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Editorial on the Research Topic
Pre-interventional cardiac imaging

Cardiac imaging techniques are essential for ensuring optimal results and increasing

patient safety in the context of invasive cardiac procedures. The field of cardiac imaging

has undergone significant advancements primarily through enhanced diagnostic

precision that allows for sophisticated peri-procedural evaluation. Among the most

relevant imaging modalities, echocardiography, cardiac magnetic resonance imaging

(CMR) and cardiac computed tomography (CCT) have revolutionized risk assessment,

procedural guidance, and post-interventional assessment and are therefore

emphasized here.

Echocardiography is the cornerstone of cardiac imaging as it is an easily accessible and

portable modality for functional assessment offering dynamic visualization of cardiac

motion, valve function, and also hemodynamics. While transthoracic echocardiography

allows for immediate bedside evaluations in routine clinical practice, transesophageal

echocardiography (TEE) also facilitates guidance of interventional procedures by way of

further enhanced diagnostic accuracy and more particularly featuring high-resolution

images of posterior cardiac structures (1).

CMR provides advanced tissue characterization with its ability to quantitatively assess

focal and diffuse interstitial myocardial fibrosis, edema, perfusion, extracellular volume,

and viability in a variety of different diseases (2–6). The ability to quantify cardiac

ventricular volumes and function as well as characterize myocardial tissue composition

by novel mapping techniques (7) and 4D flow dynamics (8) with high reproducibility,

makes CMR the reference standard for comprehensive cardiac assessment without

ionizing radiation.

CCT provides anatomical visualization with high spatial resolution, allowing for

detailed assessment of coronary artery disease and cardiac anomalies (9). Based on its

central role in the evaluation of patients prior to transcatheter aortic valve implantation

and other structural heart interventions, CCT is nowadays essential for pre-procedural

structural heart disease management (10, 11, 12).

Within this research collection, we present and discuss high-quality contributions

from the field of cardiovascular imaging with focus on its pre-interventional role and

beyond, aiming to cover recent advancements in the field, to familiarize readers with
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the current state-of-the-art and to provide an outlook into the

future. The featured articles include original research articles,

reviews as well as case reports highlighting the wide area of

application covered by cardiac imaging.

In the first of three selected case reports, Baltodano-Arellano

et al. present a rare instance of a cardiac hematic cyst, detailing

its imaging characteristics, differential diagnoses and surgical

treatment. The accompanying literature review contextualizes the

case within the broader spectrum of cardiac masses, offering

valuable insights for clinicians encountering similar

presentations. In their case report, Tian et al. describe an

innovative approach to endoluminal removal of a superior vena

cava filter, which was based on pre-interventional CT imaging.

The findings provide practical insights for assessing and

managing superior vena cava filter complications. In yet another

case report, Kang et al. present a rare instance of mechanical

hemolysis due to left ventricular (LV) outflow tract obstruction

following aortic valve replacement. The successful resolution

through transapical beating-heart septal myectomy underscores

the role of advanced cardiac imaging in identifying and

addressing procedural complications.

The original research study by Pan et al. examines the

anatomical details of the mitral isthmus and its proximity to the

esophagus, offering insights relevant to atrial fibrillation ablation

procedures. Based on CCT, the authors provide a detailed

assessment of spatial variations, which can inform procedural

strategies to enhance safety and efficacy in catheter-

based interventions.

Zheng et al. address the risk and prognostic significance of LV

ejection fraction decline in asymptomatic patients with primary

mitral regurgitation. Based on risk stratification with cardiac

imaging, the study stresses the necessity of timely intervention

before irreversible ventricular dysfunction develops.

The role of TEE in percutaneous closure of patent foramen

ovale is the focus of a study by Luo et al. It introduces a novel

method aimed at enhancing diagnostic accuracy and procedural

safety, which has implications for reducing complications and

optimizing outcomes in structural heart disease interventions.

