.09 0.09

RVEF (%) 44.18 ± 6.51 37.30 ± 13.51 <0.01 34.00 ± 14.28 38.08 ± 13.24 0.06

RVEDVi (ml/m²) 57.95 ± 12.19 57.59 ± 12.80 0.88 56.83 ± 14.89 57.77 ± 12.28 0.65

RVESVi (ml/m²) 32.69 ± 8.81 35.85 ± 10.23 0.08 37.28 ± 11.73 35.51 ± 9.85 0.29

Edema size (% of LV mass) - 37.26 ± 13.52 - 38.24 ± 13.89 36.75 ± 13.65 0.50

Microvascular obstruction (%) - 88 (35.92) - 20 (42.55) 68 (34.34) 0.29

Infarct size (% of LV mass) - 13.73 (8.62–19.01) - 17.04

(11.53–23.78)

12.97 (7.89–18.05) <0.01

MSI (% of LV mass) - 22.16 (8.28–33.15) - 19.25

(3.22–30.14)

23.67 (10.98–33.58) 0.09

(Continued)
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TABLE 1 | Continued

Variables Controls

(N = 35)

All STEMI (N = 245) P value MACE-STEMI

(N = 47)

No MACE-STEMI

(N = 198)

P value

Strain characteristics

GRS (%) 34.09 ± 7.56 23.53 ± 7.98 <0.001 18.96 ± 6.93 24.61 ± 7.85 <0.001

GCS (%) −20.51 ± 2.86 −15.67 ± 3.49 <0.001 −13.56 ± 3.66 −16.17 ± 3.26 <0.001

GLS (%) −12.69 ± 2.49 −9.30 ± 2.92 <0.0001 −7.84 ± 2.25 −9.64 ± 2.96 <0.001

PCAT thickness characteristics

RAVGi (mm/m2 ) 4.77 ± 1.15 5.99 ± 1.81 <0.001 6.31 ± 1.78 5.93 ± 1.82 0.19

AIVGi (mm/m2 ) 2.27 ± 0.65 2.81 ± 0.84 <0.001 2.66 ± 0.70 2.85 ± 0.86 0.15

LAVGi (mm/m2 ) 3.54 ± 0.81 4.82 ± 1.44 <0.001 4.67 ± 1.27 4.85 ± 1.47 0.45

SIVGi (mm/m2 ) 3.79 ± 1.11 4.98 ± 1.59 <0.001 5.99 ± 1.55 4.75 ± 1.51 <0.001

IIVGi (mm/m2 ) 2.94 ± 0.99 3.10 ± 0.97 0.35 3.18 ± 1.02 3.08 ± 0.96 0.56

ACEi, Angiotensin-converting enzyme inhibitors; AIVGi, Anterior interventricular groove PCAT thickness index; ARB, Angiotensin Receptor Blockers; BMI, Body mass index; BSA, Body

surface area; CMR, Cardiac Magnetic Resonance; eGFR, Estimated glomerular filtration rate; GCS, Global circumferential strain; GLS, Global longitudinal strain; GRS, Global radial strain;

HDL-C, High-density lipoprotein cholesterol; IIVGi, Inferior interventricular groove PCAT thickness index; LAD, Left anterior descending; LAVGi, Left atrioventricular groove PCAT thickness

index; LCX, Left circumflex; LDL-C, Low-density lipoprotein cholesterol; LVEDVi, left ventricular end-diastolic volumeindex; LVEF, Left ventricular ejection fraction; LVESVi, left ventricular

end-systolic volumeindex; MACE, Major adverse cardiac events; MSI, Myocardial salvage index; PCAT, Pericoronary adipose tissue; RAVGi, Right atrioventricular groove PCAT thickness

index; RCA, Right coronary artery; RVEDVi, Right ventricular end-diastolic volume index; RVEF, Right ventricular ejection fraction; RVESVi, Right ventricular end-systolic volume index;

SBP, Systolic blood pressure; SIVGi, Superior interventricular groove PCAT thickness index; STEMI, ST elevation myocardial Infarction; TC, Total cholesterol; TG, Triglycerides; TIMI,

Thrombolysis in myocardial infarction. Categorical variables are expressed as absolute number (percentage); Symptom onset to reperfusion time, Peak creatine kinase MB, Troponin T,

Troponin I, Peak hs-CPR, Infarct size and Myocardial salvage index are expressed as median (IQR); All other continuous variables are expressed as mean ± SD.
#Participants were diagnosed with dyslipidemia if they met any of the following criteria27: TC ≥ 6.22 mmol/L, TG ≥ 2.26 mmol/L, LDL-C ≥ 4.14 mmol/L, HDL-C < 1.04 mmol/L, or

patients who were taking lipid-regulating medications.

TABLE 2 | The bivariate Pearson’s correlations between pericoronary adipose

tissue (PCAT) thickness index and left ventricular ejection fraction (LVEF), infarct

size, left ventricular end-diastolic volume index (LVEDVi), left ventricular

end-systolic volume index (LVESVi), and strains in all patients with ST elevation

myocardial Infarction (STEMI).

Pearson correlationsRAVGi AIVGi LAVGi SIVGi IIVGi

LVEF 0.010 0.064 0.034 −0.299*** 0.075

Infarct size 0.084 0.041 −0.014 0.299*** 0.144*

LVEDVi 0.029 −0.104 −0.003 0.202*** −0.012

LVESVi 0.002 −0.097 −0.034 0.292*** −0.066

GRS 0.066 0.079 0.098 −0.238*** 0.065

GCS −0.035 −0.011 −0.040 0.307*** −0.050

GLS −0.051 −0.066 −0.054 0.159* −0.047

AIVGi, Anterior interventricular groove PCAT thickness index; GCS, Global circumferential

strain; GLS, Global longitudinal strain; GRS, Global radial strain; IIVGi, Inferior

interventricular groove PCAT thickness index; LAVGi, Left atrioventricular groove PCAT

thickness index; LVEDVi, left ventricular end-diastolic volume index; LVEF, Left ventricular

ejection fraction; LVESVi, left ventricular end-systolic volume index; PCAT, Pericoronary

adipose tissue; RAVGi, Right atrioventricular groove PCAT thickness index; SIVGi,

Superior interventricular groove PCAT thickness index; STEMI, ST elevation myocardial

Infarction. *Indicates P < 0.05; ***indicates P < 0.001.

The PCAT Thickness Index With Best
Discriminative Ability
During a 1-year follow-up period, 47 patients (19.18%)
with STEMI had their first MACE (Supplementary Table 2,
Supplementary Figure 5). For all patients, the time-dependent
ROC curve analysis demonstrated that the AUC of 0.73 (95%
CI: 0.66–0.80, p < 0.01, cutoff value: 4.98 mm/m2) for SIVGi
was the highest among the AUCs of the PCAT thickness indices
(Figure 1B). Moreover, the Kaplan–Meier event-free survival
curve analysis also showed that SIVGi > 4.98 mm/m2 was

associated with poor 1-year MACE-free survival in patients with
STEMI (Figure 2). Therefore, SIVGi was significant associated
with the time to MACE. To avoid variable overfitting, SIVGi
was the only PCAT thickness parameter tested in subsequent
multivariable analyses.

Similarly, the discriminative ability of different strain
characteristics for predicting 1-year MACE was also identified
by the time-dependent ROC curve. It was shown that the AUC
for GRS was higher among the three parameters, and there was
no significant difference compared with the other two AUCs
(Figure 1A).

Univariate and Multivariable Analysis
Univariate Cox regression analysis was performed to
estimate the risk predictors of one-year MACE post-STEMI
(Supplementary Table 3). It demonstrated that a Troponin I
> 31.60 ng/ml, a LVEF < 50%, and an infarct size >13.73%
were associated with a two- to three-fold increased risk for
adverse events, and that a LVESV index > 35.99% ml/m²,
a GRS < 22.77%, a GCS > −14.2%, and a GLS > −8.6%
were associated with an approximately four-fold increased
risk for adverse events for all the patients with STEMI
(Supplementary Table 3). Further, SIVGi > 4.98 mm/m2

was associated with an approximately five-fold increased risk for
MACE (Supplementary Table 3).

The standard model in Table 3 showed that LVESV index,
GRS, GCS, and GLS were significantly associated with 1.89-,
1.77-, 1.86-, and 2.03-fold elevated risk of adverse events,
respectively (Supplementary Figure 3). The addition of SIVGi
in the updated model revealed that SIVGi was independently
associated with risk of adverse events (HR = 3.2, 95% CI:
1.6–6.38, p < 0.001). Similar results were found when LVESV
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FIGURE 1 | The time-dependent receiver operator characteristic (ROC) curves showing the discriminative ability of different strain characteristics (A) and PCAT

thickness characteristics (B) for predicting 1-year major adverse cardiac events (MACE). AIVGi, Anterior interventricular groove PCAT thickness index; AUC, Areas

under the ROC curve; CI, confidence interval; GCS, Global circumferential strain; GLS, Global longitudinal strain; GRS, Global radial strain; IIVGi, Inferior interventricular

groove PCAT thickness index; LAVGi, Left atrioventricular groove PCAT thickness index; MACE, Major adverse cardiac events; PCAT, Pericoronary adipose tissue;

RAVGi, Right atrioventricular groove PCAT thickness index; ROC, Receiver operator characteristic curve; SIVGi, Superior interventricular groove PCAT thickness index.

index, GRS, GCS, GLS, and SIVGi were enrolled into Cox
regression model as continuous variables. There was a 1.49-fold
higher risk in adverse events per mm/m2 increase in SIVGi
(Supplementary Table 4).

Incremental Discriminatory and
Reclassification Performance of SIVGi
As shown in Table 3, the discriminative power of the updated
model was stronger than that of the standard model (AUC: 0.8
vs. 0.76). The delta AUC and p-value were 0.046 and 0.047,
respectively. The incremental prognostic value of SIVGi was
further confirmed by reclassification analysis. As compared with
the standard model, the updated model could more accurately
assigned 38% of the participants into the MACE group or non-
MACE group (category-free NRI [cfNRI] = 0.38, p = 0.01),
which was consistent with the non-zero IDI value (IDI = 0.09,
p = 0.02). Similar findings were depicted in the sensitivity
analysis in which traditional risk factors such as age, sex,
smoking, BMI, diabetes mellitus, hypertension, dyslipidemia,
eGFR, LVEF, statins, ACEI/ARB, and β blocker were further
adjusted (Supplementary Table 5).

A higher AUC was also found in the updated model than
the standard model when the SIVGi was treated as a continuous
variable in Cox regression models (AUC: 0.82 vs. 0.74; delta AUC
= 0.08, p < 0.01) (Supplementary Table 4). As compared with
the standard model, the updated model could more accurately

assigned 29% of the participants (cfNRI = 0.29, p = 0.03).
However, we failed to detect a significant IDI value (IDI = 0.03,
p= 0.31).

Based on the updated model, a nomogram that combined all
the independent predictors was constructed to predictMACE at 1
year (Supplementary Figure 4). In this nomogram, each variable
was given a score, and by summing up the total score of each
patient, we could predict the possibility of MACE at 1 year.

DISCUSSION

The main finding of the present study was that the increased
PCAT thickness at the SIVG was more significant in patients
with MACE after STEMI. The SIVGi was significantly associated
with LVEF, infarct size and LV global deformation in STEMI.
As an independent predictor for 1-year MACE, SIVGi conferred
incremental value in predictions for patients with STEMI.

Pericoronary adipose tissue as an organ is anatomically
adjacent and functionally interrelated with the myocardium
and coronary arteries. Under physiological conditions, PCAT
has anti-inflammatory and protective effects and can be used
as an energy reservoir to provide fatty acids to the coronary
arteries and myocardium (18–20). However, PCAT contains a
high density of lymphoid clusters and as a chemical reservoir, can
secrete pro-inflammatory cytokines and directly induce adjacent
coronary artery inflammation in pathological states, thereby
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FIGURE 2 | Kaplan–Meier MACE-free survival estimated stratified by SIVGi in all patients with STEMI. Patients with higher SIVGi displayed a significantly higher risk of

a first MACE. Central line represented the survival curves and the upper and lower lines of the colored areas correspond to the 95% CI. MACE, Major adverse cardiac

events; SIVGi, Superior interventricular groove PCAT thickness index.

promoting the progression of atherosclerosis, plaque rupture,
and thrombosis, causing acute MI (9, 21, 22). Acute MI can
induce the pathological state of EAT. It is well known that as a
cardiovascular disease that increases sympathetic activation, MI
is characterized by sustained stimulation of β-adrenoceptors (β-
ARs) and activation of the renin-angiotensin-aldosterone system.
The vascular dysfunction induced by the overstimulation of β-
AR associated with endothelial nitric oxide synthase uncoupling
can cause PCAT impairment (23). At the same time, the infarcted
myocardium directly secretes inflammatory factors and causes
hypoxia in the surrounding microenvironment to promote the
inflammatory response of the adjacent EAT, which can promote
accumulation and thickening of local EAT (24). The findings of
the present study are in accordance with the global and local
effects of MI on EAT. We found that for patients with STEMI,

PCAT thickened in all locations, and local PCTA at SIVG more
significantly thickened in patient with MACE. However, in our
study, the peak hs-CPR, as a marker of systemic inflammation,
was not significantly increase in patient with MACE compared
with patients without MACE. It supported that the local PCAT
could be a more direct and efficient indicator on MACE after
STEMI compared with global changes.

Previous ultrasound studies have explored the relationship
between local EAT thickness and the prognosis of patients with
MI (25, 26). Morales-Portano et al. used ultrasound to measure
the mean EAT thickness at the right ventricle free wall and
the interventricular groove, which showed the good predictive
ability for MACE in patients with CAD (25). However, in a 3-
year follow-up study of 114 patients with STEMI, Esen et al.
found that the EAT thickness at the right ventricle free wall was
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TABLE 3 | Comparison of the standard and updated multivariate Cox regression

models for predicting 1-year major adverse cardiac events (MACE) post STEMI.

Variables Standard model Updated model

HR (95%CI) P value HR

(95%CI)

P value

LVESVi (>35.99

ml/m²)

1.89 (0.89,

4.00)

0.10 1.87 (0.90,

3.87)

0.09

GRS (<22.77%) 1.77 (0.80,

3.94)

0.16 1.67 (0.75,

3.68)

0.21

GCS (>-14.2%) 1.86 (0.93,

3.71)

0.08 1.53 (0.77,

3.02)

0.23

GLS (>-8.6%) 2.03 (1.03,

4.01)

0.04 1.98 (1.00,

3.90)

0.05

SIVGi (>4.98

mm/m2 )

- - 3.20 (1.60,

6.38)

<0.001

AUC (95%CI) 0.76 (0.68, 0.83) 0.80 (0.74, 0.87)

Delta AUC;

P value

0.046; 0.047

cfNRI (95%CI);

P value

0.38 (0.10, 0.53); 0.01

IDI (95%CI);

P value

0.09 (0.01, 0.18); 0.02

AUC, Areas under the ROC curve; cfNRI, category-free net reclassification index; CI,

Confidence interval; GCS, Global circumferential strain; GLS, Global longitudinal strain;

GRS, Global radial strain.HR, Hazard ratio; IDI, Integrated discrimination improvement

index; LVEF, Left ventricular ejection fraction; LVESVi, left ventricularend-systolic volume

index; MACE,Major adverse cardiac events; SIVGi, Superior interventricular groove; PCAT

thickness index; STEMI, ST elevation myocardial Infarction.

not related to the clinical outcome after PCI (26). Therefore,
the prognostic value of local EAT thickness for STEMI remains
controversial. In the present study, we found that SIVGi is
a stronger predictor of outcome than other PCAT thickness
parameters. An SIVGi > 4.98 mm/m2 was associated with a
4.52-fold increased risk for MACE after STEMI, whereas other
PCAT thickness indices were associated with about 1- to 2-
fold increased risk for MACE. A previous CT study indicated
that PCAT around the left anterior descending (LAD) artery
and right coronary artery, but not around the left circumflex
coronary artery, is an independent predictor of all-cause and
cardiac mortality (11), a finding that supports that of the present
study. This is also consistent with the result of another recent
MR study, which showed that perivascular EAT at the SIVG
is an independent predictor of composite MACE in patients
with STEMI (odds ratio, 2.26) after adjustment for age, sex,
and LVEF (13).

