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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.

Frontiers in Bioengineering and Biotechnology
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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
stresses ex-vivo

determine wall shear along  with

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 VO,
and peak O, 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.
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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
increased  stiffness, and

with  impaired  contractility,

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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Aerobic Versus Resistance Training
Effects on Ventricular-Arterial
Coupling and Vascular Function in
the STRRIDE-AT/RT Trial

Carolyn L. Lekavich™, Jason D. Allen?, Daniel R. Bensimhon?, Lori A. Bateman*,
Cris A. Slentz’, Gregory P. Samsa’, Aarti A. Kenjale', Brian D. Duscha’,
Pamela S. Douglas "° and William E. Kraus "°

" Division of Cardiology, Duke University School of Medicine, Durham, NC, United States, ? Division of Cardiovascular
Medicine, Department of Kinesiology, University of Virginia, Charlottesville, VA, United States, ° Cone Health and Vascular
Center, Greensboro, NC, United States, * Department of Biostatistics, University of North Carolina at Chapel Hill, Chapel Hill,
NC, United States, ° Duke Clinical Research Institute, Durham, NC, United States, ° Duke 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 VO (pVOo.
mlL/kg/min) and peak Oo-pulse (Oop; mL/beat).

Results: Within the AT group (n = 11), there were significant increases in rVO» of 4.2
ml/kg/min (SD 0.93) (o = 0.001); Oop of 1.9 mlL/beat (SD 1.3) (p = 0.008) and the
brachial artery post-hyperemia peak diameter 0.18 mm (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, VO, 2.97, (SD 1.22),
(o = 0.03), Oop 0.01 (SD 1.3), (p = 0.01), peak hyperemic blood flow volume (1.77 mL)
(SD 140.69) (p = 0.009), were higher in AT, but LVEDP 115mL (SD 7.0) (o = 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

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

e 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 vascular mechanisms
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; O,p, Oxygen pulse; pVO,, 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/m?, 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
VO, 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 6 months 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 24h 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 VO, peak (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 x 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, cm?)
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%*tn%) +
(—307.39%tn®) + (684.54*tn*) + (—856.92*tn”) + (571.95*tn®)
+ (—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 (SRgmax 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 10a.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 3cm, 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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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 ¢-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/€’); 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 VO, (pVO;) and
peak O,_pulse (O,p) defined as peak absolute VO,/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 J]MP
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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 X* (1, 7) = 0.12, p > 0.05, and the percentage
of participants that are White did not differ by group X*(1, 9)
= 0.59, p > 0.05, mean body mass index (BMI) was 30.4 kg/m?
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
(VO,peak (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 aVO; 335 mL/min (SD 74.1) (p = 0.001), relative VO, (rVOy)
of 4.2 mL/kg/min (SD 0.93) (p = 0.001), and O,p 1.9 mL/beat (SD
1.3) (p = 0.008). Of the peripheral vascular measures, the brachial
artery post-hyperemia peak diameter increased 0.18 mm, (SD
0.08), (p = 0.05), but due to increased resting caliber of the vessel
(0.13 mm, 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 VO, 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 (see Table 2A). AT Group 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 pVO;, or O,p 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 1.8 mm (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 rVO, 2.97, (SD 1.22), (p = 0.03),
O,p 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 (177.8 mL)
(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
Walst 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) 1156.4 (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 aVO,, peak rVO,, and O,p 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 ~1-2 min 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 40 min 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 rVO; 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 ATraining p-value for AT
pre- and
post-training

Exercise capacity

pVO, 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*
Oop mlubeat 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/NVCO; 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) 0.1
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 45.63 (18.56) 1.18(7.10) 0.87
(24.6)
Rel Ave Shear Rate (s™') 0.20 (0.08) 0.19 (0.04) —0.01 (0.09) 0.62
Rel Peak Shear Rate (s™) 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) 25(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)™" —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
Ele’ 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 0.32 (0.08) 0.31 (0.09) —0.001 (0.10) 0.97
(max)
Time to peak early longitudinal strain 0.16 (0.04) 0.16 (0.04) 0.002 (0.06) 0.92
(seconds)(max)
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.