In another interesting study, Zamani-Aliabadi et al. investigate

the utility of 4D flow CMR in quantifying left-to-right shunting in

pediatric ventricular septal defect. Comparing its accuracy with

right heart catheterization, their research emphasized the potential

of noninvasive cardiac imaging in congenital heart disease

assessment and management including interventional closure.

The original research by Kong et al. evaluates the diagnostic

performance of stress dynamic CT myocardial perfusion imaging

in detecting myocardial ischemia. The study highlights the

comparative efficacy of absolute and relative myocardial blood

flow parameters in identifying hemodynamically significant

coronary artery disease.

In the original research by Liu et al., investigators explore the

implications of self-reported SARS-CoV-2 antibody positivity on

cardiac morphology and function using CMR imaging. Their

findings contribute to the growing body of knowledge on post-

viral cardiac involvement, emphasizing the role of imaging
Frontiers in Cardiovascular Medicine 026
surveillance in affected populations and their risk of LV

hypertrophy potentially requiring medical intervention.

Finally, the elegant review by Stoiculescu et al. synthesizes

current evidence on advanced imaging techniques in optimizing

cardiac resynchronization therapy. It discusses the role of

echocardiography, CMR and also nuclear imaging in patient

selection, lead placement, and response prediction, highlighting

how multimodality cardiac imaging refines therapeutic outcomes

in interventional heart failure treatment.

All of the articles featured in this research collection

exemplify the pivotal role of pre-interventional cardiac imaging

for patient safety, procedural success and therapeutic outcomes.

Moreover, imaging-based risk stratification, guidance of complex

interventions and refined therapeutic decision-making are

highlighted by each one of the contributions demonstrating the

ongoing evolution of cardiovascular imaging in contemporary

practice. As technological advancements continue to reshape the

landscape of cardiac imaging, further adoption in clinical

practice, standardization of image interpretation among cardiac

imaging specialists and ongoing research focused on these

advanced diagnostic modalities will be vital to ensure optimized

patient care.
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Case Report: Endoluminal
removal of a conical retrievable
superior vena cava filter with a
retraction hook attached to
the wall
Xuan Tian1, Jianlong Liu1*, Jinyong Li1, Xiao Liu1, Mi Zhou1 and
Yule Tian2

1Department of Vascular Surgery, Beijing Jishuitan Hospital, Capital Medical University, Beijing, China,
2International Department, Experimental High School, Beijing Normal University, Beijing, China
We report the case of a 22-year-old male who underwent endoluminal surgery
and was implanted an Option Elite filter in the superior vena cava (SVC) while the
filter retraction hook was attached to the vessel wall. The patient requested to
remove the filter after 155 days. Preoperative ultrasonography and CT
examination revealed that the filter retraction hook was very likely to penetrate
the SVC wall and its tip was very close to the right pulmonary artery. The SVC
was not obstructed, and no thrombus was observed in either upper limb. After
the filter retrieval device (ZYLOX, China) failed to capture the filter hook, we
introduced a pigtail catheter with its tip partly removed and a loach guidewire,
used a modified loop-snare technique to cut the proliferative tissues and free
the hook, and finally removed the filter successfully by direct suspension of
the guidewire. During this procedure, the patient experienced discomfort,
such as chest pain and palpitations, but these symptoms disappeared when
procedure completed. Repeated multiangle angiography revealed no contrast
medium extravasation, no complications such as pericardial tamponade,
pleural effusion, SVC haematoma formation, right pulmonary artery dissecting
aneurysm, or intramural haematoma. We initially presented the modified loop-
snare technique used to remove a conical superior vena cava filter (SVCF), so
this method can be considered a practical and novel auxiliary technique for
successful filter retrieval.

KEYWORDS

superior vena cava filter, filter retrieval, case report, loop-snare, superior vena cava (SVC)

Introduction

Vena cava filters are mainly used in patients with deep vein thrombosis (DVT) to

prevent fatal pulmonary embolism (PE). The incidence of PE after DVT of lower

extremities is as high as 45%–50% (1, 2), so inferior vena cava filters (IVCFs) are

widely used. However, recent studies have shown that the incidence of PE after DVT in

the upper limbs can reach 5%–10% (3). Some scholars have attempted to place the

filter in the SVC, but this practice is controversial (4).