The findings of the present study and those of previous
studies indicate that there are some possible reasons for the
significant thickening of PCAT at the SIVG and why it is
an independent predictor of MACE. First, the interventricular
groove, which is shallow and broad, is where the EAT has
the closest contact and is most adjacent to the myocardium,
especially the EAT at the SIVG, which is most directly affected by
paracrine effects produced by the anterior infarctedmyocardium.
This could be supported by the significant increase in SIVGi
in MACE group, as there were more patients with anterior

MI (∼60%) and larger MI sizes in MACE-STEMI compared
with no MACE-STEMI in the present study. Second, given that
LAD is the main artery of the left ventricle with the most
extensive blood supply range, the redistribution of coronary
blood flow is most significant after MI. In addition, the
damage to the endothelial cells of the LAD can induce more
obvious abnormal accumulation of PCAT around the LAD.
The effect of PCAT at the SIVG on blood vessels is also
stronger and has greater influence on prognosis (27). Third,
according to the characteristics of the anatomical location,
the measurement value of PCAT thickness at the SIVG is
more accurate, more reproducible, and more sensitive to the
pathological state of the PCTA than that of other locations.
Compared with other PCAT thickness indices, SIVGi had
perfect repeatability and the highest AUC value in the present
study, a finding that further supports this view. Therefore,
it is not appropriate to analyze the overall change in EAT
as doing so may dilute the changes controlled by PCAT
at the SIVG, which may reduce the ability of PCAT to
assess prognosis. Indeed, we found that the higher SIVGi
was significantly assistant with lower LVEF, larger LV infarct
area, and less deformation, all of which indicate a poor
prognosis in patients with STEMI. The deterioration of these
parameters may suggest the pathologic effect of PCAT in patients
with STEMI.

The results of the present study showed that compared with
standard model, the updated model including SIVGi with a
cutoff value of 4.98 mm/m2 had better discrimination and
reclassification ability for patients with 1-year MACE after
STEMI. The sensitivity analysis in which traditional risk factors
were further adjusted also supported this. Interestingly, the
most useful predictors (GRS, GCS, GLS, and LVESV) for
the standard model are all CMR parameters for myocardial
compliance, indicating that myocardial compliance on CMR
imaging may have more direct relationship with short-term
STEMI prognosis compared with clinical parameters. To
our knowledge, this is the first study to show that the
simple measurement of PCAT thickness index at the SIVG
combined with myocardial compliance indices is a useful
marker of MACE after STEMI in the CMR imaging setting.
Moreover, PCAT measurement has good reliability and can
be completed during routine CMR examination without the
need for a special sequence and complex post-processing
software. Therefore, the PCAT thickness index is an ideal
prognostic indicator.

In this study, the MACE was observed in 19.18% of patients.
The similar result is also appeared in recent study from Zhang
et al. (28), 1-year follow-up MACE in STEMI patients was
20.4%. However, the incidence of MACE was slightly higher than
others. The limited number of cases included in our study and
regional differences may be one of the main reasons (29). The
wide definition of MACE also increased the incidence, as in this
study, patients with heart failure hospitalization were included,
accounting for 42%. In addition, more than 75% of patients in
this study had dyslipidemia, and 83.27% of patients had pain-
to-balloon time more than 120min, which could lead to a poor
prognosis (30, 31).
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This study has several limitations. First, the retrospective and
observational cohort design of the study makes it challenging
to derive causality. Second, PCAT inflammation can be
caused by percutaneous endothelium injury during endovascular
angioplasty (32). It is difficult to estimate the effect of this
procedure on the inflammation of PCAT. However, all the PCAT
measurements were taken at different locations; the observed
effect of PCAT on MACE could not be explained by the
procedure-associated inflammation of PCAT alone. Third, only
PCAT thickness was measured in this study. Therefore, the
relationship between PCAT thickness and EAT volume needs
to be studied further. However, a previous study by Alam
et al. showed that the thickness of EAT can reflect myocardial
microvascular dysfunction more than the volume of EAT (33).
Finally, we used the multivariate analysis method to calculate
the 1-year MACE prediction model including PCAT. As the
model was obtained from a small sample, its validity needs to be
verified further.

CONCLUSION

Patients with MACE have more significant increase in PCAT
thickness at SIVG than without MACE after STEMI. PCAT
thickness index at the SIVG could possibly be a strong
independent predictor of MACE in revascularized patients
with STEMI. Compared with standard model based on clinical
and CMR parameters, the updated model including SIVGi
has significantly improved predictive power for 1-year MACE
after STEMI.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Shengjing Hospital of China Medical
University Research Ethics Committee. Written informed
consent for participation was not required for this study
in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

YM, YH, and QM participated in the study design.
XW, TY, YD, and JS participated in data collection. GL
performed the statistical analysis. YM drafted the article.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study has received funding by the National Natural Science
Foundation of China (Grant Nos. 81901741 and 82071920), the
Key Research and Development Plan of Liaoning Province (No.
2020JH2/10300037), and the Talent Project in the Shengjing
Hospital of China Medical University.

ACKNOWLEDGMENTS

We thank all of the investigators and patients who participated in
this project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.781402/full#supplementary-material

REFERENCES

1. Roe MT, Li QH, Bhatt DL, Bittner VA, Diaz R, Goodman SG, et al. Risk
Categorization Using New American College of Cardiology/American Heart
Association Guidelines for Cholesterol Management and Its Relation to
Alirocumab Treatment Following Acute Coronary Syndromes. Circulation.
(2019) 140:1578–89. doi: 10.1161/CIRCULATIONAHA.119.042551

2. Eitel I, Stiermaier T, Lange T, Rommel KP, Koschalka A, Kowallick JT,
et al. Cardiac magnetic resonance myocardial feature tracking for optimized
prediction of cardiovascular events following myocardial infarction. JACC
Cardiovasc Imaging. (2018) 11:1433–44. doi: 10.1016/j.jcmg.2017.11.034

3. RoffiM, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, et al. 2015
ESC Guidelines for the management of acute coronary syndromes in patients
presenting without persistent ST-segment elevation: Task Force for the
Management of Acute Coronary Syndromes in Patients Presenting without
Persistent ST-Segment Elevation of the European Society of Cardiology (ESC).
Eur Heart J. (2016) 37:267–315. doi: 10.1093/eurheartj/ehv320

4. Steg PG, James SK, Gersh BJ. 2012 ESC STEMI guidelines and reperfusion
therapy: Evidence-based recommendations, ensuring optimal patient
management. Heart. (2013) 99:1156–7. doi: 10.1136/heartjnl-2013-304498

5. Hansson GK, Libby P, Tabas I. Inflammation and plaque vulnerability. J Intern
Med. (2015) 278:483–93. doi: 10.1111/joim.12406

6. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne
C, et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic
Disease. N Engl J Med. (2017) 377:1119–31. doi: 10.1056/NEJMoa1707914

7. Homsi R, Sprinkart AM, Gieseke J, Yuecel S, Meier-Schroers M, Luetkens J,
et al. 3D-Dixon cardiac magnetic resonance detects an increased epicardial fat
volume in hypertensive men with myocardial infarction. Eur J Radiol. (2016)
85:936–42. doi: 10.1016/j.ejrad.2016.02.016

8. Kim HM, Kim KJ, Lee HJ Yu HT, Moon JH, Kang ES, et al. Epicardial
adipose tissue thickness is an indicator for coronary artery stenosis in
asymptomatic type 2 diabetic patients: its assessment by cardiac magnetic
resonance. Cardiovasc Diabetol. (2012) 11:83. doi: 10.1186/1475-2840-11-83

9. Horckmans M, Bianchini M, Santovito D, Megens RTA, Springael JY, Negri
I, et al. Pericardial Adipose Tissue Regulates Granulopoiesis, Fibrosis, and
Cardiac Function After Myocardial Infarction. Circulation. (2018) 137:948–
60. doi: 10.1161/CIRCULATIONAHA.117.028833

10. Oikonomou EK, Desai MY, Marwan M, Kotanidis CP, Antonopoulos
AS, Schottlander D, et al. Perivascular Fat Attenuation Index Stratifies
Cardiac Risk Associated With High-Risk Plaques in the CRISP-CT
Study. J Am Coll Cardiol. (2020) 76:755–7. doi: 10.1016/j.jacc.2020.
05.078

11. Oikonomou EK, Marwan M, Desai MY, Mancio J, Alashi A, Hutt Centeno
E, et al. Non-invasive detection of coronary inflammation using computed

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 March 2022 | Volume 9 | Article 781402287

https://www.frontiersin.org/articles/10.3389/fcvm.2022.781402/full#supplementary-material
https://doi.org/10.1161/CIRCULATIONAHA.119.042551
https://doi.org/10.1016/j.jcmg.2017.11.034
https://doi.org/10.1093/eurheartj/ehv320
https://doi.org/10.1136/heartjnl-2013-304498
https://doi.org/10.1111/joim.12406
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1016/j.ejrad.2016.02.016
https://doi.org/10.1186/1475-2840-11-83
https://doi.org/10.1161/CIRCULATIONAHA.117.028833
https://doi.org/10.1016/j.jacc.2020.05.078
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ma et al. Incremental Prognostic Value of PCAT

tomography and prediction of residual cardiovascular risk (the CRISP CT
study): a post-hoc analysis of prospective outcome data. Lancet. (2018)
392:929–39. doi: 10.1016/S0140-6736(18)31114-0

12. O’Gara PT, Kushner FG, Ascheim DD, Casey DE Jr, Chung MK, de Lemos
JA, et al. 2013 ACCF/AHA guideline for the management of ST-elevation
myocardial infarction: a report of the American College of Cardiology
Foundation/American Heart Association Task Force on Practice Guidelines. J
Am Coll Cardiol. (2013) 61:e78–e140. doi: 10.1016/j.jacc.2012.11.019

13. Toya T, Corban MT, Imamura K, Bois JP, Gulati R, Oh JK, et al. Coronary
perivascular epicardial adipose tissue andmajor adverse cardiovascular events
after ST segment-elevation myocardial infarction. Atherosclerosis. (2020)
302:27–35. doi: 10.1016/j.atherosclerosis.2020.04.012

14. Ma Q, Ma Y, Wang X, Li S, Yu T, Duan W, et al. Circulating miR-1 as a
potential predictor of left ventricular remodeling following acute ST-segment
myocardial infarction using cardiac magnetic resonance. Quant Imaging Med

Surg. (2020) 10:1490–503. doi: 10.21037/qims-19-829
15. Daghir-Wojtkowiak E, Wiczling P, Bocian S, Kubik Ł, Kośliński P, Buszewski
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Background: Surgical ventricular restoration (SVR) leads to functional improvement by

volume reduction and restoration of left ventricular (LV) geometry. Our purpose was to

refine the planning for SVR using cardiac computed tomography (CCT).

Methods: The possibility to anticipate the postoperative residual LV volume was

assessed using CCT in 205 patients undergoing SVR combined with coronary artery

bypass grafting (77%), mitral valve repair/replacement (19%) and LV thrombectomy

(19%). The potential of CCT to guide the procedure was evaluated. Additionally, the

predictive value of CCT characteristics on survival was addressed.

Results: 30-day, 1- and 5-year survival was 92.6, 82.7, and 72.1%, respectively, with

a marked reduction of NYHA class III-IV quota after surgery (95.1% vs. 20.5% in the

follow-up). Both pre- and postoperative LV end-systolic volume index (LVESVI) were

predictive of all defined endpoints according to the following tertiles: preoperative: <74

ml/m², 74–114 ml/m² and >114 ml/m²; postoperative: <58 ml/m², 58–82 ml/m² and

>82 ml/m². On average, a 50 ml/m² increase of preoperative LVESVI was associated

with a 35% higher hazard of death (p= 0.043). Aneurysms limited to seven antero-apical

segments (1–7) were associated with a lower death risk (n = 60, HR 0.52, CI 0.28–0.96,

p = 0.038). LVESVI predicted by CCT was found to correlate significantly with effectively

achieved LVESVI (r = 0.87 and r = 0.88, respectively, p < 0.0001).

Conclusions: CCT-guided SVR can be performed with good mid-term survival

and significant improvement in HF severity. CCT-based assessment of achievable

postoperative LV volume helps estimate the probability of therapeutic success in

individual patients.

Keywords: heart failure, myocardial infarction, aneurysm, imaging—computed tomography, cardiac computed

tomography, surgical ventricular reconstruction
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INTRODUCTION

Chronic ischemic heart failure (HF) after myocardial infarction
(MI) is an important indicator of poor prognosis despite
advances in drug and device therapy (8). The development of
therapeutic concepts addressing ischemic left ventricular (LV)
remodeling due to scar formation is essential to improve survival
and amelioration of HF symptoms in this patient cohort.

Surgical ventricular restoration (SVR) of anterior LV
aneurysms (9–11) is an established treatment option for LV
remodeling after MI. It can be performed, if required, in
combination with revascularization and mitral valve (MV)
repair/replacement (1, 12, 13). Despite disillusioning reports
from the STICH trial (2) with its known methodological
limitations (14), other studies report excellent outcomes for
acute reverse remodeling following SVR. Essential factors
of clinical success are appropriate patient selection (15, 16)
combined with adequate surgical volume reduction and
reshaping of the LV (3, 17).

The analysis of LV volume, scar localization and extension
as well as the amount of geometrical distortion play a key
role in the preoperative assessment for SVR. Image guidance
and a tailored surgical procedure are of paramount importance
for a successful SVR. With its high spatial resolution of up to
0.4mm and an acceptable time resolution of up to 75ms, cardiac
computed tomography (CCT) enables the analysis of a primarily
acquired three-dimensional data set, the detailed examination of
the cardiac anatomy and the assessment of the functional and
geometrical remodeling of the cardiac chambers, based on exact
true volume detection, with very high accuracy (4). Advanced
CCT software tools allow for analyzing LV segmental wall motion
abnormalities (WMA) and estimating the aneurysm volume.

This study aimed to refine surgical planning for SVR and
to investigate factors that allow for predicting whether the
therapeutic goals (sufficient volume reduction, sufficient residual
volume, improved ventricular geometry) can be successfully
achieved using the volumetric, geometric and functional tools of
CCT. We analyzed our single-center early and mid-term results
and the factors determining survival and improvement in HF
symptoms after CCT-guided SVR for anterior LV aneurysms.