pVOs,, absolute peak VOo; pO» pulse, absolute peak O» 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 ATraining p-value pre-
and
post-exercise
Exercise capacity
pVO, 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
Oop mlubeat 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/NVCO; 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~') 0.20 (0.09) 0.19 (0.08) —0.01 (0.05) 0.54
Rel Peak Shear Rate (s~') 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(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) 1156.9 (156.9) 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) 9(0.5) 7 (0.3 -0.2(0.2) 0.26
Ees (mmHg/mL) 4(1.2) 1(1.2) 0.7 (0.9 0.68
Ees/Ea (ratio) 7(0.5) 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) ' —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 (20.9) 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 0.26 (0.07) 0.26 (0.08) —0.001 (0.08) 0.98
(max)
Time to peak early longitudinal strain 0.18 (0.03) 0.15 (0.04) —0.03 (0.04) 0.04
(seconds)(max)
SRE Max 115.6 (27.4) 118.6 (26.9) (31.5) 0.77
SRA Max 68.9 (20.2) 71.6 (28.6) 2.7 (36.2) 0.82

pVOs,, absolute peak VOo,; pO», pulse, absolute peak O» pulse; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; E, early trans-mitral LV filing
(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 have missed important dynamic myocardial 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
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Cardiac Magnetic Resonance
Imaging Right Ventricular
Longitudinal Strain Predicts Mortality
in Patients Undergoing TAVI

Johannes Schmid ™, Claus Kamml?, David Zweiker?3, Dominik Hatz?, Albrecht Schmidt?,
Ursula Reiter, Gabor G. Toth?2, Michael Fuchsjdger’, Andreas Zirlik?, Josepha S. Binder?
and Peter P. Rainer?#*

" Division of General Radiology, Department of Radliology, Medical University of Graz, Graz, Austria, ? Division of Cardiology,
Department of Internal Mediicine, Medical University of Graz, Graz, Austria,  Third Medical Department of Cardiology and
Intensive Care, Wilhelminenhospital, Vienna, Austria, * BioTechMed Graz, Graz, Austria

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% Cl: 0.929-0.985); p = 0.003], RV end-diastolic volume index [HR = 1.009
(95% CIl: 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-cause mortality, the area under the curve was 0.705 (RV GLS) 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).

CMR pre-TAVI
(n=133)

TAVI technically impossible
(n=2)
Surgical approach
(n=6)
Different product
—>
(n=2)
Valve dislocation
—
(n=1)
Insufficient ima li
ge quality
(n=9)
\ 4
Included

(n=113)

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 1.2 ms; measured temporal resolution 37-51 ms
reconstructed to 30 phases; resolution 1.4 x 1.7-2.0 x 6 mm?>
for long axes and 1.4 x 22 x 8 mm?® 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+58 81.4+59 842 +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] 1,683 [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 m? 56.4 £16.9 571 +£17.6 522+11.0 0.280
AVA, cm? 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 Il (%) 4.77 [3.11-8.08] 4.77 [3.05-7.52] 5.94 [4.27-10.54] 0.096
mPAP, mmHg 29.4+£11.2 29.6 +11.7 285+ 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 17174 0.679
CMR parameters
RV-EF, % 54.7+£12.8 56.2 + 11.1 455 +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/m? 74.6 [63.3-92.5] 73.0[62.0-91.8] 80.3 [65.8-97.6] 0.042*
RV-ESV, mi 59.6 [43.0-72.8] 55.7 [42.5-71.44] 67.2 [46.8-106.6] 0.023*
RV-ESV index, ml/m? 33.2 [24.5-42.3] 32.1[23.8-40.5] 40.1[28.7-62.4] 0.059
RV-GLS, % —21.3+538 —219+56 —-17.7 £ 5.8 0.007*
RV-GCS, % —-13.5+3.6 137+ 3.5 —-123+45 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/m? 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/m? 39.6 [27.4-54.1] 39.6 [27.4-54.0] 35.6 [28.2-71.7) 0.441
LV-GLS, % —132+£3.9 —13.4£3.8 —12.1+£ 438 0.227
LV-GCS, % —17.2+438 —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/m? 76.5+18.2 76.8 + 18.1 747 £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-proBNPE, N-terminal pro-brain natriuretic
peptide; eGFR, estimated glomerular filtration rate; AVA, aortic valve area (from echocardiography); mPAR, mean pulmonary artery pressure; PCWR, 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.
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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 as mPAP
>25 mmHg, and even 74% if applying the recent 20 mm
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 EE 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% Cl) 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/m?) 1.009 (1.001-1.018) 0.025*
RV ESVi (ml/m?) 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/m?) 1.008 (0.991-1.026) 0.365
LV ESVi (ml/m?) 1.012 (0.996-1.028) 0.149
LV mass index (g/m?) 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; mPAR, 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-
cause mortality. 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).
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Left ventricular parameters
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: AAUC = 0.167, p = 0.003;
RV EF vs. LV EF: AAUC = 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 (AAUC = 0.032, p = 0.663), STS score
(AAUC = —0.015, p = 0.860), or NT-proBNP (AAUC = 0.044,
p=0.522).