In view of the multiple complications associated with permanent filter implantation

(5, 6), retrievable filters are dominant in trend, and timely removal is recommended

once PE risk is reduced and the filter is no longer needed (7–9). At present,
01 frontiersin.org8
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endovascular surgery is preferred to remove IVCFs. However, open

surgery is essential when filter removal is failed due to serious

complications and can’t be treated via endoluminal approach

(10). Filter tilt is defined as an angulation of more than 15

degrees from the filter’s long axis, which occurs in 3%–9% cases

(11), resulting in hook attached to the vessel wall with

proliferative tissue wrapping, failure to capture, thus increased

damage of the hook or strut perforation to the vascular wall and

adjacent tissues, and at last failure to retrieve the filter. Severe tilt

is more common with IVCFs, while reports of tilt with SVCFs

are rare. However, severe inclinations may result in permanent

filter implantation into the SVC (4).

In this study, we report a case of endoluminal removal of a

conical superior vena cava retrievable filter with the hook

attached to the vessel wall.
Case report

The patient is a 22-year-old male who underwent the surgery

to treat the thoracic outlet syndrome 155 days ago. Postoperative

symptoms of left brachial plexus injury occurred with left upper

limb DVT and PE. An Option Elite vena cava filter (ARGON,

USA) was placed in the SVC, and anticoagulant therapy of

20 mg oral rivaroxaban QD was administered for 3 months. In

the attempts to remove the SVCF, difficulties were encountered,

and the filter could not be removed. The patient had repeated

visits to two hospitals but still failed to remove the filter, so he

was eventually transferred to our hospital for filter removal.
Preoperative examination

No PE was detected via computed tomographic pulmonary

angiography (CTPA), the SVC was patent, and no haematoma

formation. The filter retraction hook was likely to penetrate the

SVC wall, and its tip was very close to the right pulmonary

artery (Figures 1A,B). Colour Doppler ultrasound revealed no

thrombus in the deep veins of either upper limb. No pericardial

effusion was observed in echocardiography, nor arrhythmia in

electrocardiogram. The surgical indications for filter removal

were met, and the patient had strong desire for filter removal

surgery. The procedure plan was designed as follows: the

modified loop-snare technique (12) was firstly attempted to

remove the filter; open surgery was a back-up when endoluminal

therapy failed or complications occurred.
Device preparation

4Fr 100 cm pigtail catheter (Cordis, USA), a 4F catheter is

recommended for its relative smaller outer diameter and easier

advancement; 260 cm angled hydrophilic coated guidewire

(Terumo Medical, Japan); filter retrieval kit (ZYLOX, China), a

domestic manufactured device which is similar to Bard snare

retrieval kit (BD, USA) in structure and function.
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Angiographic imaging of the right common femoral vein

showed that the inferior vena cava was unobstructed and no

thrombus observed. Repeated multiangle angiography showed

that the filter retraction hook had possibly entered the SVC wall

(Figures 2A,B). ZYLOX filter retrieval kit was introduced but

difficulties were encountered when attempting to capture the

filter retraction hook. To solve this issue, we utilized a modified

loop-snare technique (13) by introducing a pigtail catheter and a

hydrophilic guidewire (Figure 2E). The pigtail catheter had its tip

partially cut (Figures 2C,D) and was rotated to be guided into

the interspace between the filter and the SVC wall (Figure 2B,

red arrows). The guidewire was used to increase the catheter

support and was advanced to free its end to be snared and

externalized. A wire loop was formed across the proliferative

tissue and was used to cut and destroy the proliferative tissue

surrounding the retraction hook through the exertion of

counteracting forces by the guidewire and retrieval sheath

(Figures 3A,B), and the filter was successfully removed by

directly suspension of the guidewire. It is worth noting that the

patient experienced uncomfortable symptoms such as chest pain

and palpitations during the removal process, but these symptoms

disappeared once the operation was successfully completed.