MATERIALS AND METHODS

Study Design
Using a modified Dor technique in most cases, SVR was
performed in patients with severe HF symptoms, well-
defined antero-septal LV akinesia or dyskinesia and preserved
contractility of residual myocardium after anterior MI. The
procedure was combined with coronary revascularization, MV
repair or replacement and LV thrombectomy, when indicated.
Endpoints were 30-day mortality, death from any cause in
the follow-up period, implantation of a LV assist device and
heart transplantation.

The diagnosis of LV aneurysm was made by echocardiography
or angiography and confirmed by CCT. Echocardiography
and CCT were repeated during the first postoperative week.
The pre- and postoperative data were analyzed and compared

retrospectively. Clinical, demographic and procedural data were
retrospectively collected.

Study Population
We retrospectively analyzed the data of 205 consecutive patients
with coronary artery disease who underwent SVR for anterior LV
aneurysms in our hospital between November 2005 and January
2016. All patients had a previous anterior MI with severe LV
systolic dysfunction and symptomatic HF.

Written informed consent for surgery was obtained from
all patients or their representatives. The study was performed
according to the principles of the Declaration of Helsinki
and approved by the ethics committee of the Charité –
Universitätsmedizin Berlin (EA2/177/20).

Surgical Technique
All SVR procedures were performed through a median
sternotomy approach under cardiopulmonary bypass (CPB).
After coronary artery bypass grafting (CABG), LV repair andMV
repair or replacement were performed. Antero-apical SVR was
routinely performed using amodified Dor procedure with several
Fontan sutures along the aneurysm perimeter without patch
application to exclude the aneurysm and restore LV geometry
(9). This technique enables the effective exclusion of scarred
area, achieving the required target LV volume and reconstruction
of the LV apex. Only few patients (12.2%) with specific local
findings, for example a ventricular septal defect after a huge
antero-apical MI, required a patch repair.

Intraoperative transesophageal echocardiography was
routinely performed to assess the adequacy of LV repair. Mitral
surgery was performed in patients with echocardiographically
proven MR grade ≥2. All surgeons had access to the complete
preoperative CCT assessment.

MSCT Measurements
LV Volumetric Study
CCT measurements have been extensively described previously
(5). The data were obtained and analyzed in a single lab by
use of the uniform protocols. In brief, contrast-enhanced ECG-
triggered cardiac scanning was performed using a first- or
second-generation dual-source scanner (Somatom Definition,
Somatom Definition Flash, Siemens AG, Erlangen, Germany).
To study the anatomy and geometry of the LV, the data
set was reconstructed with a slice thickness of 0.75mm and
reconstruction increment of 0.4mm, from early systole to end
diastole in steps of 10%. LV volumes and systolic function were
assessed using a dedicated CCT evaluation software (syngo.via
Cardiac Function, Siemens AG) and applying a 3D threshold
segmentation algorithm. The timepoints of the end diastole and
end systole were estimated automatically and adjusted by the
investigator if required.

LV end-diastolic and end-systolic volume (LVEDV, LVESV)
were obtained (Figure 1) and then indexed to body surface
area (LVEDVI/LVESVI). Stroke volume (SV) was calculated
by subtracting LVESV from LVEDV; left ventricular ejection
fraction (LVEF) was obtained by dividing SV by LVEDV; cardiac
output (CO) was calculated as a product of SV and cardiac rate.
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FIGURE 1 | CCT assessment of left ventricular and left atrial volume. (A) CCT reconstruction of four-chamber view for semi-automatic measurement of LV volume and

calculation of LV volumetric sphericity index (LVSI) according to the formula LVSI = LV Volume/LV long axis 3 × π/6. (B) filling curve of LV. (C) two-chamber view for

measurement of LA area and calculation of LA volume according to the formula (0.85 × A1 × A2)/L. LV, left ventricle; LA, left atrium; A1 and A2, LA area in two- and

four-chamber view; L, length of the left atrium.

FIGURE 2 | Central Picture. CCT assessment of anticipated residual LV volume and aneurysm volume. (A) Definition of three landmarks on the borders of scarred to

intact LV myocardium. (B) Positioning of the plane determined by the defined landmarks. (C) Separation of the aneurysm volume in a three-dimensional data set using

the defined plane in the systole and diastole. (D) Estimation of the anticipated postoperative LV volume by means of manually corrected LV borders along the defined

plane using the same CCT volumetric software tool. Subsequent calculation of the aneurysm volume through subtraction of anticipated from original LV volume. ALVV,

anticipated left ventricular volume; AnV, aneurysm volume.

Assessment of the Anticipated Residual LV Volume

and Aneurysm Volume
To separate the aneurysm volume in diastole and systole,
a plane determined by three landmarks on the borders of

scarred to intact LV myocardium (antero-septal, lateral and
inferior) was used. The residual volumes were then assessed
using the same CCT evaluation software tool (Figure 2).
This enabled the estimation of the anticipated postoperative
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LVEDV/LVEDVI and LVESV/LVESVI. Aneurysm volume
(AnV/AnVI) was then calculated as the subtraction of anticipated
from original volumes.

Analysis of LV Segmental WMA
Local WMA were estimated semiquantitatively using a 17-
segment model with separate assessment of papillary muscles.
Akinetic or dyskinetic segments involved in an aneurysm or scar
formation of other localizations were detected.

Automated cluster analysis was performed to establish the
different scar patterns. The identified clusters were then tested
for their influence on survival after SVR.

Patients were divided into defined subgroups according
to their LVA localization and extension: antero-apical LVA

TABLE 1 | Baseline patient characteristics and perioperative data.

Variable All patients (n = 205)

Mean age, y 63.4 ± 11.2

Male sex 151 (73.6%)

Diabetes mellitus 62 (30.2%)

Arterial hypertension 140 (68.3%)

Hypercholesterolemia 139 (67.8%)

Peripheral artery disease 20 (9.7%)

Renal failure 32 (15.6%)

Atrial fibrillation 23 (11.2%)

NYHA class

II 10 (4.9%)

III 179 (87.3%)

IV 16 (7.8%)

Median LV EF (%, Echo) (range) 30 (11–70)

Mitral regurgitation ≥2+ 36 (17.6%)

Coronary lesion

Single vessel 34 (16.6%)

Double vessel 43 (21%)

Triple vessel 112 (54.6%)

No lesion 16 (7.8%)

Perioperative data

Concomitant CABG 158 (77.1%)

Median no. of grafts performed (range) 2 (0–5)

Concomitant MV repair/replacement 39 (35/4) (19%)

Linear repair 180 (87.8%)

Patch repair 25 (12.2%)

LV thrombectomy 39 (19%)

Median CBP time, min (range) 131 (40–693)

Mean cross-clamp time, min 79.7 ± 35

IABP support 38 (18.5%)

Switch to LVAD 7 (3.4%)

Postoperative complications

Reexploration for bleeding 15 (7.3%)

Stroke 1 (0.4%)

Sepsis 8 (3.9%)

Renal failure 6 (2.9%)

Hospital (30-day) mortality 15 (7.3%)

(segments 7, 8, 13, 14, 15, 16, 17)—subgroup1; antero-apical
and basal septal or basal anterior LVA (plus segments 1 or 9)—
subgroup 2; antero-apical LVA and additional scar of any other
localization—subgroup 3.

Morphological characteristics of the aneurysm in terms of
myocardial disruption, apposition of thrombotic masses and
pericardial effusion were also evaluated.

LV Volumetric Sphericity Index
The systolic and diastolic LV volumetric sphericity index (LVSI)
was calculated on the basis of end-diastolic and end-systolic LV
volume and LV long axis length in two-chamber view according
to the empiric formula (7) (Figure 1),

LVSI = LV volume/LV long axis3 × π/6.

Left Atrium Volume
The left atrium (LA) volume was calculated at the end systole on
the basis of planimetric measured LA area in two-chamber view
(A1) and four-chamber view (A2) and LA length (L) according to
the simplified empiric formula (6) (Figure 1),

(0.85×A1× A2)/L.

Follow-Up Data Collection
Follow-up was performed in 94.6% of the cases, either during
a routine clinical evaluation in our outpatient department or
by telephone contact using the short form Health Survey (SF-
12) (18). In patients, in whom the follow-up was not possible,
national death registry check was performed. Mean follow-up
time in the overall population was 1,600 ± 1,106-days. Median
follow-up time was 1,528-days.

FIGURE 3 | Kaplan-Meier survival curve for all-cause mortality for the overall

population.
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Statistical Analysis
Continuous variables are presented as mean ± SD. Parametric
and non-parametric tests were used where required. For
parametric variables, means were compared with the paired,
two-tailed student t-test. Categorical variables are presented as
numbers with percentages and compared using chi-square tests.
Actuarial survival curves were produced using the Kaplan-Meier
analysis with a long-rank test. For the evaluation of survival
differences dependent on LV volumetric parameters, the patient
population was subgrouped according to tertiles of LVESVI with
further application of survival analysis. A cluster analysis of
scarred ventricle segments detected in CCT was performed using
nearest neighbor algorithm to reveal patterns of segmental wall
motion abnormalities associated with better or worse survival.

Cox proportional hazard regression modeling was applied,
and both univariable and multivariable hazard ratios were
calculated to assess independent predictive factors of combined
endpoint of all-cause mortality, implantation of a LV assist
device and heart transplantation. A p-value<0.05 was considered
statistically significant. The data were analyzed with SPSS 23
(SPSS, Chicago, IL, USA).

RESULTS

Preoperative patient characteristics are presented in Table 1.
There were 10 (4.9%) patients in New York Heart Association

FIGURE 4 | Redistribution of NYHA functional class before and after SVR in

the surviving population.

TABLE 2 | Multivariate logistic regression analysis for an adverse outcome

(all-cause death, ventricular assist device or heart transplantation).

Variable Hazard ratio 95% Confidence

interval

p-Value

Preoperative LVEDD, mm 1.035 1.008–1.063 0.011

LAVI, ml/m2 1.023 1.008–1.038 0.003

Age at operation, y 1.032 1.002–1.063 0.039

Diabetes mellitus 2.223 1.27–3.9 0.039

Renal failure 2.3 1.2–4.4 0.012

LVEDD, LV end diastolic diameter; LAVI, left atrium volume index.

(NYHA) class II of HF, 179 (87.3%) in class III and 16 in class
IV (7.8%); the mean NYHA class was 3.02 ± 0.35. The median
preoperative LVEF, estimated via echocardiography, was 30%
(11–70). 36 (17.6%) patients had a concomitant MR of grade ≥2.

A modified Dor procedure without patch application was
performed in 180 patients (87.8%). while 25 patients underwent
SVR with patch. One hundred and fifty eight patients (77.1%)
had associated myocardial revascularization. Thirty nine patients
(19%) underwent concomitant MV surgery (MV repair in 35
and MV replacement in four patients). LV thrombectomy was
performed in 39 patients (19%).

Fifteen patients (7.3%) died in hospital within 30-days
due to multiorgan failure (n = 9), septic shock (n = 4),
electromechanical dissociation (n = 1) or stroke (n = 1). The
operative and postoperative data are summarized in Table 1.

Early and Late Outcomes
The median survival period was 51.1 months (range between 1-
day and 121.4 months) and the mean survival time was 51.6 ±

37.8 months. Overall, 30-day mortality was 7.3% (n = 15). One-
and 5-year survival was 82.7 and 72.1%, respectively (Figure 3).

NYHA Class Change in Survivors
During follow-up we observed a remarkable improvement in
HF symptoms after SVR, with a positive redistribution of
NYHA class in the whole population in the sense of a strong
reduction of NYHA class III-IV quota after surgery in survivors
(from 95.1% preoperatively to 20.5% in the early follow-up,
p < 0.001) (Figure 4).

Predictive Factors of 30-Day Mortality
Hospital and 30-day mortality were identical in our series.
Thirteen of the 15 patients who died in hospital underwent
combined SVR and CABG surgery, six underwent combined
SVR, CABG and valvular surgery, and 10 required an intra-
aortic balloon pump (IABP). Univariate logistic regression
revealed factors potentially predictive of 30-day mortality:
long CPB time and cross-clamp time, requirement of IABP
or other temporary mechanical circulatory support systems,
urgent surgery, postoperative sepsis and renal failure contributed
to the higher 30-day mortality rate (Supplementary Table 1).
Multivariate logistic regression showed that CPB time (p <

0.001) and postoperative LVEF (p < 0.001) were independent
predictive factors of 30-day mortality. CPB time longer than
163min was associated with an adverse outcome (sensitivity
0.765, specificity 0.789, AUC=0.890). Severity of preoperative
HF, preoperative LVEF and CCT LV volumetric parameters did
not play a substantial role in 30-day mortality.

Late Mortality and Survival Determinants
Univariate logistic regression showed a potential predictive role
in all-cause 5-year mortality of such factors as diabetes mellitus,
peripheral artery disease, renal failure and atrial fibrillation.
Preoperative MR ≥2+, preoperative LAVI, SVI, CI and
postoperative LVEDVI, LVESVI and LAVI also had a potential
predictive role in all-cause mortality (Supplementary Table 2).
The multivariate regression analysis revealed that preoperative
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LVEDD and preoperative LAVI as well as patient age, presence of
diabetes mellitus and renal failure were independent significant
predictive factors of all adverse outcomes (Table 2).

There was no difference in survival between men and
women as shown by the Kaplan-Meier analysis (p = 0.593)
and by the univariate regression analysis (male sex HR = 0.87;
95%CI 0.52–1.45).

Changes in LV Geometry and Function
The changes in LV geometric and functional parameters
measured by echocardiography and CCT after SVR are presented
in Table 3.

TABLE 3 | LV dimensions measured by echocardiography and in CCT before and

after SVR.

Parameter Preoperative Postoperative p Value

Echocardiography (n = 205)

LVEDD, mm 60.1 ± 9.95 55.1 ± 8.9 <0.001

LVEF, % 32.3 ± 10.6 39.5 ± 10.9 <0.001

MR, whole population 1.02 ± 0.8 0.36 ± 0.45 <0.001

MR, without MV surgery 0.79 ± 0.56 0.37 ± 0.44 <0.03

CCT (n = 160)

LVEDVI, ml/m2 146 ± 52.4 97.3 ± 35.6 <0.001

LVESVI, ml/m2 100 ± 49.6 59.2 ± 33.4 <0.001

LAVI, ml/m2 60.7 ± 19.2 50.6 ± 18.7 <0.001

SVI, ml/m2 45.3 ± 11.7 37.6 ± 10.1 <0.001

LVEF, % 34.1 ± 12.1 43.1 ± 13.9 <0.001

CI, l/min/m2 3.08 ± 0.79 3.29 ± 0.75 0.022

LVSI, diastolic 0.40 ± 0.10 0.52 ± 0.18 <0.001

LVSI, systolic 0.31 ± 0.10 0.36 ± 0.17 <0.001

LVEDD, LV end diastolic diameter; LVEF, LV ejection fraction; MR, mitral regurgitation;

LVEDVI, LVESVI, LV end diastolic and end systolic volume index; LAVI, left atrium volume

index; SVI, stroke volume index; CI, cardiac index; LVSI, LV sphericity index.

LV volumetric parameters measured in CCT in 160 patients
were significantly reduced after SVR: LVEDVI decreased about
33.0 ± 17.0% (p < 0.001) and LVESVI about 40.8 ± 21.5% (p <

0.001). LVEF measured in CCT increased significantly from 34.1
± 12.1% to 43.1 ± 13.9% (p < 0.001) after SVR. The diastolic
LV SI increased from 0.40 ± 0.10 to 0.52 ± 0.18 (p < 0.001);
the systolic LV SI increased from 0.31 ± 0.10 to 0.36 ± 0.17
(p < 0.001).