DISCUSSION

Our data illustrate that RV functional parameters, especially
RV GLS and RV EEF 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 TAVT (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
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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 TAVT 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 4+ 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
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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. Kerckhofs 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

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
etal, 2013; Yu et al., 2019):

were introduced in our previous publication (Yu et al., 2020). Pviu = Oijj, ] = 1,2,3; sumover . )

These five band plans led to 20 models for each patient with one

passive band model and three active band models with different 1 o

contraction ratios. Including the no-band baseline model, 21 & = 5 (vij + vii + Vaivaj), bj e = 1,2,3. (2)

TABLE 1 | Patient demographic and CMR data.

Patientno. Gender Age (year) Weight (kg) Maximumpressure RV EDV (ml) RV ESV (ml) RV EF (%) PVR AEF (%)
(mmHg)

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 20417 121.26 40.6% ~8.41%

P6 F 14.3 58.5 29 204.00 104.30 48.8% 5.57%

pP7 F 44.6 571 50 299.00 186.00 37.8% —-12.32%

Mean + SD - 31.81 £ 1627 715 £ 29.7 38.63 £ 15.27 3590.53 + 1568.61 225.84 + 120.13 39.00 £ 5.53% —4.97 + 7.44%

PVR, pulmonary valve replacement.
PVR AEF = 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).
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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 radiologist (T. Geva). No-slip conditions and natural boundary
from CMR data and reconstructed following established conditions were imposed automatically by ADINA (ADINA
procedures (Yang et al, 2013). Patch and scar locations R&D, Watertown, MA, United States) at all interfaces of different
were determined by our cardiac surgeon (P] del Nido) and 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
P0O10 B 1 10% 90%L Posterior to the middle of PM
P0O15 B 1 15% 85%L Posterior to the middle of PM
P020 B 1 20% 80%L Posterior to the middle of PM
APO00 C 2 Passive 100%L Plan A and B combined
APO10 C 2 10% 90%L Plan A and B combined
APO15 ¢} 2 15% 85%L Plan A and B combined
AP020 ¢} 2 20% 80%L Plan A and B combined
B0O0O D 1 Passive 100%L The base of the PM

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

B0O15 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
APB0O10 E 3 10% 90%L Combination of plan C and D
APBO15 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, R 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):

Play = prv (. p|,, = pv(®) (3)

where pry and pry 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;
Yuetal, 2019, 2020),

Wio = a1 (1=3) + c2(I.—3) + Dy [exp(D2(I1 — 3)) — 1]

(4)

where ¢y, ¢2, D;, and D, are material constants and I; and I, are
the first and second invariants of Cauchy-Green strain,

1

L = ZCii,Iz = E(I%_Cijcij) (5)

where Cj; 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):

where Iy = Cjj(ng)i(ns);, ny is the fiber direction, and K; and
K, 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 4-80° 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

W = Wiso + Waniso (6)
K
2
Waniso = ——(exp(I4—1)"—1) (7)
K
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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 ¢, d;, and K; in Egs.
(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
etal. (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 L, norm were less than 0.1%. The L, norm of a given
function F was computed with:

Tit1
I Fll,, = /k (ﬂ F2dV)dt, )

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(f) stands
for either stress-P; (maximum principal stress) or strain-P;
(maximum principal strain), the integration is taken over the
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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:
RVEDV — RV ESV
F = x 100%
RV EDV
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 (c, = 0 kPa).