Repeated multiangle angiography showed no contrast medium

spillage (Figure 3C). Finally, the filter was removed successfully

and completely (Figure 3D). We also observed that the tip of the

retrieval sheath was significantly deformed (Figures 3E,F).

CTPA (Figures 1C,D) was performed one week after the

procedure. No pericardial effusion or pleural effusion was

observed, no haematoma was found in the SVC, and no right

pulmonary artery dissecting aneurysm or intramural haematoma

was observed. PE did not occur in perioperative period, and

anticoagulant therapy with 20 mg of rivaroxaban QD was

recommended after the procedure (14). There was no recurrence

of upper extremity DVT, no SVC thrombosis, and no symptoms

related to PE during the 3-month follow-up.
Discussion

Compared with the inferior vena cava, SVC is short in length

and small in diameter (15), so it is relatively difficult to place the

filter. In particular for conical filters, inaccurate positioning and

severe tilt are more likely to occur (4). This may lead to

complications such as pericardial effusion, arrhythmia, aortic

dissection, arteriovenous fistula, haemothorax, pneumothorax and

air embolism (16–18). Especially in the case of hook attached to

the vessel wall, the filter cannot be retrieved successfully and lead

to permanent implantation in the body (4).

The surgical procedure in this case has the following

characteristics and challenges: (1) the filter retraction hook is

embedded in the SVC wall, it may be difficult to be captured by

the conventional retrieval snare device, and the filter tip is close

to the right pulmonary artery, so there are risks of collateral

damage; (2) the occurrence of bleeding may result in

complications such as pericardial tamponade, arrhythmia and

pleural effusion, so it is vital to avoid the vascular injury during
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FIGURE 1

Enhanced CT images before and after procedure. (A,B) The filter retraction hook entered SVC wall, and the tip was close to the right pulmonary artery.
(C,D) No haematoma, dissection or cardiac fluid accumulation in the superior vena cava or right pulmonary artery after filter removal.
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the procedure; and (3) there are no reports on the use of the

modified loop-snare technique to remove the attached SVCF.

When the filter is heavily tilt against the wall, the tissue

proliferation around the retraction hook will result in the failure

of capturing the retraction hook properly. The following methods

can significantly increase the success rate of endoluminal filter

removal: (1) loop-snare technique (19), which can pull the filter

to correct its tilt angle; (2) the modified loop-snare technique

(12), which is adopted in this study; (3) double wire lassoing

technique (20), which corrects the tilt angle by pulling from both

ends of the filter simultaneously; and (4) biopsy forceps

technique (12), which grabs the filter retraction hook and struts

into the catheter for filter removal.

We highlight the risk of central vein breakage during the

removal of the conical filter with the retraction hook attached to

the wall using various methods. When the inferior vena cava is

injured, the bleeding risk is low due to the lower pressure of the

central vein, and it’s surrounded by the vascular sheath and

adipose tissue. Once bleeding occurs, the haematoma can be
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absorbed by the posterior peritoneum quickly without major

complications. However, if the injury occurs in the SVC, which

is surrounded by the pericardium, the procedure risk increases

significantly as the injury may cause pericardial effusion and

other complications, such as hypotension and dyspnoea (18).

When comparing the two loop-snare techniques, the modified

loop-snare technique is safer to cut the proliferative tissue

around the hook because it allows the filter retraction hook to

re-enter the SVC. If the standard loop-snare technique is applied,

pulling the filter may cause the hook to stab into the right

pulmonary artery and cause serious complications. For this

reason, the modified loop-snare technique is selected in this case.