Survival Stratified by Preoperative LVESVI
and Postoperative LVESVI
Survival stratification according to tertiles of preoperative
LVESVI revealed a significantly higher survival rate in the lower
tertile group (≤74 ml/m2) than in the groups with a LVESVI of
74–114ml/m2 and≥114ml/m2 (p= 0.048). Five-year survival in
the group with LVESVI ≤74 ml/m2 was 83.4% compared to 67.3
and 64.3% in the two other groups. An average 50ml increase of
preoperative LVESVI was associated with a 35% increase of the
hazard of death (p= 0.043) (Figure 5A).

Survival stratification according to tertiles of the postoperative
LVESVI demonstrated a significant difference in survival
between tertiles (p = 0.016), with the lowest survival rate of
60.2% in the highest tertile of postoperative LVESVI (>66.2
ml/m²) compared to the survival rates of 84.6 and 85.3% in
the middle (41.6–66.2 ml/m²) and lowest (<41.6 ml/m2) teriles,
respectively (Figure 5B).

Correlation Between Anticipated and
Achieved Residual LV Volume and
Estimated Aneurysm Volume
We observed a significant correlation between anticipated and
effectively achieved postoperative LVEDV and LVESV (r= 0.903
and r = 0.904, respectively, p < 0.0001), and their indexed
values (r = 0.87 and r = 0.88, respectively, p < 0.0001)
(Figure 6). Anticipated LVEDVI was only 7.2 ± 18.0 ml/m2

FIGURE 5 | (A) Kaplan-Meier survival curves stratified by preoperative LVESVI. (B) Kaplan-Meier survival curves stratified by achieved postoperative LVESVI.
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FIGURE 6 | Correlation between anticipated and postoperatively achieved LVEDVI and LVESVI.

TABLE 4 | Difference between anticipated and achieved postoperative LV

Volumes.

Parameter Anticipated Achieved Mean difference p-Value

LVEDV, ml 203.3 ± 76.1 190.6 ± 78.5 12.7 ± 34.1 <0.001

LVESV, ml 119.9 ± 63.3 115.1 ± 70.7 4.8 ± 30.2 0.08

LVEDVI, ml/m2 104.6 ± 34.9 97.4 ± 35.9 7.2 ± 18 <0.001

LVESVI, ml/m2 61.6 ± 30.3 59.3 ± 33.7 2.3 ± 16.1 0.109

LVEDV, LVESV, LV end diastolic and end systolic volume; LVEDVI, LVESVI, LV end diastolic

and end systolic volume index diastolic and systolic.

TABLE 5 | Five-year survival rates in defined subgroups of patients according to

their LVA localization and extension.

Group N 5-year Survival

1 Antero-apical LVA (segments 7,8,13,14,15,16,17) 60 84.7 % (71.3–92.1)

2 Antero-apical LVA + segment 1 or 9 9 62.2% (21.3–86.4)

3 Antero-apical LVA + any other segments involved 85 63.7% (50.8–74.1)

2+3 Groups 94 64 % (50.8–74.6)

Group 1—antero-apical LVA (segments 7, 8, 13, 14, 15, 16, 17); Group 2—antero-apical

LVA + segment 1 or 9; Group 3—antero-apical LVA + any other segments involved.

Bold values represents Group 1, Group 2, Group 3 and Group 2+3 respectively.

higher than achieved LVEDVI (p = 0.00002), and anticipated
LVESVI was only 2.3± 16.1 ml/m2 higher than achieved LVESVI
(p= 0.109) (Table 4).

Mean estimated diastolic and systolic AnV were 88.5 ±

54.2ml and 80.5 ± 56.4ml, respectively. The relation of the
estimated AnV to the actual preoperative LVEDV and LVESV

was 28.9 ± 11.3% and 37.8 ± 14.7%, respectively. This relation
closely matched with the effectively postoperative achieved
relation of excluded part of LV volume to the whole LV volume—
LVEDV by 33.1± 1.6% and LVESV by 41.2± 21.7%.

Analysis of LV Segmental WMA
Aneurysms limited to seven antero-apical segments (1–7)—
group 1—were associated with a lower death risk (n = 60,
HR 0.52, CI 0.28–0.96, p = 0.038). The Kaplan-Meier analysis
showed significantly better survival in these patients compared
to all other patients (p = 0.035)—group 2 and 3—with a
5-year survival rate of 84.7% (95% CI 71.3–92.1) vs. 64%
(95% CI 50.8–74.6) (Table 5).

Furthermore, an automated cluster analysis based on the
frequency of segment involvement and its impact on survival
after SVR allowed for identifying the similar scar pattern (Cluster
1) with a significantly better outcome (Figure 7) compared to
all other patients with HR 0.491 (0.263–0.916, p = 0.025) and
a 5-year survival rate of 82.2% vs. 63.7% in all other patients
(p= 0.022).

Left Atrium Volume
LAVI decreased significantly from 60.7 ± 19.2 ml/m2 to 50.6 ±

18.7 ml/m2 (p< 0.001). Dividing by tertiles of preoperative LAVI
revealed that patients in the lowest tertile (<49.5 ml/m2) had a
lower risk of death than patients in the middle (49.5–67.6 ml/m2)
and in the highest tertile (>67.6 ml/m²) of LAVI (long rank p =
0.005), with a 5-year survival in patients with LAVI<49.5 ml/m2

of 83.4% compared to the survival rate of patients in the middle
and highest tertiles of 71.6 and 60.8%, respectively.
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FIGURE 7 | Automated cluster analysis based on the frequency of segment involvement allowed for identifying the scar pattern (Cluster 1) with a significantly better

outcome compared to all other patients.

Mitral Regurgitation
MR was reduced after surgery from 1.02± 0.80 to 0.36± 0.45 (p
< 0.001) in the whole population and from 0.79± 0.56 to 0.37±
0.44 (p < 0.001) in patients without concomitant MV surgery.

Role of LVSI
Both systolic and diastolic SI increased significantly in all patients
after SVR (Table 3) due to a substantial shortening of the LV
long axis in relation to the LV volume reduction. However, the
multivariate regression analysis (χ2 =1.7, p = 0.428) provided
no evidence for an effect of pre-operative diastolic SI on survival.

DISCUSSION

This study is based on our experience of SVR performed
between 2005 and 2016, since the modified Dor procedure was
implemented as a standard technique in our institution.

The main results of the present analysis are that both CCT-
derived preoperative and postoperative LVESVI are predictive
for mid-term survival. The possibility to predict the volume
reduction following SVR through the separation of the aneurysm
volume using a commercially available CCT evaluation software
tool allows for better therapy planning and patient selection.
The CCT-based analysis of local WMA provides additional
information for risk assessment: aneurysms limited to seven
antero-apical segments were associated with a lower risk of
mortality. The follow-up analysis shows a remarkable positive
improvement in NYHA class after surgery as evidence for an
improvement in HF symptoms.

Diagnostic Testing
Accurate assessment of the LV geometrical distortion, aneurysm
localization and extension, and viability of the remaining

myocardium is decisive for a successful SVR (19, 20). The
most advanced imaging modality with excellent standardized
approaches for these purposes is cardiac magnetic resonance
imaging (MRI) (19); however, an increasing number of patients
with ischemic cardiomyopathy become carriers of implantable
devices (in our cohort up to 40%), limiting the applicability
of MRI.

Despite excellent spatial and temporal resolution,
echocardiography depends highly on exact geometric alignment,
patient anatomical characteristics and the operator’s skills, and
it often has limitations in the visualization of the apical region.
Furthermore, 2D echocardiography only allows for calculating
the ventricle volume based on the empiric approximated
formula, and 3D real-time volume detection is not widespread
or sufficiently validated. In this study we complementarily
employed echocardiography to evaluate the LV diameters,
systolic function and severity of MR. The profound analysis
of further echocardiographic data in the represented patient
cohort, especially the prognostic role of speckle-tracking
echocardiography (LV global longitudinal and basal longitudinal
strain), is presented separately (21).

Our reasons to use CCT for SVR planning were the possibility
of exact true volume detection and geometrical analysis in
primarily acquired three-dimensional data sets combined with
a short examination time and lack of technical restrictions even
in critical patients. Previous studies (4, 22) demonstrated that
CCT is a valuable tool to evaluate LV and MV geometry and
function. In our previous study (5) we showed that CCT data
enable the precise analysis of LV volume, geometry and local
WMA as well as the reliable recognition of aneurysm borders,
thrombotic apposition and presence of LV pseudoaneurysm. This
study focuses on prognostic important volumetric and functional
characteristics and on the validation of the CCT-based separation
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of the aneurysm volume from the residual LV volume and thereby
on improvement of the therapy targeting, with the further aim to
avoid the restrictive residual LV volume.

However, we are well aware that CCT has clear limitations
in detecting scar transmurality and viability of the remaining
myocardium compared to MRI.

Thirty-Day Mortality
In our series the overall 30-day mortality was 7.3%. Dor et al. (19)
found hospital mortality rates of 8.1 and 4.8% in early and late
series of patients who underwent SVR. Garatti et al. (23) reported
a 30-day mortality of 8.3% in patients after SVR for anterior
aneurysm. Jeganathan et al. (13) reported a hospital mortality
of 13.3% in patients who underwent combined SVR and MV
surgery. Their group identified NYHA class IV symptoms,
preoperative atrial fibrillation, previous cardiac surgery and
presence of ischemic MR as significant risk factors for increased
hospital mortality. In our study, multivariate logistic regression
showed that CPB time (p < 0.001) and postoperative LV EF (p
< 0.001) but not the severity of preoperative HF, preoperative
LV EF or CCT LV volume were independent predictive factors of
30-day mortality.

Late Mortality and Survival Determinants
In our study population, 1- and 5-year actuarial survival
rates were 82.7 and 72.1%, which is comparable to most
published studies. A multivariate regression analysis revealed
that preoperative LVEDD and LAVI as well as the patient’s age,
presence of diabetes mellitus and renal failure were independent
significant predictive factors of all adverse outcomes (Table 2).

Efficient LV volume reduction toward a physiological range of
a LVESVI of <60–70 ml/m2 is essential to improve survival after
surgical repair. Di Donato et al. (7) showed that a postoperative
LVESVI of >60 ml/m2 is an independent predictor of mortality.
The analysis of the STICH trial data (2) showed that a statistically
significant reduction in mortality was achieved only in patients
attaining an LVESVI of <70 ml/m2. In our study group, both the
preoperative and the postoperative LVESVI had a strong effect on
survival. A cut-off point of ≤74 ml/m2 for preoperative LVESVI
revealed the best 5-year survival rate of 86% (Figure 5A). An
average 50ml increase of preoperative LVESVI was associated
with a 35% increase of the hazard of death (p = 0.043). A
postoperative LVESVI of ≥82 ml/m2 was strongly predictive
of all-cause mortality, with a lowest 5-year survival rate of
49% (Figure 5B).

The other important task is to avoid the restrictive residual LV
volume after surgery. There were five patients with LVESVI<20
ml/m2 after surgery in our series, only one of them showed no
improvement in HF symptoms during follow-up.

In this context, the possibility to predict the volume reduction
using CCT volumetric tools is extremely valuable for better
therapy planning and appropriate patient selection.

A CCT-based analysis of LV segmental WMA yielded
additional valuable findings; it showed that the scar pattern
typically involving seven antero-apical segments is associated
with a better 5-year survival rate of 82.2% compared to 63.7%
in all other patients with more segments involved (p= 0.022).

We observed a significant reduction of LAVI as immediate
effect of SVR, probably through the improvement in LV diastolic
function after SVR and/or in correlation with the reduction of
MR, both in the whole population and in patients who underwent
SVR only (Table 2). Preoperative LAVI was identified as an
independent significant predictive factor of all adverse outcomes
with a 5-year survival in patients with LAVI< 49.5 ml/m2 of
83.4%, compared to a survival rate of 71.6 and 60.8% in patients
in the middle and highest tertiles, respectively.

In our series both diastolic and systolic LVSI increased
immediately after surgery due to a substantial shortening of the
LV long axis in relation to LV volume reduction, but it is not clear
whether this effect is necessarily negative. In the follow-up study
of the STICH trial, Choi et al. (17) also reported a postoperative
increase of the SI in the CABG+SVR group and an association
of higher baseline SI with poorer postoperative survival both
in CABG and CABG+SVR groups. In our series, multivariate
proportional hazards regression modeling (χ2 = 1.7, p = 0.428)
revealed no evidence for an effect of pre-operative diastolic SI
on survival.

Study Limitations
First, the study is subject to the usual limitations inherent to a
retrospective analysis of prospectively collected data sets. Second,
CCT imaging data were not available in all patients. Third,
postoperative CCT data were obtained only several days after
surgery and documented the immediate effects of SVR on LV
volumes and function. However, they do not reflect the effects
of subsequent ventricular reverse remodeling. Fourth, CCT-
based assessment of local WMA as semiquantitative detection
of akinetic or dyskinetic myocardial segments involved in an
aneurysm or scar formation of other localizations is dependent
on the operator’s skills and only offers rough scar detection. Due
to the high radiation burden, we did not consider the use of
CCT-based viability assessment. The CCT-based strain analysis
has clear limitations because of the low temporal resolution.
The analysis of systolic and diastolic LV function, myocardial
dyssynergy and viability based on a two-dimensional speckle-
tracking echocardiography is not included in this study. Fifth,
the provided CCT-based procedure to separate the aneurysm
volume using a plane determined by three landmarks on the
borders of scarred to intact LV myocardium and subsequent
estimation of residual volumes using the commercially available
CCT volumetric tool only allows for an approximate estimation
of the possible volume reduction and does not incorporate the
modeling of the surgical procedure in the sense of the creation of
a neoapex.

CONCLUSIONS

The results of this study suggest that CCT-guided SVR can
be performed with good mid-term survival and significant
relief of HF symptoms due to LV volume reduction, reverse
remodeling and functional improvement. The modified Dor
procedure is an adequate surgical approach to achieve the
therapeutic goals of SVR. CCT as an alternative modality to
MRI can deliver relevant data for surgical planning as well
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as important predictive parameters for adverse outcome. The
provided possibility to predict the achievable volume reduction
through the separation of the aneurysm volume using a
commercially available CCT volumetric tool allows for better
therapy planning and patient selection.
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Background: This study aims to correlate the morphological complexity of left atrial
appendage (LAA) with thrombosis and stroke in patients with atrial fibrillation (AF).

Methods: The training cohort consisted of 46 patients with AF (age 55.8 ± 7.2 years,
73.9% men) who were referred for radiofrequency catheter ablation. An independent
validation cohort consisting of 443 patients with AF was enrolled for further verification.
All patients in the training cohort underwent both transesophageal echocardiography
(TEE) and enhanced computed tomography (CT). Fractal dimension (FD) analysis was
performed to evaluate the morphological complexity of LAAs quantitatively. Clinical and
imaging manifestations, FD of LAAs, and diagnostic accuracy were investigated and
compared between patients with AF in both training and validation cohorts.