Material/model cq (kPa) D4 (kPa) Dy K1 (kPa) K>
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 AEF was
used to measure PVR (with and without active contracting bands)
improvement:

A EF = post-PVREF — 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 AEF 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 AEF
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 4 SD
AEF of seven patients for 20% band contraction ratio were
419 £ 1.11%, models with 20% band contraction ratio had
higher AEF 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 AEF of models
with surgery option E and passive bands was —3.27%, and
AEF values ranged from —5.67 to —1.93%. For surgery option
A-D, mean £ SD AEF 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 AEF

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 + 1187 4.62 + 2.05 0.024 + 0.006 359.47 + 158.58 63.19 + 14.85 0.297 + 0.067 4122 4+ 585% 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 0.025 208.22 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%
pP7 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%
pP7 182.88 6.72 0.017 299.91 86.88 0.265 39.02% 1.94%

Mean+SD  219.73+ 1185 4.53 +1.67 0.025 £+ 0.005 358.32 £ 167.72 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 0.030 208.62 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 + 0.005 368.63 + 158.63 66.31 + 13.48 0.304 + 0.067 42.90 + 5.68% 419+ 1.11%

AEF, 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 It should be noted that mean stress/strain values (average
from plan A varied from 0.194 (P3) to 0.418 (P6), a 115% of seven patients) had very small variations for all five
increase. Patient mean stress/strain value variations for other band options. At begin ejection, stress and strain values
band options were similar. 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 O, 10, 15, and 20% band contraction ratios.

Patients Begin filling Begin ejection EF AEF
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 108.77 2.53 0.015 190.01 50.33 0.407 45.39% —3.49%
P7 187.09 5.87 0.012 282.35 7711 0.253 33.74% —3.34%
Mean £ SD  224.39 £ 121.35 3.86 £ 1.52 0.019 £ 0.006  339.24 + 157.82 56.156+ 14.84 0.287 £0.064 3544 £532% —-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%
pP7 182.07 6.32 0.015 299.44 87.98 0.267 39.20% 2.12%
Mean £ SD  218.76 +£ 118.86 410+ 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 £ 117.36 452 +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%
pP7 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% 419+ 1.11%

RV, right ventricle; EF, gjection fraction. AEF 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 4 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 AEF
RV vol (ml) Stress (kPa) Strain RV vol (ml) Stress (kPa) Strain

Baseline  226.84 + 121.2 422 +1.68 0.022 £0.008  359.19 + 158.41 62.89 + 14.81 0.292 £+ 0.062 38.7115.73%

A00O 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 22219 +£120.26 419+ 1.69 0.021 £ 0.006  359.66 + 168.55  63.35 + 14.52 0.297 £+ 0.067 40.21 £+ 5.86% 1.50 £ 0.63%
A015 220.41 £119.53 438+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 +1568.58  63.19+14.85  0.297 £ 0.067 41.22 + 5.85% 2.51 £ 0.80%
P0O0O 226.01 £ 144.44 417 +£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%
PO10 223.02 + 120.21 417 £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%
PO15 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%
APOOO 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%
APO10 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%
APO15 21791 £118.43 432+ 1.95 0.023 £ 0.005  359.10 +1568.72  63.95+ 14.70  0.298 £ 0.066  41.28 £5.77% 2.57 £ 0.91%
APO20 21499+ 11719 471 +£2.26 0.026 £ 0.005  358.90 + 158.61 64.32 £ 14.64 0298+ 0.066 42.07 £5.77% 3.36 £ 1.07%
B00O 22572 £ 12125  4.08 £1.58 0.021 £0.006  350.83 +£ 157.58  59.57 £14.05 0.293 +£0.066  37.48 £ 5.76% —-1.23 £0.79%
BO10 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%
B0O15 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 4583 £1.67 0.025 +0.005  358.32 £ 157.72 6353+ 14.08 0.298 £0.066  40.61 £5.81% 1.90 £+ 0.40%
APBO000O 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%
APB0O10 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%
APBO15 21542 +£117.36 452 +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  5.08 £ 2.30 0.029 +£ 0.005  358.53 + 1568.63  66.31 +13.48  0.304 £ 0.067 42.90 £+ 5.68% 419 +£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 AEF 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 4= SD AEF 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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begin ejection.

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. (1) 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,

ax=31.60kPa
%

)
”

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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begin ejection.

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. () 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,

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 AEF 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
AEF = —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.