Currently, the filter deployed in the superior vena cava is still

controversial (4), but if the filter is needed, we recommend the

following choices: (1) Denali filter (BD, USA), that it has good

radial support in the vessel, and the risk of filter tilt with its

hook attached to the wall is low (21); and (2) Non-conical filter,

such as Optease (Cordis, USA), that it should be released in the

direction of blood flow to avoid dislocation, and the filter should
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FIGURE 2

Images of the loop-snare technique steps. (A,B) Multiangle angiography of the superior vena cava. Red arrows marked the interspace between the
filter and the SVC wall where the wire loop was formed. (C,D) The pigtail catheter shape with its tip partly cut. (E) Modified loop-snare technique
using a decapitated pigtail catheter.

FIGURE 3

Filter removal process images. (A,B) Modified loop-snare technique for cutting the proliferated tissue around the retraction hook, with the guidewire
directly suspending the retraction hook. (C,D) After the filter was successfully removed, no damage to the superior vena cava was observed by contrast
imaging, and the filter was completely removed. (E,F) The deformed shape of the filter retrieval devices.
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be retrieved at an early stage to avoid permanent placement; (3)

Temperfilter II filter (B. Braun, Germany), the filter should be

inverted via the femoral vein to the superior vena cava and

should be avoided for long dwelling time.
Conclusion

Conical SVCF retraction hook attachment is a rare

complication that can lead to permanent indwelling of the filter.

However, the filter can be successfully removed with the

modified loop-snare technique without any complications, thus

avoiding severe trauma associated with open surgery. This new

practical and auxiliary technique provides a valid method for the

removal of SVCFs and has academic value and practical

application prospects.
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Case Report: Mechanical
hemolysis resulting from left
ventricular outflow tract
obstruction after aortic valve
replacement relieved by
transapical beating-heart
septal myectomy
Qingwen Kang1, Jie Tian1, Ying Zhu1, Wei Zhou1,
Xiang Wei2 and Yani Liu1*
1Department of Medical Ultrasound, Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, Hubei, China, 2Department of Cardiovascular Surgery, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
Hubei, China
Background: Aortic stenosis (AS) in combination with left ventricular outflow
tract obstruction (LVOTO) has occasionally been reported. However, making a
precise diagnosis and successfully treating this combination is challenging due
to the hemodynamic interaction between the two conditions.
Case summary: A 56-year-old male patient who had been diagnosed with
severe AS and asymmetric left ventricular hypertrophy underwent aortic valve
replacement (AVR) and a conventional septal myectomy. Immediately after the
procedure, significant systolic anterior motion and mitral regurgitation
developed, necessitating a surgical mitral edge-to-edge repair. Ten days after
the procedure, the patient developed hematuria and LVOTO, which was
confirmed by echocardiography. Because the LVOTO might have been the
cause of the hematuria, the patient underwent alcohol septal ablation, but this
had little effect. Three months later, a transapical beating-heart septal
myectomy (TA-BSM) was performed in our hospital. Postoperatively, the
LVOTO had been significantly ameliorated and the hematuria had resolved.
Conclusion: For patients with AS and LVOTO due to a hypertrophic
interventricular septum, inadequate amelioration of the LVOTO after AVR may
lead to severe hemolytic hematuria. TA-BSM is a minimally invasive, safe, and
effective surgical procedure for ameliorating LVOTO in patients with aortic
valve prostheses.

KEYWORDS

left ventricular outflow tract obstruction, hematuria, transapical beating-heart septal

myectomy, echocardiographic imaging, case report
Abbreviations

AV, aortic valve; AVR, aortic valve replacement; AS, aortic stenosis; BMD, beating-heart myectomy device;
CPB, cardiopulmonary bypass; LV, left ventricle; LVEF, left ventricular ejection fraction; LVOT, left
ventricular outflow tract; LVOTO, left ventricular outflow tract obstruction; MR, mitral regurgitation;
MV, mitral valve; PG, pressure gradient; SM, septal myectomy; SAM, systolic anterior motion; TA-BSM,
transapical beating-heart septal myectomy; TEE, transesophageal echocardiography; TTE,
transthoracic echocardiography.
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1 Case presentation