Results: In the training cohort, LAAs (n = 22) with thrombi had significantly higher
FD than those without thrombi (n = 24) h 0.44 ± 0.07 vs. 2.35 ± 0.11, p = 0.003).
Receiver-operating characteristic (ROC) analysis suggested that the diagnostic accuracy
of FD combined with a CHA2DS2-VaSc score was significantly higher than that of the
CHA2DS2-VaSc score alone in low- to moderate-risk patients with AF (area under the
curve 0.8479 vs. 0.6958, p = 0.009). The results were also validated in an independent
external validation cohort and demonstrated that increased FD was associated with
stroke. Hemodynamic analysis revealed that LAAs with thrombi and high FD were prone
to blood stasis and lower blood flow rate.

Conclusion: LAA morphological complexity is closely associated with thrombosis
and stroke in patients with paroxysmal AF. A new risk assessment system
combining CHA2DS2-VaSc score and FD has a higher diagnostic accuracy in
predicting LAA thrombosis.

Keywords: left atrial appendage, fractal dimension, morphological complexity, thrombosis, atrial fibrillation
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INTRODUCTION

Atrial fibrillation (AF) is the most common clinically significant
cardiac arrhythmia characterized by the presence of irregular
fibrillatory waves. The incidence of AF increases markedly with
age and approximately doubles with each decade (1, 2). AF is
associated with an increased risk of thrombosis in the left atrial
(LA), and it has been reported that the left atrial appendage
(LAA) is suspected to be a vital source of cerebral emboli and
may lead to ischemic stroke (3, 4). Previous studies suggested
that, among all cardiogenic strokes, more than 90% of the emboli
were from LAA. Furthermore, the risk of stroke increases nearly
fivefold when AF is present, and so does the mortality in patients
with AF and thrombosis (5).

According to Virchow’s triad, thrombosis is determined by
stasis of blood flow, endothelial injury, and hypercoagulability.
At present, the CHA2DS2-VaSc score is the most widely used
model for assessing the risk of cerebrovascular events. This index
includes age, congestive heart failure, sex, diabetes, hypertension,
stroke, and vascular disease. Although it covers the assessment
of the endothelial function and coagulability status, it does not
reflect the blood flow stasis in LA or LAA. When AF occurs,
LAA fails to contract effectively and leads to slow blood flow
or stasis in LAA, which eventually results in thrombosis. It is
obvious that the morphology of LAA has a significant impact on
the blood flow. In contrast, studies suggest that the shape and
structure of LAA are complex and diverse among the population.
Cardiac computed tomography (CT) imaging has been widely
used in the evaluation of cardiovascular diseases, including heart
structures evaluation, calcium score in risk stratification, and
coronary artery disease assessment (6, 7). For example, the
coronary artery calcium score, which is readily detected on
CT images, represents a surrogate marker of the presence and
extent of coronary artery disease (8). In addition, cardiac CT
is used to analyze the morphology and function of the heart.
Several studies reported that the risk score based on cardiac
CT could categorize disease severity and predict outcomes,
including mitral annular and coronary artery calcification (7, 9).
Moreover, multidetector CT scan image LAA at high resolution
(10), and the existing classification criteria of LAA morphology
according to these images are used to describe the anatomical
shapes (5). However, none of them are able to characterize the
internal morphological features. Therefore, the blood flow stasis
is extremely difficult to assess.

To quantitatively describe the morphological complexity of
LAA, we introduced the box-count dimension in the fractal
geometry. Fractal dimension (FD) is the most crucial concept
and content in the fractal geometry theory. Box-counting
dimension is a commonly used parameter in FD, where it
can evaluate the complexity and irregularity of a real object
or a fractal object quantitatively. Fractal geometry analysis
has been applied in many fields such as the dimensionless
measurement of trabeculation complexity. Furthermore, it has
been used to evaluate the left ventricular (LV) trabeculation
quantitatively in LV non-compaction patients and define the
normal FD range of LV trabeculation (11). Similarly, the fractal
analysis can assess the correlation between the complexity

of right ventricle trabecula and hemodynamic parameters in
patients with pulmonary hypertension and identify retinal
microvascular changes in the early stage of patients with type
2 diabetes (11–13). Our study first applied FD calculated by
enhanced CT image of LAA to evaluate its complexity and
further revealed the association between thrombosis and shape
complexity of LAA.

MATERIALS AND METHODS

Patients’ Enrollment
This is a retrospective cohort study that included all consecutive
patients with AF who were first admitted to Fuwai Hospital
and scheduled to undergo radiofrequency ablation from January
2010 to December 2017. According to the 2020 European
Society of Cardiology guideline (14), the diagnosis of AF was
determined by a standard 12-lead ECG showing heart rhythm
with no discernible repeating P waves and irregular RR intervals.
All the patients enrolled in this study should have undergone
the multidetector computed tomography (MDCT) of the LA.
For patients with paroxysmal AF, the CT images used for 3D
reconstruction were collected during the diastolic phase, whereas
for patients with persistent AF, the images were collected during
the whole cardiac cycle due to the inability to distinguish between
systolic and diastolic phases. Transesophageal echocardiography
(TEE) was also required for patients in the training cohort to
determine the presence of LAA thrombosis. In the training
cohort, all patients did not take anticoagulants at any time
before the corresponding examination and had their imaging
examination performed before the anticoagulation treatment
they would have undergone prior to radiofrequency ablation.
An independent external validation cohort consisted of patients
with AF who were examined by LA MDCT over the same
period of time. Similar inclusion criteria, except for the use
of anticoagulants and TEE examination, were applied for
these patients (not receiving regular anticoagulation within
1 year prior to imaging), and these patients were divided
into two groups based on whether they had the stroke.
Patients with low MDCT image quality during AF rhythm
were excluded, as well as patients who had undergone MDCT
without contrast enhancement because of renal dysfunction.
Other exclusive criteria included organized thrombus in LAA,
severe chronic kidney disease (stage 4 or 5 or end-stage
chronic kidney disease), other anticoagulant indications in
the past 30 days (including deep vein thrombosis/pulmonary
embolism, hip/knee replacement, femur/tibia/patella fracture,
thrombectomy, or chronic hypercoagulable state), and poor CT
or echocardiographic image quality. Eventually, a total of 46
patients were enrolled in the training cohort, and 443 patients
were assigned to validation cohort. The overall flowchart of this
study is shown in Figure 1. Approval to conduct this study was
obtained from the Institutional Review Board, Fuwai Hospital.
All patients signed an informed consent form using their clinical
data for research, and patients were not involved in the study
design, data analysis, and other research processes. All the data
used in this study were necessary examinations for patients.
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FIGURE 1 | Flowchart of the study. (a) Stage 4 or 5 or end-stage chronic kidney disease. (b) Deep vein thrombosis/pulmonary embolism, hip/knee replacement,
femur/tibia/patella fracture, thrombectomy, or chronic hypercoagulable state.

Echocardiographic Data Analysis
See Supplementary Material.

Cardiac Computed Tomography Scan
and Image Analysis
See Supplementary Material.

Classification of Left Atrial Appendage s’
Morphology
See Supplementary Material.

Construction of Left Atrial Appendage s’
Mathematical Morphology
To further analyze the LAA morphology, it is necessary to
separate LAA from LA. To cut the LAA accurately and
objectively, we introduced erosion-dilation image processing (15)
(Figure 1) technology to prevent cutting LAAs from subjective
interference (16). The morphology of the LAA was assessed
with reconstructed three-dimensional (3D) data, and LAA orifice
diameters were measured in both the long and short axes. The

specific technical route was as follows: first, to determine the
position of the aorta, this study used the Hough transform to
detect the circle method. Next, the aorta and LV tissues and
organs were separated, and tissue model 1 was obtained as shown
in Figure 2A. The corrosion operation on tissue model 1 was
performed, and only a part of the left atrium tissue was retained
as shown in Figure 2B. The dilate operation of the tissue shown
in Figure 2B was done to obtain the approximate position of the
left atrium in Figure 2C. Then, the corresponding left atrium
position in tissue model 1 was cleared, and LAA and left atrium
were separated as shown in Figure 2D. Finally, the LAA model
was retained as shown in Figure 2E.

Fractal Analysis
Based on an adaption of the methodology described by Captur
et al. (11, 17), FD (18) was calculated from the reconstructed
3D volume of LAA via an in-house fractal analysis program in
MATLAB (MathWorks Inc., Natick, MA, United States). The
roughness/curvature of the LAA surface is associated with the
complexity of the LAA volume, which can be quantitatively
indicated by the value of FD. For a reconstructed LAA within a
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FIGURE 2 | Diagram of erosion-dilation image processing. (A–C) Process of erode-dilation operation to obtain the approximate position of the left atrium.
(D) Separation of the LAA and the left atrium were separated. (E) The LAA model used for further analysis.

volume of M × M × M, we partition the 3D space into boxes
with side size of r. The minimum number of boxes that can cover
the entire volume of LAA is named N(r), which is a function of r.
Therefore, the box FD (19) DB, one of the most commonly used
FDs, is calculated as

DB = lim
r→0

[
logN(r)/log(

1
r
)

]
Hemodynamic Analysis
The 3D morphological structure models of LA and LAA were
obtained via an in-house image processing algorithm. The
3D models were discretized to consecutive mesh by using
the open-source library “snappyHexMesh” for the subsequent
computational fluid dynamics simulations. A pressure waveform
was imposed at the inlet (i.e., pulmonary veins) (17). At the

outlet (i.e., mitral valve), a time-varying velocity waveform
was applied to simulate AF condition. In this study, the
maximum instantaneous velocity at mitral valve was measured by
echocardiography at the diastole. For patients with AF, Iosifescu
(18) derived blood velocity profile across the mitral valve orifice
by dividing the instantaneous flow rate by the orifice area, in
which the flow rate across the mitral valve was derived from the
international regulation ISO5840-1:2015 (19). Therefore, using
maximum instantaneous velocity and blood velocity profile,
patient-specific velocity profile at mitral valve can be identified
by scaling proportionally. Rigid and no-slip conditions were set
at the wall boundary.

Blood flow was numerically modeled by solving the
Navier-Stokes and continuity equations using the open-
source library OpenFOAM version 18.04. Blood was assumed
to be an incompressible and Newtonian fluid with density
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TABLE 1 | Clinical characteristics of patients with AF and with and without thrombosis.

Total AF without thrombosis AF with thrombosis P-value

N 46 24 22

Age, years 55.8 ± 7.2 54.9 ± 5.9 56.7 ± 8.4 0.398

Sex, n (%)

Female 12 (26.1) 8 (33.3) 4 (18.7) 0.242

Male 34 (73.9) 16 (66.7) 18 (81.8)

Type of AF, n (%)

Paroxysmal 24 (52.2%) 13 (54.2%) 11 (50.0%) 0.777

Persistent 22 (47.8%) 11 (45.8%) 11 (50.0%)

Height, m 1.72 (1.64, 1.76) 1.69 (1.62, 1.75) 1.75 (1.70, 1.76) 0.155

Weight, kg 76.3 ± 13.6 72.8 ± 13.2 80.1 ± 13.3 0.071

BMI, kg/m2 26.1 ± 3.4 25.3 ± 3.0 27.0 ± 3.7 0.105

Duration of AF, years 3.0 (2.0, 6.0) 4.0 (2.0, 6.0) 3.0 (1.8, 4.3) 0.219

Laboratory findings

Triglyceride, mmol/L 1.7 ± 0.9 1.6 ± 0.7 1.8 ± 1.1 0.638

Total cholesterol, mmol/L 4.6 ± 1.2 4.6 ± 1.2 4.5 ± 1.3 0.783

Image examination

LA diameter, mm 40.0 ± 5.4 38.6 ± 4.6 41.5 ± 5.9 0.069

LVEF, % 62.7 ± 6.3 63.5 ± 5.6 61.7 ± 6.9 0.332

Mean LAA orifice diameter, mm 24.0 ± 5.8 22.6 ± 6.5 25.6 ± 4.6 0.078

LAA orifice area, mm2 1821.7 (1122.5, 2508.9) 1331.5 (764.5, 2455.6) 2052.0 (1653.1, 2533.3) 0.082

LAA volume, cm3 8.2 (5.2, 11.2) 6.2 (4.6, 9.4) 10.2 (7.7, 12.0) 0.059

Hypertension, n (%) 18 (39.1) 6 (25.0) 12 (54.5) 0.040*

Hyperlipidemia, n (%) 10 (21.7) 3 (12.5) 7 (31.8) 0.159

Diabetes mellitus, n (%) 3 (6.5) 0 (0) 3 (13.6) 0.101

Stroke, n (%) 8 (17.4) 1 (4.2) 7 (31.8) 0.020*

CAD, n (%) 3 (6.5) 1 (4.2) 2 (9.1) 0.600

Smoke, n (%) 18 (39.1) 7 (29.2) 11 (50.0) 0.148

Warfarin use†, n (%) 42 (91.3) 22 (91.7) 20 (90.9) 1.000

CHA2DS2-VaSc score, n (%)

High risk: ≥ 2 11 (23.9) 2 (8.3) 9 (40.9) 0.010*

Moderate risk: = 1 21 (45.7) 10 (41.7) 11 (50.0) 0.571

Low risk: = 0 14 (30.4) 12 (50.0) 2 (9.1) 0.003*

Values are expressed in mean ± SD, number (percentage, %) or median (Q1, Q3).
*Marked significant differences.
†“Warfarin use” refers to the use of warfarin after obtaining the image data required for the study rather than warfarin on admission.
AF, atrial fibrillation; BMI, body mass index; LA, left atrium; LVEF, left ventricle ejection fraction; LAA, left atrial appendage; CAD, coronary artery disease.

(ρ 1, 060 kg/m3) and viscosity (µ 0.0035 Pa · s). The interfoam
solver was used to analyze the blood flow process. The duration
of each cardiac cycle was 0.8 s. Five complete cardiac cycles were
taken to simulate the blood flow. Subsequently, the results in
the last cardiac cycle were selected for statistical data analysis.
Furthermore, to quantitatively characterize the blood washout
in LAA, the blood in LA and LAA was considered as phase 1
at the end of one filling phase, whereas phase 2 was regarded
as the blood flowing into the LA from the pulmonary veins at
the following cardiac cycles. Then, the volume-of-fluid model
was applied to estimate the volume fraction of blood residual
and locate the residual blood at the end of each cardiac cycle.
Finally, through the parameterization study of the morphological
structure and hemodynamics index for the LAA, the essential
hemodynamic characteristics, such as velocity, were obtained
(20–22). We introduced residual blood flow fraction to describe
the blood flow stasis. BL1/BT1 was defined as the ratio of residual

blood volume to LAA/LA volume at the end of the first cardiac
cycle. Additionally, more advanced hemodynamics descriptors
potentially associated with the risk of thrombosis are estimated.
They are time-averaged wall shear stress (TAWSS), oscillatory
shear index (OSI), relative residence time (RTT), and endothelial
cell activation potential (ECAP) (23–25).

Statistical Analysis
The distribution of all continuous variables was assessed
for normality using the Shapiro-Wilk test and presented
as mean ± standard deviation (SD) or median (Q1, Q3),
appropriately. Independent t-tests or Mann-Whitney U-tests
were performed appropriately to compare the differences of scale
or ordinal variables between groups. For nominal variables, the
chi-square test and Fisher’s exact test were performed to compare
them between groups. A comparison of echocardiographic, CT
variables, and box-counting dimension between four types of
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LAA morphology was performed by one-way ANOVA followed
by Tukey’s post-hoc test. Receiver-operating characteristic (ROC)
curve analysis with the use of Youden’s index was conducted to
obtain the optimum cutoff for the box-counting dimension. The
comparison of the area under the curve (AUC) in ROC analysis
was conducted by DeLong test (26). ANOVA was used to test
whether the regression coefficient in linear regression equation
is 0. Two-sided p-values < 0.05 were considered statistically
significant. All statistical analyses were conducted with the SPSS
software (version 24.0, IBM SPSS Statistics) and Stata/SE software
(version 14.1, TX, United States).