Keywords: CFR, FFR, MRI, CFD, vFFR
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Effect of CFR on vFFR

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
CEFR 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 (FFRcr), 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
CEFR 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 via Ohm’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 | lllustration 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 (Pqg) divided by the total basal resistance. Similarly, the hyperemic flow rate (HQ)
can be estimated using the distal, hyperemic pressure (Pq1) and total hyperemic resistance. CFR is defined as the ratio of HQ to BQ, while FFR is the ratio of Py to
Pp. Through these equations, the theoretical interdependence of CFR and FFR can be seen.
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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 (1 = 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 3T 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 x 0.64 x 0.75 mm?.
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 ICEM meshing 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

Frontiers in Cardiovascular Medicine | www.frontiersin.org

46

July 2021 | Volume 8 | Article 663767


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Hair et al. Effect of CFR on vFFR

Segment coronary artery from MRA

Discretize (ICEM) and define flow
splitting ratios (Murray's law)

t
)}/‘
| 7

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.

Wrap surface (Geomagic)

1.2 v
» Basal Flow
E 1.0 [ |~ Hyperemic Flow
> Patient-Specific Scaled Basal
'g 0.8 Cohort-Average Scaled Basal
3
= 0.6
o
(TR
o 04
o))
o
g) 0.2 w
<

0.0

0.0 0.5 1.0

¢ Cardiac Cycle

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 1.5T scanner (MAGNETOM
Avantof, 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
x 306 mm, an in-plane pixel spacing of 0.68 mm, and a slice
thickness of 6 mm. The velocity-encoding value (VENC) in each

scan was initially set at 60 cm - s~! and adjusted if aliasing was
observed in the velocity-encoded image. Each patient was imaged
once during a resting state and again following a 3 min infusion
of intravenous adenosine at a rate of 140 g - kg~! - min™! 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 1,060kg - m~>
and dynamic viscosity of 0.0035Pa - 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 107>. 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
VvFFR 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 coeficient (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 vVFFR 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 (Figure5A). 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 vVFFR
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
CER 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

The major 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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TABLE 1 | Statistical results for all simulated CFR values.

Patient-specific

Cohort-average

CFR 1.24 1.54 1.78
p-value 0.004 0.019 0.191 0.883
Pearson’s r’ 0.95 0.34 0.34 0.34
Lin’s pc 0.91 0.21 0.31 0.34

2.01 222 2.43 2.66 2.89 3.19
0.400 0.236 0.043 0.018 0.009 0.005
0.34 0.28 0.34 0.34 0.34 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).

VvFFR 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 (r* = 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 flow waveform 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
VvFFR, 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 VFER, 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 vFER 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
patients basal flow prior to its use as a boundary condition
without significantly sacrificing the model’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. C3V1
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 C3VIL. 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,,
20205 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-Gomez 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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A Anatomical diagram of the lumped parameter model
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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
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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:

B0 = 0 o
V() — Vo

where, Pry(t), V(t), and Vj 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
etal.,, 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.

t\™
() |
my
1+ (é)

N = Emax ; Emirt (3)

+ Emin (2)

where, N, 11, T2, m1, My, and Eni, 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. 1y, 13, m;, m, govern
the time translation and gradient of the elastance function,
respectively: (1) t; and t, 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) m;, m;, 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’'Ttalia 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
etal,,2012; Broomé etal., 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 (PGy,) through the aortic valve as follows:

2tp  0Q(t) p >
PGretlay = + Q°(t (4)
"HAV T JEiColy 0t 2 ErCol, )
and
(EOA|av)As0
ECol gy = ——— == (5)
Apo — EOA|,y
where, E;Colay, EOAl|sy, Ao, p, and Qare the valvular

energy loss coefficient, effective orifice area, ascending aorta
cross sectional area, fluid density, and transvalvular flow
rate, respectively.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2021 | Volume 9 | Article 643453


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

Baiocchi et al.

Non-invasive Diagnostic Framework

TABLE 1 | Cardiovascular parameters.

Description

Abbreviation

Value

Valve parameters
Effective orifice area
Inertance (mitral valve)

Systematic circulation parameters
Aortic resistance

Aortic compliance

Systemic vein resistance
Systemic arteries and veins compliance

systemic arteries resistance
(including arteries, arterioles and capillaries)

Upper body resistance

Proximal descending aorta resistance
Elastance Function*

Maximum Elastance

Minimum Elastance
Elastance ascending gradient
Elastance descending gradient

Elastance ascending time translation

Elastance descending time translation

Pulmonary circulation parameters
Pulmonary Vein Inertance

Pulmonary Vein Resistance

Pulmonary Vein and capillary Resistance
Pulmonary Vein and Capillary Compliance
Pulmonary Capillary Inertance