A 56-year-old man was admitted to our hospital due to left

ventricular outflow tract obstruction (LVOTO) and hematuria

that developed following an aortic valve replacement (AVR) and

septal myectomy (SM) in another hospital. According to the

previous hospitalization records of the patient, the initial

preoperative transthoracic echocardiography (TTE) revealed

severe stenosis of an aortic bicuspid valve [aortic valve (AV);

area: 0.73 cm2] and a high-pressure gradient (PG) across this AV

(peak PG: 139 mmHg; mean PG: 78 mmHg). In addition, both

TTE and enhanced computed tomography revealed asymmetrical

left ventricular hypertrophy with a maximum septal thickness of

25 mm and posterior wall thickness of 13 mm. The left

ventricular end-diastolic diameter was 58 mm, and the left

ventricular ejection fraction (LVEF) was 52%. At rest, no

accelerated blood flow signal was detected in the left ventricular

outflow tract (LVOT), and only minimal mitral regurgitation

(MR) was observed. On the basis of these comprehensive

preoperative examinations, a replacement of the AV with a

prosthetic AV (23# ON-X mechanical aortic valve) and a surgical

SM (approximately 15 mm in width, 5 mm in depth, and

20–30 mm in length, toward the apex of the hypertrophied

myocardium, and distal to the left coronary cusp and right

coronary cusp) were performed on the patient under

cardiopulmonary bypass (CPB). Immediately after the procedure,

intraoperative transesophageal echocardiography (TEE) revealed

systolic anterior motion (SAM) and severe MR, with an LVOT

peak PG of 132 mmHg. Therefore, surgical mitral valve (MV)

edge-to-edge repair was conducted to ameliorate the SAM and

MR. Although the patient was returned to the ward without

SAM, with a small amount of MR, an LVOT peak PG of

29 mmHg, and an AV peak PG of 12 mmHg immediately after

surgery, he presented with nausea, fatigue, and gross hematuria

on the 10th day following surgery. After ruling out unrelated

urinary disease, repeated TTE revealed rapid systolic flow in

LVOT, such that the prosthetic AV was exposed to a jet with a

peak PG of 127 mmHg and severe MR, but there was no

evidence of periprosthetic leakage. Considering the LVOTO

might be the principal cause of the hematuria, and after

medical therapy with β-receptor and calcium channel blockers
FIGURE 1

Asymmetric LV hypertrophy identified on the parasternal long-axis view usin
exhibiting prominent SAM (arrow, B), severe MR observed (C), and high systol
of 136 mmHg (D).
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failed to alleviate his LVOTO, an alcohol septal ablation

was performed. Unfortunately, this procedure also did not

significantly ameliorate LVOTO or the hematuria.

On admission to our hospital, a physical examination revealed

the presence of a systolic murmur at the apical and left sternal

margins of the patient, as well as a rapid respiratory rate and

substantial breath sounds. A series of laboratory investigations

were conducted, which yielded the following results: erythrocyte

count 1.81 × 1012/L (low), hemoglobin level 6.3 g/dl (low), free

hemoglobin concentration >0.04 g/dl (high), haptoglobin

concentration <0.006 g/dl (low), total bilirubin concentration

41.9 μmol/L (high), direct bilirubin concentration 7.2 μmol/L,

indirect bilirubin concentration 34.7 μmol/L (high), urine occult

blood 3+, NT-pro BNP concentration 1.0248 × 10−6 g/dl (high),

and high-sensitivity cardiac troponin I concentration 1.8945 ×

10−7 g/dl (high). Furthermore, coagulation and thromboelastography

tests showed no abnormalities. These findings indicated the presence

of hemolytic anemia.