RESULTS

Relevant Clinical Characteristics
As shown in Table 1, a total of 46 patients were enrolled in
this study as the training cohort. All 46 patients were divided
into two groups based on the presence of LAA thrombi. The
general baseline characteristics were compared between the two
groups. Overall, the mean age was 55.8 ± 7.2 years, and 34
(73.9%) were men, with a sex ratio of 2.8:1. There were 24 patients
with paroxysmal AF and 22 with persistent AF, which did not
present a significant difference in the two groups. Mean body
mass index (BMI) of the patients with AF and with and without
thrombosis were 27.0 ± 3.7 and 25.3 ± 3.0, respectively. No
statistical difference was observed in the duration of AF between
the two groups of patients.

Patients with AF and thrombosis had a larger LA diameter
and less left ventricle ejection fraction (LVEF) numbers, whereas
neither of them was significant. However, the prevalence of
hypertension was markedly lower among patients with AF and
without thrombosis than that among patients with thrombosis
(25.0% vs. 54.5%, p = 0.040). The incidence of hyperlipidemia
and diabetes mellitus also manifested as such a trend, but no
significant difference was observed between the two groups.

According to the CHA2DS2-VaSc score, all patients with AF
were evaluated as high risk (≥ 2), moderate risk (= 1), or low risk
(= 0). The rate of thrombosis in patients with AF was significantly
different in both high-risk and low-risk patients. However, for
moderate-risk patients, the CHA2DS2-VaSc score did not present
any difference between the two groups. In addition, warfarin was
used in 42 (91.3%) patients in the follow-up treatment, including
22 (91.7%) patients without LAA thrombi.

Comparison Between Four Types of Left
Atrial Appendage Morphology and
Fractal Dimension
The box-counting dimensions of LAAs were compared to test the
hypothesis that patients with AF and thrombosis would have a
higher FD. The results suggested that the LAA FD of patients with
AF and thrombi was significantly higher than those of patients
without thrombi (2.42 ± 0.072 vs. 2.35 ± 0.109, p = 0.003)
(Figure 3A). To further investigate the potential differences
between four types of LAA morphology, we compared the crucial
imaging parameters and box-counting dimensions (Figure 3

and Supplementary Table 1). None of the echocardiographic
and CT variables were significantly different among the four
groups, nor was thrombosis and the box-counting dimension
(Figure 3A), indicating that this classification might not reflect
LAA complexity. In addition, we compared LAA volume, orifice
area, and CHA2DS2-VaSc score between the four morphological
classifications and between the groups divided by FD quartiles.
Interestingly, the volume and orifice area of LAA markedly
increased in the group with higher FD; however, they did
not differ significantly among the four LAA morphological
classifications (Figures 3C,D). In addition, the CHA2DS2-VaSc
score was dramatically higher in Q4 than that in Q1, while there
seemed to be no difference among the four LAA morphological
classifications (Figure 3B).

Fractal Dimension Demonstrated the
Relationship Between Morphological
Complexity and Stroke
To further illustrate the profound relationship between LAA
morphological complexity and the long-term prognosis of
patients with AF, an independent validation cohort were enrolled
and were divided into two groups based on whether they
had stroke after the diagnosis of AF. There were 338 patients
without stroke and 105 patients with stroke (Table 2). The
median age of patients with AF and stroke was markedly
lower than that of patients without stoke [55.0 (45.0, 64.0)
vs. 58.0 (51.0, 63.0), p = 0.045]. In addition, there were no
statistical differences in gender composition and the incidences
of hypertension, diabetes, and vascular disease between the
two groups. CHA2DS2-VaSc score was significantly different
between the two groups. Interestingly, the average box-counting
dimension of patients with stroke was dramatically higher than
that of patients without stroke (2.45 ± 0.08 vs. 2.41 ± 0.09,
p = 0.001), further suggesting that the degree of morphological
complexity of LAA might be closely related to cerebral infarction
complicated by AF.

Diagnostic Accuracy of Box-Counting
Dimension in Training and Validation
Cohorts
To further investigate the relationship between thrombosis and
LAA morphology complexity, ROC analysis was performed to
reveal the accuracy of box-counting dimensions in diagnosis of
LAA thrombus and stroke in the training and validation cohort,
respectively (Table 3 and Figure 4). The optimum diagnostic
thresholds for thrombosis and stroke in patients with AF were
2.426 and 2.438, respectively (Figures 4A,C). Through ROC
analysis, the AUC of the box-counting dimension was 0.7462.
The AUC of FD was slightly lower than that of the CHA2DS2-
VaSc score (0.7462 vs. 0.7689, p = 0.811). However, for low- to
moderate-risk patients, the diagnostic accuracy of FD was higher
than the CHA2DS2-VaSc score (AUC 0.7622 vs. 0.6958, p = 0.545)
(Figure 4B). We consequently combined the shape complexity of
LAA and CHA2DS2-VaSc and made it into a new risk scoring
system. To be specific, box-counting dimensions greater than
2.426 were awarded 1 point in the training cohorts, otherwise 0
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FIGURE 3 | Comparison of box-counting dimension and other LAA parameters. (A) The LAA box-counting dimension of patients with AF and thrombi was
significantly higher than that of patients without thrombi (p = 0.003), yet the box-counting dimension was not statistically different between the four types of LAA. (B)
Comparison of CHA2DS2-VaSc between four groups divided by quartile indicated that the CHA2DS2-VaSc score was markedly higher in Q4 group compared to Q1
group, while it appeared no significant difference between four types of LAA. (C) LAA volumes of patients in Q4 were dramatically larger than those of patients in the
Q1 and Q2 groups, and no difference was observed in four types of LAA. (D) Similar to LAA volume, the LAA orifice area was also significantly larger in the Q4 group.

TABLE 2 | Clinical characteristics of patients with AF and with and without stroke.

Total AF without stroke AF with stroke P-value

N 443 338 105

Age, years 58.0 (50.0, 63.0) 58.0 (51.0, 63.0) 55.0 (45.0, 64.0) 0.045*

Sex, n (%)

Female 135 (30.5) 110 (32.5) 25 (23.8) 0.089

Male 308 (69.5) 228 (67.5) 80 (76.2)

Hypertension, n (%) 212 (47.9) 159 (47.0) 53 (50.5) 0.538

Congestive heart failure, n (%) 23 (5.2) 16 (4.7) 7 (6.7) 0.436

Diabetes mellitus, n (%) 75 (16.9) 63 (18.6) 12 (11.4) 0.085

Vascular disease, n (%) 39 (8.8) 26 (7.7) 13 (12.4) 0.139

CHA2DS2-VaSc score, n (%)

High risk: ≥ 2 245 (55.3) 147 (43.5) 98 (93.3) <0.001*

Moderate risk: = 1 114 (25.7) 109 (32.2) 5 (4.8) <0.001*

Low risk: = 0 84 (19.0) 82 (24.3) 2 (1.9) <0.001*

Box-counting dimension 2.43 ± 0.09 2.41 ± 0.09 2.45 ± 0.08 0.001*

Values are expressed in mean ± SD, number (percentage, %) or median (Q1, Q3).
*Marked significant differences.
AF, atrial fibrillation.
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TABLE 3 | ROC analysis of patients with AF in the training and validation cohorts.

Training cohort (n = 46) Validation cohort (n = 443)

P-value P-value#

AUC (95% CI) Compared
to 0.5

Compared to AUC of
CHA 2DS2-VaSc

AUC (95% CI) Compared
to 0.5

Compared to AUC of
CHA2DS2-VaSc

All patients

FD 0.746 (0.599, 0.893) 0.004* 0.811 0.602 (0.541, 0.663) 0.002* <0.001*

CHA2DS2-VaSc 0.769 (0.643, 0.895) 0.002* - 0.856 (0.817, 0.895) <0.001* -

Combined† 0.842 (0.732, 0.952) <0.001* 0.063 0.863 (0.827, 0.899) <0.001 0.427

Low to moderate risk

Number of patients n (%) 35 (76.1) 198 (44.7)

FD 0.762 (0.592, 0.932) 0.005* 0.545 0.696 (0.568, 0.823) 0.079 0.171

CHA2DS2-VaSc 0.696 (0.548, 0.843) 0.056 - 0.572 (0.388, 0.756) 0.519 -

Combined† 0.848 (0.733, 0.963 0.001* 0.009* 0.747 (0.608, 0.886) 0.026* <0.001*

p-Values were obtained by z-test.
*Marked significant differences.
† If the box-counting dimension value is greater than threshold (2.426 in the training cohort; 2.438 in the validation cohort), one point will be added to CHA2DS2-VaSc
system, and the new risk score was assessed by ROC analysis.
#The DeLong test was used to compare the AUCs.
AUC, area under the curve; CI, confidential interval; FD, fractal dimension (represented by box-counting dimension).

point. The combined risk score was significantly more accurate
in the diagnosis of LAA thrombus than the CHA2DS2-VaSc
scoring system alone in low- to moderate-risk patients (AUC
0.8479 vs. 0.6958, p = 0.009). The same trend was also observed
among all patients, whereas it was not statistically significant.
Similarly, box-counting dimensions more than 2.438 were given
one more point to be added to the CHA2DS2-VaSc score. In
addition, the ROC analysis indicated that the diagnostic accuracy
of combined risk score was higher than that of CHA2DS2-VaSc
score alone among all patients and low- to moderate-risk patients
(Figures 4C,D).

Relationship Between Fractal Dimension
and Left Atrial /Left Atrial Appendage
Parameters
We found that the morphological complexity of LAA was
positively correlated with LAAs’ orifice area and volume
(Figures 3C,D). We plotted a scatter diagram to reflect this trend
(Figures 5A,C). It shows that, with an increase in the volume
of LAA, the degree of morphological complexity gradually
increases in both training and validation cohorts, so does the
risk of thrombosis and stroke (Figures 5B,D). Furthermore,
we performed simple linear regression for FD and LA/LAA
parameters (Figures 6A,B). FD showed significant positive
correlation with the area of LAA entrance, LAA, and LA volume
(Figure 6A), yet the correlation of FD and the blood flow velocity
inside LAA was not identified (Figure 6B).

Hemodynamic Characteristics of Left
Atrial Appendage and Thrombosis
To further evaluate the hemodynamic characteristics in
LAAs of patients with AF and with and without thrombi,
we obtained a hemodynamic model of the LAA through

parameterization studies. It suggested that LAAs with
thrombi and higher FD were prone to blood stasis and
lower blood flow rate (Supplementary Figure 2 and
Figure 5). Furthermore, the residual blood volume in
LAAs of patients without thrombosis was lower than those
of patients with thrombosis after the sixth cardiac cycle,
and the distribution of residual blood volume was more
dispersed in LAAs without thrombi (Supplementary Figure 3).
Linear regression between FD and BL1% or BT1% indicates
the markedly positive correlation (Figure 6C). In addition,
TAWSS was negatively correlated with FD, whereas the linear
correlations between FD and OSI, RRT, and ECAP were not
significant (Figure 6D).

DISCUSSION

Our study takes the first step in assessing the thrombosis
and stroke among patients with AF from the perspective of
LAA morphological complexity, which was quantitatively
analyzed by means of fractal geometry. It is technically feasible
to calculate FD of LAAs through enhanced CT images of
patients with AF. Our data suggested that patients with AF
having higher box-counting dimension were more prone to
LAA thrombi and stroke. Furthermore, FD of LAA showed
more exceptional ability to diagnose thrombosis and stroke
than the CHA2DS2-VaSc scoring system among low- to
moderate-risk patients with AF. In addition, hemodynamic
analysis of LAAs indicated that blood flow rate was lower
in LAAs with thrombi and higher with box-counting
dimension. This study revealed the relationship between
the thrombosis and morphological complexity of LAA in
patients with AF and provided additional clinical implications
for risk stratification.
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FIGURE 4 | ROC analysis of FD and CHA2DS2-VaSc score in training and validation cohorts. (A) ROC curve for assessing the patients in the training cohorts. (B)
ROC analysis of low- to moderate-risk patients with AF. Both AUC of FD and combined scoring system were significantly larger than that of CHA2DS2-VaSc score
(p = 0.005 and 0.001, respectively). (C) ROC analysis of FD and CHA2DS2-VaSc score among all patients in the validation cohort. (D) ROC analysis in low- to
moderate-risk patients in the validation cohort.

The relationship between the shape of LAAs and thrombosis
has been explored for a long time, and previous studies have
reached a consensus that LAA morphology is correlated with
the risk of thrombus formation and stroke or transient ischemia
attack in patients with AF (27–29). It has been reported that
LAA volume, LAA empty velocity, and LAA orifice area could
be used to predict thrombus formation (27, 29), yet these
parameters did not present significant differences between the
two groups in our cohort. Interestingly, according to the study
by Yamamoto et al. (27), most of the patients with LAA
thrombus had ≥ 3 LAA lobes, whereas the thrombi were
observed in only 0.7% of patients with AF and with one or
two LAA lobes. These studies indicated that thrombosis was
closely related to the complexity of the LAA. Correspondingly,
our data quantitatively evaluated the morphological complexity
of LAA and further confirmed the correlation between the
LAA thrombosis and morphological complexity. In contrast,
Fukushima et al. demonstrated the relationship between LAA
flow velocity (LAAFV) and LAA morphology in patients with
paroxysmal AF based on the four-type classification system

of LAA morphology, indicating that LAAFV was significantly
higher in patients with chicken wing LAA (5). Likewise,
another study pointed out that patients with chicken wing
morphology were less prone to cerebral embolic events (28),
which indicated that the higher LAAFV might be associated
with less thrombus formation and stroke. These data suggest
that LAA morphology can significantly affect the state of blood
flow within LAA, and thus further lead to thromboembolism
(30, 31). The traditional four-type morphological classification
of LAA can reflect the association between LAA morphology
and thrombosis or embolic event. However, this classification
system cannot quantitatively assess the complexity of LAA, thus
there were contrary conclusions about the relationship between
LAA morphology and thrombosis or stroke in the previous
studies. Consequently, we provided a novel method to evaluate
the morphological complexity of both outer and internal sides of
LAA (5, 28, 32, 33).

The fractal geometry analytic method proposed in this
study can accurately quantify the morphological complexity of
LAAs. A recent study revealed that complex LAA morphology
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FIGURE 5 | Risk plot of training and validation cohort. (A,C) LAA box-counting dimension of each patient is plotted and presents the cutoff value that defines high-
and low-risk patients in the training and validation cohorts, respectively. (B,D) Each patient’s LAA volume is plotted with its box-counting dimension, suggesting the
positive correlation between LAA volume and morphological complexity.