Pulmonary Capillary Resistance
Pulmonary Arterial Resistance

Pulmonary Arterial Compliance

Mean Flow Rate of Pulmonary Valve

Input flow condition

Forward left ventricular outflow tract stroke
volume

Output condition
Central venous pressure

Other
Constant blood density

Cardiac cycle duration
Systolic End Ejection time

EOA

Muv

Rsv
Csac

Rsa

7

2

Lpy
Rev
Reve
Crvc
Lrc
Rec
Rea
Cpa
Quipy

Forward
LVOT-SV

Pecvo

T

Tey

Measured using DE and CT

Constant value: 0.53 gem~2 (Flachskampf et al., 1993; Tanné et al., 2008; Keshavarz-Motamed,
2020)
Defined by Flachskampf et al. (1993)

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

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)

0.05 mmHg.s.mL‘1 (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed, 2020)

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)

Initial value: 0.8 mmHg.s.mL~" (Keshavarz-Motamed et al., 2011, 2014, 2016;
Keshavarz-Motamed, 2020)

Optimized based on brachial pressures

(Systolic and diastolic brachial pressures are optimization constraints)

Adjusted to have 15% of total flow rate in healthy case (Keshavarz-Motamed et al., 2016)
Constant value: 0.05 mmHg.s.mL~" (Keshavarz-Motamed et al., 2016; Keshavarz-Motamed, 2020)

2.1 (V)
0.17 (LA
0.06 (LV, LA)
1.32 (LV, LA)
27.4 (V)
13.1 (LA)
0.269 T (LV)
0.110 T (LA)
0.452 T (LV)
0.18 T (LA)

Constant value:0.0005 mmHg-s2-mL~" (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 0.002 mmHg-s-mL~" (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 0.001 mmHg~s-mL“ (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 40 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 0.0003 mmHg-s2-mL~" (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 0.21 mmHg-s-mL~" (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 0.01 mmHg-s-mL~" (Tanné et al., 2008; Keshavarz-Motamed, 2020)
Constant value: 4 mL/mmHg (Tanné et al., 2008; Keshavarz-Motamed, 2020)

Forward LVOT-SV is the only input flow condition. Qupy is a flow parameter that was optimized so
that the lump-parameter model could reproduce the desirable measured Forward LVOT-SV

Measured using DE and CT

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

Constant value: 1050 kg/m? (Keshavarz-Motamed et al., 2011, 2014, 2016; Keshavarz-Motamed,
2020)

Measured using DE and CT
Measured using DE and CT

Summarized parameters used in the lumped parameter modeling to simulate all patient-specific cases.
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Aortic regurgitation
Aortic regurgitation (AR) was modeled using the similar
formulation as the aortic valve:

2p  0Q(1) p )
PGetlar = + Q% (t (6A)
AR T JErColag Ot 2 ErColig )
and
EOAuRALVOT
ELC0|AR = RELY (6B)

Arvor — EOAAR

where, E;Col|sgr, EOAAR, and Apyor 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 ( PGyt |yry) across the MV during
LA ejection. PG|y was expressed as a function of p, Qumy,
EOA v and M)y, represent the fluid density, transvalvular flow
rate, effective orifice area and inertance, respectively.

Muyyv 9Qmv(t) P

PGnet'MR = + 2 EOA|2
MV

2
EOAyy Ot Quv® )

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:

Mpyyv 0Q(t) p

2
t 8
EOApyr Ot 2EOA|]2\4RQ ® ®

PGnet|MR =

where, EOA|yr is MR effective orifice area.

Pulmonary flow

The pulmonary valve flow waveform was modeled using a
rectified sine curve with duration f,, and amplitude Qppy as
follows:

Tt
Qpv (t) = Qupy sin (7),1‘ < tee; Qpv(t) =0,tee <t < T

ee

©)
where, Quppy, 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 (Qaspy) 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
(TEg), ascending aorta area (Aap), left ventricle outflow tract
area (Aryor), aortic valve effective orifice area (EOA|4y ), mitral

valve effective orifice area (EOA|y), 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):

n(Dryvor)?

Forward LV — SV = ALVOT VTILVOT = VTILVOT

(11)
where, Drvor, Arvor, and VTIyor are LVOT diameter, LVOT
area, and LVOT velocity-time integral, respectively.