TTE and TEE were both repeated in our hospital and revealed

the following (Figure 1): contrast-enhanced echocardiography

confirmed the presence of asymmetrical left ventricular

hypertrophy, with the thicknesses of the basal and middle

segments of the anterior interventricular septum of 23 and

17 mm, respectively. The thicknesses of the basal and middle

segments of the posterior interventricular septum were found to

be 16 and 19 mm, respectively. Compared with the initial

preoperative echocardiography findings, the left ventricle (LV)

end-diastolic internal diameter had decreased from 58 to 45 mm,

and the LVEF had increased from 52% to 71%. The LVOT flow

was directed into the prosthetic AV with a systolic peak velocity

of 5.8 m/s and a peak PG of 136 mmHg. Thus, SAM and an

associated MR of 4+ was indicated. TEE showed that the

prosthetic AV was clear and opened normally, and there was no

perivalvular leakage.

Because conventional SM through an aortotomy was no longer

suitable for this patient, owing to his prosthetic AV, after a

comprehensive discussion, a novel minimally invasive procedure,

named transapical beating-heart septal myectomy (TA-BSM), was

performed (Figure 2). For this procedure, the patient was

anesthetized and placed in a supine position. TTE was used to

identify the position of the apex within the fifth intercostal space,
g contrast-enhanced echocardiography (A), the anterior leaflet of the MV
ic velocity flow in LVOT reached to 5.8 m/s with a corresponding peak PG
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FIGURE 2

BMD tip visible on the mid-esophageal long-axis view of TEE (arrow, A). On the transgastric short-axis view, the BMD was shown close to the anterior
interventricular septum (arrow, B). After the hypertrophied myocardium was resected, MR reduced to a mild degree (C) and the systolic peak velocity in
the LVOT decreased to less than 3 m/s with a corresponding peak PG of 35 mmHg, indicating a favorable outcome (D).
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and then the pericardium was incised and suspended.

Subsequently, a double-layered pericardial purse was constructed

in the apical avascular area using 3-0 prolene and a felt sheet.

Once heparinization had been completed, an arterial manometric

catheter was inserted through the purse string to measure the LV

pressure. The systolic pressure gradient between the LV cavity

and the peripheral artery, which reflects the LVOT gradient, was

calculated. The manometric catheter was then withdrawn, and a

guidewire was introduced to serve as a guide for the apical

dissection. The apex was punctured inside the apical purse string,

and then a beating-heart myectomy device (BMD), in the off

state, was introduced into the LVOT, guided by TEE. The

extent of advancement of the BMD was determined using

the mid-esophageal LV long-axis view. The orientation of the

resection was identified on the transgastric short-axis view

at the basal level (Figure 2). Upon three-dimensional

identification of the resection window using TEE, the first

resection was performed at the midpoint of the basal anterior

septum on the short-axis view, 5 mm away from the AV in the

long-axis view. A second resection of the basal anterior

septum was performed, parallel but slightly anterior to the
FIGURE 3

Myocardial tissue following 13 resections.
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first resection, which was achieved by rotating the BMD

clockwise from the first resection on the short-axis.

Subsequent resections were performed on the basis of a pre-

procedure plan and real-time echocardiographic examination

until the LVOT peak PG was <30 mmHg or the provoked

LVOT gradient was <50 mmHg and the MR grade was ≤1+. A
total of 7.8 g of the hypertrophied myocardium after 13

resections was successfully resected (Figure 3). After the

incision had been completed, the BMD was extracted, and the

apical purse strings were tightened and sutured to stop any

bleeding. The entire procedure was performed in the absence

of CPB.

The patient was transferred to the ward with an LVOT peak

PG of 5 mmHg; his SAM and hematuria had disappeared,

even though a small amount of MR persisted. There was no

leakage around the aortic valve prosthesis. The patient was

pathologically diagnosed as having hypertrophic cardiomyopathy

following the procedure but was discharged from the hospital

after his hemoglobin concentration had increased and his

indirect/direct bilirubin and total bilirubin concentrations had

decreased. Seven months later, the patient was found to be in
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FIGURE 4