FIGURE 6 | Linear regression of FD and hemodynamic parameters. (A) The correlation between FD and LAA/LA morphological parameter. (B) The correlation
between FD and blood flow velocity in LAA. (C) FD was positively related to the ratio of residual blood volume to LAA/LA volume at the end of the first cardiac cycle.
(D) FD was markedly negatively related to TAWSS. BL1%: Ratio of the volume of blood remaining in the LAA to the volume of the LAA at the end of first cardiac
cycle. BT1%: Ratio of the volume of blood remaining in the LAA to the volume of the entire left atrium at the end of the first cardiac cycle.
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characterized by an increased number of LAA lobes was
associated with the presence of LAA thrombi and was an
independent predictive factor in thrombosis (27). Blood stasis
caused by more lobes of LAA may be an essential factor in
the formation of thrombosis. Accordingly, the morphological
complexity inside the LAA, which directly determines the
hemodynamic state of blood in the LAA, might reflect
the relationship between LAA morphology and blood flow
more intuitively. Moreover, the hemodynamic model of LAAs
reached a similar conclusion: the blood flow in the LAA
with a high FD and thrombosis was slower, prone to stasis
and higher RRT, and residual blood volume fraction in
the LAA after six cardiac cycles was higher than that of
the control group.

Through ROC analysis, we identified the cutoff values of
box-counting dimension as 2.426 and 2.438 in training and
validation cohorts, indicating that patients with FD values higher
than thresholds should be considered for active treatment,
including anticoagulant therapy. The CHA2DS2-VaSc score
system, widely used to evaluate the thrombosis risk among
patients with AF, was reported to have limited efficacy in
predicting thrombosis and stroke in patients with AF and
low to moderate risk of thrombosis (34, 35). Therefore,
it remains controversial whether active treatment should be
performed among these patients. Our findings imply that
FD had more potency to evaluate the possibility of both
thrombosis and stroke in low- to moderate-risk patients with
AF, which might be a clinical parameter that can be used to
assess these patients. Besides, FD indirectly compensates for
blood flow stasis that is not covered by the CHA2DS2-VaSc
score, and the novel scoring system, combining the FD and
CHA2DS2-VaSc score, presents higher accuracy in diagnosis
of LAA thrombosis.

At present, patients with AF are routinely treated with
antiplatelet or anticoagulant therapy, and 41 (91.3%) patients
in our study took warfarin. To altogether remove the site of
thrombus, some other patients underwent LAA. Although
a vital part of LA, LAA is involved in the contraction and
endocrine function of LA. Considering the side effects
of warfarin and the decreased LA compliance after LAA
(33), anticoagulation or surgery needs to be implemented
more cautiously in patients with AF. The FD of LAA
can be added to the CHA2DS2-VaSc scoring system to
more accurately stratify patients with stroke and guide
treatment decisions. Therefore, further research is needed
to confirm clinically that the LAA FD is related to the
occurrence of stroke.

There are several limitations to our study. First, the relatively
small sample size collected from our single center and the
retrospective nature might cause some bias in the comparison
results. The starting point of the disease course of patients
with AF is mainly through the patient’s recollection and
health examination report, which may have an impact on
the course of the patient’s illness. Secondly, the diagnosis of
LAA thrombus in the training cohort largely depends on TEE
images rather than pathological or surgical examination. Poor
quality ultrasound images of patients cannot determine whether

the patients had LAA thrombi, thereby leading to a certain
amount of error. Due to the limitations of retrospective data
acquisition, the division of patients in the two cohorts is
not random, which may lead to a certain selection bias. In
addition, the onset and duration of patients with persistent
atrial fibrillation (PAF) could not be accurately recalled and
recorded by these patients, which may also affect the results
to some extent. Moreover, an absence of anticoagulants in the
treatment of included patients before CT or TEE could be a
confounding factor in the thrombosis and stroke. In addition,
because the contrast agent may not be completely adherent
during scanning, the 3D reconstructed model cannot wholly
reflect the internal shape of the patient’s LAA. Therefore, a
prospective study, including large samples, should be conducted
to reduce the biases of the result and to verify the conclusion of
this study further.

CONCLUSION

The LAA morphological complexity is closely associated
with thrombosis and stroke in patients with AF. It can
be quantitatively evaluated with box-counting dimension
calculated by enhancing the CT image and our fractal
analysis approaches. Moreover, FD presented higher accuracy
than the CHA2DS2-VaSc score in the diagnosis of LAA
thrombosis and stroke in low- to moderate-risk patients with
AF. Furthermore, preliminary hemodynamic studies have
confirmed that complicated LAA morphology is more likely
to cause blood flow stasis and thrombosis. The threshold of
the box-counting dimension was defined, and a new combined
scoring system was established for better risk assessment,
potentially providing an efficient approach that may better
assess the necessity for anticoagulation in low- to moderate-risk
patients with AF.
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Aims: This study aimed to assess the diagnostic performances of dual-energy

computed tomography (CT)-derived iodine concentration and effective

atomic number (Zeff) in early-phase cardiac CT in detecting left atrial

appendage (LAA) thrombus and differentiating thrombus from spontaneous

echo contrast (SEC) in patients with atrial fibrillation using transesophageal

echocardiography (TEE) as the reference standard.

Methods and results: A total of 389 patients with atrial fibrillation were

prospectively recruited. All patients underwent a single-phase cardiac dual-

energy CT scan using a third-generation dual-source CT. The iodine

concentration, Zeff, and conventional Hounsfield units (HU) in the LAA were

measured and normalized to the ascending aorta (AA) of the same slice

to calculate the LAA/AA ratio. Of the 389 patients, TEE showed thrombus

in 15 (3.9%), SEC in 33 (8.5%), and no abnormality in 341 (87.7%) patients.

Using TEE findings as the reference standard, the respective sensitivity,

specificity, positive predictive value, and negative predictive value of the

LAA/AA HU ratio for detecting LAA thrombus were 100.0, 96.8, 55.6, and

100.0%; those of the LAA/AA iodine concentration ratio were 100.0, 99.2,

83.3, and 100.0%; and those of the LAA/AA Zeff ratio were 100.0, 98.9,

79.0, and 100.0%. The areas under the receiver operator characteristic

curve (AUC) of the LAA/AA iodine concentration ratio (0.978; 95% CI

0.945–1.000) and Zeff ratio (0.962; 95% CI 0.913–1.000) were significantly

larger than that of the LAA/AA HU ratio (0.828; 95% CI 0.714–0.942) in

differentiating the thrombus from the SEC (both P < 0.05). Although the

AUC of the LAA/AA iodine concentration ratio was larger than that of

the LAA/AA Zeff ratio, no significant difference was found between them

(P = 0.259).
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Conclusion: The dual-energy CT-derived iodine concentration and the Zeff

showed better diagnostic performance than the conventional HU in early-

phase cardiac CT in detecting LAA thrombus and differentiating the thrombus

from the circulatory stasis. However, these results need to be validated in

large-cohort studies with late-phase images.

KEYWORDS

left atrial appendage thrombus, left atrial thrombus, computed tomography, dual-
energy CT (DECT), atrial fibrillation (AF)

Introduction

Left atrial (LA) thrombus is common in patients with
atrial fibrillation, with a prevalence of 13–15%, and most
frequently occurs in the left atrial appendage (LAA) (1–3). The
presence of thrombus in LA or LAA is considered to be a
contraindication to electrical or pharmacological cardioversion
or catheter ablation in patients with atrial fibrillation (4).
Transesophageal echocardiography (TEE) is the gold standard
in detecting or excluding LA or LAA thrombus before catheter
ablation (5, 6). However, this technique is semi-invasive and
carries physical discomfort for patients (7). Significantly, during
the coronavirus disease 2019 pandemic, the performance of
TEE carries a heightened risk for transmission of this viral
infection, especially in non-intubated patients, secondary to the
aerosolization of a large amount of virus due to coughing or
gagging (7, 8). Therefore, it is important to develop a valid
imaging modality alternative to TEE to exclude LAA.

Computed tomography (CT) is routinely performed before
catheter ablation, as it provides the exact anatomical details
of the LA and pulmonary veins (9–11). Indeed, a uniphasic
standard CT cannot discriminate thrombus from flow stasis or
stagnation when an iodine contrast-filling defect is present in
LAA, owing to the lack of organized LA and LAA contraction in
patients with atrial fibrillation (10, 12). The term spontaneous
echo contrast (SEC) was coined to refer to this flow stasis
visualized by echocardiographic examination (8). To overcome
the issue of delayed filling due to stasis, a two-phase scan
protocol was proposed, in which a second set of images is
acquired following a short time delay after the initial scan
(13). A meta-analysis showed that when delayed imaging was
performed by this two-phase scan protocol, the specificity
increased from 92 to 99% and the positive predictive value

Abbreviations: AUC, area under the receiver operating characteristic
curve; CT, computed tomography; HU, Hounsfield units; Zeff,
effective atomic number; TEE, transesophageal echocardiography;
LAA, left atrial appendage; AA, ascending aorta; SEC, spontaneous
echocardiographic contrast.

(PPV) increased from 41 to 92% (14). Likewise, a double-
contrast single-phase scan has shown promising results despite
a double-contrast load (15, 16). But, the two-phase scan
protocol and double-contrast single-phase scan protocol are
only applicable for some LAA stasis, owing to their limited
ability to discern tissue characteristics.

The recently introduced dual-energy CT-derived iodine
concentration can differentiate iodine from other materials
through the material decomposition method. This is valuable
for differentiating non-enhancing thrombus from other iodine-
enhancing phenomena, such as SEC. Nevertheless, there
exists an absolute measurement error in iodine quantification,
especially when measured at lower iodine concentrations,
such as severe SEC or patients with large-body type (17–19),
which weaken the ability to distinguish thrombus. Another
dual-energy CT-derived imaging biomarker called effective
atomic number (Zeff ) can chemically qualify the type of
material. Previous studies have shown the potential of this
technique in pilot populations enrolled for various disorders
(20–24). Nevertheless, its abilities to detect LAA thrombus and
differentiate LAA thrombus from circulatory stasis are unclear.

Thus, this study aimed to assess the diagnostic performances
of dual-energy CT-derived iodine concentration and Zeff in
detecting LAA thrombus and differentiating thrombus from
SEC in patients with atrial fibrillation using TEE as the
reference standard.

Materials and methods

Patient selection

From January 2017 to May 2019, we prospectively enrolled
consecutive patients with atrial fibrillation referred for catheter
ablation. Figure 1 outlines the study protocol. All patients
underwent TEE for the exclusion of LAA thrombi before
undergoing catheter ablation and underwent cardiac dual-
energy CT for anatomical assessment of the pulmonary veins,
LA, and LAA. The interval time between dual-energy CT and
TEE was less than 48 h. This study was approved by the
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FIGURE 1

Flowchart for patient enrollment.

institutional ethics committee, and written informed consent
was obtained from each patient.

Dual-energy cardiac computed
tomography examination

Computed tomography was performed by a third-
generation dual-source CT (SOMATOM Force; Siemens
Healthineers, Forchheim, Germany) in dual-energy mode
prospective ECG-gating technique. The CT scan parameters
were as follows: 2 mm × 64 mm × 0.6 mm acquisition
collimation with z-flying focal spot technique. An automated
tube current modulation (Care Dose 4D, Siemens Healthcare)
was used in scanning. One tube of the dual-source CT system
was operated with 127 reference mAs per rotation at Sn
150 kV, and the second tube was automatically operated with
444 reference mAs per rotation at 70 kV. All CT scans were
performed in cranio-caudal direction at a supine position
during a mid-inspiratory breath-hold.

Contrast media were injected by a dual-syringe injector
(Stellant D, Medrad, Indianola, MS, United States) using an
18-gauge intravenous needle placed in the right antecubital
vein. A triphasic injection protocol was used. Firstly, 40 mL

of contrast agent (Iopromide, Ultravist 370, 370 mg/ml,
Bayer-Schering Pharma, Berlin, Germany) was administered.
Thereafter, there was a 15-s delay before administration of the
second bolus of contrast agent (40 ml). Finally, 30 ml of saline
was administered. The injection rates were 4 ml/s for all phases.
Contrast agent application was controlled by a bolus tracking
technique. After the second bolus injection, there was a 5-s delay
before the monitoring scan. A region of interest was placed in
LA, and image acquisition was automatically started 7 s after the
attenuation reached the predefined threshold of 100 HU.

Dual-energy cardiac computed
tomography image post-processing
and evaluation

A dual-energy CT post-processing was performed by a
dedicated clinical radiology workstation (Syngo Via, VB10,
Siemens Healthcare). The acquired 70 kV and Sn150 kV images
were transferred to the workstation and loaded into the dual-
energy application software. This software allows the automated
derivation of iodine maps and effective atomic number maps
and obtains quantitative iodine concentration (in mg/ml) and
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effective atomic number values within a user-designated region
of interest (ROI).

All CT images were assessed by two experienced readers who
were blinded to echocardiographic and clinical information.
Disagreements between readers were settled by consensus. If the
entire LAA was not fully opacified with contrast media by visual
assessment, a filling defect was deemed to be present. We then
placed an ROI inside the filling defect in the LAA to determine
the iodine concentration and Zeff . To account for hemodynamic
inter-patient variations, all the measured parameter values in the
ROI of the lesion were normalized to the ascending aorta (AA)
in the same axial plane.

Transesophageal echocardiography
examination

A TEE was performed using commercially available
echocardiograms (Toshiba Nemio, Tokyo, Japan) with a 5.0-
MHz multiplane transducer. With the patient lying in the left
lateral decubitus position and monitored by means of a three-
lead electrocardiogram, the TEE probe was introduced into
the esophagus with the transducer facing anteriorly (25). The
LAA was imaged by placing the probe at the level of the mid-
esophagus including 0, 45, 90, and 135 angled views. A thrombus
was defined as an “echo-dense mass” that was distinct from
the adjacent normal tissue without any detectable Doppler
flow velocity and signs of vascularization on color doppler in
the LAA. SEC was defined as hyperechogenic sparkling that
could not be eliminated by adjusting the gain settings in the
presence of residual flow velocity in the LAA (10). SEC was
not regarded as a thrombus. The severity of SEC was classified
according to the following criteria: grade 0, no echogenicity was
observed (normal group); grade 1 (mild), minimal echogenicity,
imperceptible at “normal” gain settings, may be detectable only
transiently during the cardiac cycle, located in the left atrial
appendage, or sparsely distributed in the left atrial cavity; grade
2 (mild to moderate), more dense swirling pattern, detectable
without increased gain settings, with a similar distribution to
mild; grade 3 (moderate), dense swirling pattern in the left atrial
appendage, generally associated with somewhat lesser intensity
throughout the main left atrial cavity, and may fluctuate in
intensity but is detectable constantly throughout the cardiac
cycle; and grade 4 (severe), intense echodensity and very slow
swirling patterns in the left atrial appendage, usually with similar
density in the main cavity (26).

Statistical analysis

All statistical analyses were performed using SAS version 9.4
(SAS Institute Inc., Cary, NC, United States) or MedCac version
11.4.1 (Medcalc Software, Mariakerke, Belgium). Continuous

variables were expressed as mean ± SD, and categorical variables
were expressed as frequencies or percentages. Student’s t-test
and the Wilcoxon test were performed for normally and non-
normally distributed variables, respectively.

Using TEE as the reference standard for the diagnosis of a
thrombus formation, the sensitivity, specificity, PPV, negative
predictive value (NPV), and accuracy of iodine quantification
and Zeff for the detection of LAA thrombi were calculated.
Additionally, using TEE as the reference standard for the
diagnosis of a thrombus formation, the diagnostic performance
was quantified using receiver operating characteristic (ROC)
analysis, and the areas under the curves (AUCs) were compared
using the DeLong method. A two-tailed p-value < 0.05 was
considered to be statistically significant. Intraclass correlation
coefficients were used to assess intraobserver and interobserver
agreements in the measurements of iodine concentration and
Zeff in 10 randomly selected patients.