Time inputs

Cardiac cycle time (T) and ejection time (Tg;) 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|,y),
mitral valve effective orifice area (EOA|,;y ), ascending aorta area
(Aao) and left ventricle outflow tract area (Aryor).
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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|,y, EOA|yy, Aao and Arvor
using an in house Matlab code, after reconstructing the 3-D
shape using CT data.

C3VI-DE
EOAly, Aso, Arvor were calculated using the following
equations (Keshavarz-Motamed, 2020):

Forward LVOT — SV

EOA|AV = VTIAO (12)
71(Dao)*
Ano = T) (13)
7(Dryvor)?
Arvor = f) (14)

where, VTI40, Dao, and Dryor 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 d;
and d, are mitral-valve diameters measured in the apical
two-chamber and apical four-chamber views, respectively
(Keshavarz-Motamed, 2020).

ndyd
EOA|yy = — = (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 Rga, Cgac, and C,, 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 C3V1I-
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. Matlabs 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~°.
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, Pry. 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. Pry 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 Qapy
(as detailed below). Finally, for each patient Rga, Csac, and
Cgho 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 107°
(Figure 2, flow chart).

The mean flow rate of the pulmonary valve, Qppy, 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, Qppy 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 C,, 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 (Rsy), we considered R,, and
Rgy as constants and optimized Rgq 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). C,, 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., Cpyc) 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 investigacion 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, R?, was used to quantify the
quality of linear regressions. Statistically significant differences
between two datasets were assessed using two-sample ¢-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 coeflicients of
determination (LV: R? = 0.982; aorta: R? = 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 coeflicients of determination (LV:
R? = 0.63; aorta: R? = 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 C3VT 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, %
Heart rate, bpm
Stroke volume, mL
NYHA classifications > grade 2
Valvular indices - DE findings
Aortic valve effective orifice area (cm?)
Mean aortic valve gradient, mmHg
Maximum aortic valve gradient, mmHg
Aortic valve disease type
Aortic valve regurgitation > grade 2
Mitral valve regurgitation > grade 2
Vascular indices - Sphygmomanometer
Brachial systolic blood pressure, mmHg
Brachial diastolic blood pressure, mmHg
Patient description
Mean age, years; Gender
Mean weight, kg; Mean height, cm
Body surface area, m?
Body mass index, kg/m?
EuroScore Il
STS mortality rate
Associated cardiovascular lesions
Previous percutaneous coronary intervention
Previous coronary artery bypass grafting
Previous myocardial infarction
Previous stroke
Atrial fibrillation
Cerebrovascular accident
Peripheral vascular disease
Hypertension

64.5 + 5.5; (Female: 36%)
73.4+12.8;165.7 £ 9.6

53.5+12.7 61+ 14.6
70.7 £9.5 68+ 11.8
483+ 11.7 445 +15.5
82% 76%
0.58 +£0.16 1.75+0.4
51.52 + 13.6 1.1+ 6.1
84.5 +21.32 20.4 +£10.28

Tricuspid: 46; Bicuspid: 3 None
48% 5%
19% 20%
139 £ 225 135+ 16.8
79+11.7 68 + 10.3

Same as pre TAVR
716+ 10.5;165.7 £ 9.6

1.73+£0.14 Not available

31.9+215 Not available

7.2 +£5.33 Not available

6.89 + 4.45 Not available
39% Same as pre TAVR
30% Same as pre TAVR
19% Same as pre TAVR
1% Same as pre TAVR
26% Same as pre TAVR
5% Same as pre TAVR
38% Same as pre TAVR
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%,
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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 C3VT subjects (error of average: 0.4%, N = 49; Figure 7)
which demonstrates the validity of the C3VI-DE model and
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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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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

Cardiac cycle duration

Ascending aorta area

LVOT area

Aortic valve effective orifice area

Mitral valve effective orifice area

Input parameters of the algorithm measured using DE
Regurgitant effective orifice area of the aortic valve
Regurgitant effective orifice area of the mitral valve

Input parameters of the algorithm measured using
sphygmomanometers

Systolic pressure
Diastolic pressure

Forward LVOT-SV

58% and 51%
T 14.5% and 11%

Ano 0.68% and 0.5%
Avor 0.7% and 0.65%
EOAAy 14% and 18%
EOAL 1.4% and 0.9%
EOAAR 19% and 10.6%
EOAVR 11.5% and 4.5%

Psys 1.2% and 0.85%

Pois 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-Gémez
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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