Results

The characteristics of the study population are summarized
in Table 1. A total of 389 patients (219 men and 170 women,
61.7 ± 8.2 years) were enrolled and analyzed. In all cases,
the interval time between dual-energy CT and TEE was less
than 48 h and within 24 h in 80% of the cases. The image
quality of all dual-energy CT and TEE examinations was
considered acceptable for evaluation. The mean estimated
radiation effective dose was 2.2 ± 0.4 mSv (dose–length
product × 0.014 mSv/mGycm).

Of the 389 enrolled patients, TEE demonstrated thrombus in
15 (3.9%), SEC in 33 (8.5%), and no abnormality in 341 (87.7%)
patients. The resultant severity of SEC was categorized as severe
in 4 patients, moderate in four patients, mild to moderate in
10 patients, and mild in 15 patients on TEE. All thrombi were
located in the LAA. On dual-energy CT, the mean LAA/AA

TABLE 1 Characteristics of the study population (n = 389).

Characteristics Value

Age (years) [mean ± SD] 61.7 ± 8.2

Sex [male/female] 219/170

BMI [kg/m2 ; mean ± SD] 25.3 ± 3.9

CHA2DS2-VASc score [mean ± SD] 1.4 ± 1.1

Hypertension (%) 120 (31%)

Hypercholesterolemia (%) 85 (22%)

Diabetes mellitus (%) 89 (23%)

Current or prior cigarette smoking (%) 97 (25%)

Warfarin 46 (12%)

NOAC 311 (80%)

Values are n (%).
SD, standard deviations; BMI, body mass index; NOAC, novel oral anticoagulants.
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iodine concentration ratio was −0.23 ± 0.14 for the thrombus
group, 0.09 ± 0.13 for the SEC group, and 0.80 ± 0.29 for the
normal group (no thrombus or SEC). The mean LAA/AA Zeff
ratio was 0.53 ± 0.07 for the thrombus group, 0.69 ± 0.11 for
the SEC group, and 0.98 ± 0.19 for the normal group. The mean
LAA/AA Zeff ratio and the LAA/AA iodine concentration ratio
were significantly different among the three groups (p < 0.001).

Using TEE findings as the reference standard, the sensitivity,
specificity, PPV, and NPV of the LAA/AA HU ratio were
100.0, 96.8, 55.6, and 100.0%, respectively, in detecting the LAA
thrombus (Table 2) by using the LAA/AA iodine concentration
ratio, were 100.0, 99.2, 83.3, and 100.0%; and by using
the LAA/AA Zeff ratio, were 100.0, 98.9, 79.0 and 100.0%,
respectively (Table 2).

In the ROC analysis, the AUCs of the LAA/AA iodine
concentration ratio (AUC 0.978; 95% CI 0.945–1.000) and the
LAA/AA Zeff ratio (0.962; 0.913–1.000) were significantly larger
than that of the LAA/AA HU ratio (0.828; 0.714–0.942) in
differentiating thrombus from SEC (both p < 0.05; Figure 2).
Although the AUC of the LAA/AA iodine concentration ratio
was larger than that of the LAA/AA Zeff ratio (0.978 vs 0.962),
no significant difference was found between them (p = 0.259).
The best cutoff values for detecting an LAA thrombus and
differentiating thrombus from SEC were -0.09 for the LAA/AA
iodine concentration ratio, 0.61 for the LAA/AA Zeff ratio, and
0.33 for the LAA/AA HU ratio. Figure 3 shows representative
dual-energy CT images from a patient with LAA thrombus and
SEC, and Figure 4 shows representative dual-energy CT images
from a patient with LAA SEC.

Intraobserver and interobserver agreements for the
measurement of the LAA/AA iodine concentration ratio
(ICC = 0.88, ICC = 0.81) and LAA/AA Zeff ratio (ICC = 0.86,
ICC = 0.82) were all excellent.

Discussion

This study was conducted to assess the diagnostic
performances of dual-energy CT-derived iodine concentration

FIGURE 2

Receiver operating-characteristic curve (ROC) analysis in
differentiating thrombus from circulatory stasis using
transesophageal echocardiography (TEE) as the reference
standard. The areas under the ROC (AUC) of LAA/AA iodine
concentration ratio (0.978; 0.945–1.000) and LAA/AA Zeff ratio
(0.962; 0.913–1.000) showed significantly larger than that of
LAA/AA HU ratio (0.828; 0.714–0.942) (P < 0.05).

and Zeff in detecting LAA thrombus and differentiating
thrombus from SEC in patients with atrial fibrillation using
TEE as the reference standard. This study demonstrated that the
diagnostic performances of iodine concentration and Zeff were
superior to conventional HU in detecting LAA thrombus and
differentiating thrombus from circulatory stasis. Although the
diagnostic performance of iodine concentration measurements
was better than that of Zeff measurements, no significant
difference was found between them.

Recent studies have shown that conventional CT has
high sensitivity and NPV, but poor specificity and PPV in
detecting LAA thrombus because CT has a limited capacity in
differentiating thrombus from circulatory stasis when an LAA-
filling defect is present (10, 12, 27). Kim et al. (28) reported that

TABLE 2 Statistical results for the detection of left atrial appendage (LAA) thrombus (n = 389).

Image series Accuracy Sensitivity Specificity PPV NPV

LAA/AA iodine concentration ratio 99.2
(386/389)

[97.8–99.8]

100.0
(15/15)

[78.2–100]

99.2
(371/374)

[97.7–99.8]

83.3
(15/18)

[58.6–96.4]

100.0
(371/371)
[99.0–100]

LAA/AA Zeff ratio 99.0
(385/389)

[97.4–99.7]

100.0
(15/15)

[78.2–100]

98.9
(370/374)

[97.3–99.7]

79.0
(15/19)

[54.4–94.0]

100.0
(370/370)
[99.0–100]

LAA/AA HU ratio 96.9
(377/389)

[94.7–98.4]

100.0
(15/15)

[78.2–100.0]

96.8
(362/374)

[94.5–98.3]

55.6
(15/27)

[35.3–74.5]

100.0
(362/362)
[99.0–100]

Values are% (raw data) [95% CI].
PPV, positive predictive value; NPV, negative predictive value.
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FIGURE 3

Cardiac computed tomography (CT) and transesophageal echocardiography (TEE) images in 78-year-old man with left atrial appendage (LAA)
thrombus and spontaneous echo contrast (SEC). (A) Dual-energy CT-derived iodine map shows filling defect in LAA (arrow), with LAA/AA iodine
concentration ratio of –0.18 (true positive finding). (B) Dual-energy CT-derived Zeff image shows filling defect in LAA (arrow), with LAA/AA Zeff

ratio of 0.54 (true positive finding). (C) Conventional CT image shows filling defect in the LAA (arrow) with LAA/AA HU ratio of 0.11 (true positive
finding). (D) TEE image demonstrates thrombus (arrow) and SEC in LAA. (E) Doppler flow measurement of TEE shows reduced emptying
velocity of 38 cm/s in LAA besides the thrombus. For quantitative assessment, LAA/AA iodine concentration ratio ≤ –0.09, LAA/AA Zeff ratio
of ≤0.61 and LAA/AA HU ratio of ≤0.33 was considered positive for thrombus.

the PPV and NPV of conventional CT measurements (HU) for
the detection of severe spontaneous echo contrast and thrombus
were 31 and 99%, respectively. Budoff et al. (29) reported that
the PPV and NPV of conventional CT for the detection of
LAA thrombus were 51.6 and 100%, respectively. Compared
with previous studies, the PPV of this study was slightly higher
(55.6%), which may be due to the use of the double-contrast
single-phase scan protocol. The double-contrast single-phase
scan protocol is an alternative protocol to improve the ability
to detect LAA thrombus, involving only one-phase CT scan
after two separate injections of contrast agent without delayed
CT scan. Teunissen et al. (30) reported a PPV of 7.7% when
using two contrast boluses (30 and 70 ml) with 25-s inter-bolus
delay. However, another study by Hur et al. (15) showed a PPV
of 100% when using two contrast boluses (50 and 70 ml) with
180-s delayed acquisition after the test bolus (first bolus). This
may indicate that the two contrast boluses combined with the
optimal interval time between injections or optimal delayed

acquisition time is of great significance in improving the ability
to detect LAA thrombus.

Another CT protocol designed to improve the diagnostic
ability to detect LAA thrombus is the two-phase scan protocol,
in which the second set of images is acquired following a short
time delay after the initial scan, recommended using a 60-s delay
from contrast peak detected by bolus tracking (13). A recent
meta-analysis showed that the specificity increased from 92 to
99% and the PPV increased from 41 to 92% by using the two-
phase scan protocol with delayed imaging (14). Notably, for
the two-phase scan protocol, an optimal acquisition time for
the second scan is most crucial but difficult aspects because
the circulation time depends on the individual involved. If the
acquisition time is not properly chosen, the contrast medium
will run out or will not be fully filled in LAA. Moreover, the
double-contrast single-phase protocol and the two-phase scan
protocol are only applicable for some LAA stasis, owing to their
limited ability to discern the tissue characteristics.
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FIGURE 4

Cardiac computed tomography (CT) and transesophageal echocardiography (TEE) images in 48-year-old man with spontaneous echo contrast
(SEC). (A) Dual-energy CT-derived iodine map shows filling defect in the left atrial appendage (LAA) (arrow) with LAA/AA iodine concentration
ratio of 0.13 (true negative finding). (B) Dual-energy CT-derived Zeff image shows filling defect in the LAA (arrow) with LAA/AA Zeff ratio of 0.68
(true negative finding). (C) Conventional CT image shows filling defect (arrow) in the LAA with LAA/AA HU ratio of 0.24 (false positive finding).
(D) TEE image demonstrates SEC in LAA. (E) Doppler flow measurement of TEE shows reduced emptying velocity of 37 cm/s but measurable
flow throughout the LAA.

Compared with conventional single-energy CT, dual-energy
CT is not only a powerful technique to obtain material-specific
information by adding a second set of data to the same scanned
material but it also reduces beam-hardening artifacts (31, 32).
Our study further enhanced the advantages of dual-energy
CT. In our study, dual-energy CT-derived iodine quantification
(AUC 0.978 ± 0.017 vs 0.828 ± 0.058, p < 0.05) and Zeff (AUC
0.962 ± 0.025 vs 0.828 ± 0.058, p < 0.05) showed significantly
higher diagnostic ability than conventional HU measurements
in the detection of LAA thrombus. Such observations are
caused by using materials with different elemental compositions
that can represent the same CT values (HU), making the
differentiation and classification of different tissues extremely
challenging. Moreover, the conventional HU measurements
may be affected by confounding factors characterized by
both the unenhanced CT attenuation densitometry and
the contrast-enhanced densitometry. Conversely, the iodine
quantification, unaffected by unenhanced CT attenuation
densitometry, has great potential to differentiate non-enhancing

thrombi from enhancing intracardiac blood pools. In line
with current observation, our group reported that iodine
concentration measurements based on dual-energy dual-source
CT were superior to conventional HU measurements (33)
in detecting LAA thrombus. Moreover, Hur et al. (34) have
reported that iodine concentration measurements based on
single-source dual-energy CT with a fast-kilovoltage-switching
technique were better than conventional HU measurements in
distinguishing thrombus from circulatory stasis.

Dual-energy CT-derived Zeff is a quantitative parameter
that represents the mean atomic number of compounds or
mixtures of various materials in tissue, rather than the absolute
value of pure single chemical substance (35). Zeff describes
the electronic changes at the atomic level. It can show subtle
amount of iodine with higher sensitivity than CT attenuation
in Hounsfield units (20, 21, 24). In our study, this electronic
contribution from subtle amounts of iodine within a pseudo–
filling defect provides useful information about the presence and
accumulation of contrast material by chemically qualifying the
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focused type of material. Even if the manufacturer states that the
Zeff results for materials with a higher atomic number may not
be correct, recent data are not in conflict with the manufacturer
statement because the recent data are based on distinguishing
the materials with different contents of higher atomic number
and not based on the quantification of the absolute Zeff value.

Zeff measurements were compared with iodine
measurements in our study. Interestingly, the diagnostic
performance of iodine concentration measurements was
better than that of Zeff measurements in the detection of
LAA thrombus, but without significant (AUC 0.978 vs 0.962,
p > 0.05). Of 374 patients without thrombus, four were
misdiagnosed with thrombus by Zeff measurements and severe
SEC were detected by TEE in these cases. The false-positive cases
may be due to the iodine concentration being not measurable
in the LAA at the time of data acquisition because contrast
opacification might take longer in patients with atrial fibrillation
who have very low filling and emptying velocities than in
individuals in sinus rhythm. Likewise, these situations may
also negatively affect the diagnostic performance of iodine
concentration measurements in detecting LAA thrombus. Of
374 individuals without thrombus, three were misdiagnosed
with thrombus by iodine concentration measurements and
TEE showed severe SEC. However, undoubtedly, iodine
concentration measurements and Zeff measurements are more
sensitive than conventional HU measurements in detecting the
iodine presence and are relatively less affected by the scan time.

In this study, to minimize the variations of circulation
status and scanning time in different patients, all the measured
parameter values in the ROI of the lesion were normalized to the
AA in the same axial plane. Additionally, to achieve a sufficient
attenuation difference between iodine-enhancing and non-
enhancing phenomena, a dual-enhanced protocol involving two
injections of iodinated contrast media was followed, and a short
delay time was used between administering the first and second
contrast boluses.

Nowadays, although a few studies have evaluated the
potential of dual-energy CT-derived Zeff in pilot populations
enrolled for various disorders (20–24), the ability for
differentiation of LAA thrombus and circulatory stasis remains
unclear. To the best of our knowledge, the application of Zeff
in detecting LAA thrombus has never been reported. The
finding of this study can be considered a proof of concept of the
feasibility of this novel technology in detecting LAA thrombus.
Taken together, these study results suggest the potential of
dual-energy CT as a promising non-invasive method for the
identification of individuals with LAA thrombus.

Limitations

This study has several limitations. First, this was a single-
center analysis with a relatively small number of positive cases.

Although small, the results are encouraging but require further
studies with larger cohorts to validate. Second, TEE was used
as the reference standard and the presence or absence of
LAA thrombus was not confirmed by direct visual surgical
specimens or inspection of the anatomy. Third, although the
intervals between dual-energy CT and TEE were within 48 h,
the risk of “new” thrombus formation would be low. We
cannot entirely erase the possibility that this did occur between
the two examinations. Fourth, we did not perform the two-
phase CT scan protocol and the dual-energy CT-derived iodine
concentration and Zeff were only compared with HU from
early-phase CT instead of late-phase images. Future studies
including the comparison with the two-phase scan protocol with
late-phase images are required. Finally, the study was performed
in a cohort with relatively low CHA2DS2-VASc score, which
may limit generalizability.

Conclusion

Dual-energy CT-derived iodine concentration and Zeff
showed better diagnostic performance than conventional HU
in early-phase cardiac CT in detecting LAA thrombus and
differentiating thrombus from circulatory stasis. However, these
results need to be validated in large cohort studies with late-
phase images.
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