Upon a 7-month follow-up after surgery, the patient’s septal thickness was notably thinner using contrast-enhanced echocardiography (A). SAM was
no longer present (arrow, B). Only minimal MR remained (C). Systolic peak velocity in the LVOT decreased to 2.6 m/s with a corresponding peak PG of
28 mmHg, indicating a positive surgical outcome (D).
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good health, with an LVOT peak PG of 28 mmHg (Figure 4) and

no recurrence of the hematuria.
2 Discussion

Concomitant hypertrophic cardiomyopathy and aortic stenosis

(AS) are common. Typical surgical treatment options include AVR

in combination with drug therapy, SM, septal ablation, and mitral

repair. Following technological advancements, most patients now

experience superior outcomes. Hemolytic anemia caused by

worsening LVOTO after AVR has been reported only once, in

2017, and was eventually ameliorated by dual-chamber pacing

(1). Here, we report, for the first time, a case of hematuria in a

patient with dual obstruction, which developed following AVR

and SM and was ultimately alleviated using a novel, minimally

invasive TA-BSM.

Accurately diagnosing AS and LVOT obstruction, as well as

assessing their severity, presents a challenging task (2, 3). Some

researchers have suggested using negative inotropic drugs to

alleviate LVOTO before echocardiography to estimate AS (4).

In the LV apical five-chamber or three-chamber views, a

characteristic “dagger-shaped” envelope on the continuous-wave

Doppler can be captured to determine dynamic LVOTO (5).

Computed tomography and magnetic resonance imaging can

provide precise cardiac structural information. Computed

tomography is also a means of quantifying calcification and is

increasingly recognized to be the gold-standard method of

evaluating the severity of aortic stenosis. However, magnetic

resonance imaging is the only non-invasive imaging modality

that can be used to assess myocardial fibrosis, and therefore has

a distinct advantage for the diagnosis of hypertrophic obstructive

cardiomyopathy (3). The present patient underwent cardiac

computed tomography, instead of magnetic resonance imaging,

prior to the initial surgery. In addition, invasive hemodynamic

assessment can be used to preoperatively evaluate the severity of

dual obstructions (6). The interaction between AS and LVOTO

makes it challenging to accurately assess their respective severities

(7). Patients with severe AS have high afterloads, which mask the

presence of LVOTO (5). Abnormally rapid intracavitary flow is

associated with a small chamber and a hyperdynamic state in
Frontiers in Cardiovascular Medicine 0417
patients who have undergone AVR (8–10). In the present patient,

the LV end-diastolic internal diameter decreased and LVEF

increased after the initial surgery, resulting in the close proximity

of the LV walls during systole, thereby reducing local pressure,

causing SAM (+) and exacerbating LVOTO. The high-velocity

blood flow that impinged on the mechanical aortic valve resulted

in the rupture of red blood cells, leading to a high serum

hemoglobin concentration and subsequent hemolytic anemia

and hematuria.

Beyond the characterization of the double obstruction, the

most distinctive aspect of this case study is that, to ameliorate

LVOTO, the patient had undergone multiple unsuccessful

procedures. Initially, drug therapy is typically used. Aggressive

treatment with a β-receptor blocker and a calcium channel

blocker is essential to avoid postoperative obstruction, but this

was ineffective in the present patient. SM is generally considered

to be the preferred treatment option for LVOTO, whether a

transaortic, transmitral, or transapical route is used. Despite the

risk of septal perforation, the incidence of mortality has

decreased significantly with advancements in medical technology.

A prospective study, published in 2021, showed that the 1-, 2-,

and 5-year survival rates of 191 patients who underwent

concomitant AV replacement and SM were 94%, 91%, and 83%,

respectively, which are comparable to those of the general US

population (11). However, there are some limitations that limit

the widespread use of SM. First, stenosis of AV or MV reduces

the size of the operative window, making it challenging to

determine the extent and range of the septal resection required.

Second, it is only after the heart resumes beating that the

sufficiency of the myectomy can be assessed. Third, conventional

SM is an effective treatment for sigmoid septal hypertrophy, but

combined transaortic and transapical approaches are often

needed to provide adequate exposure to resolve LVOTO, further

increasing the complexity of the procedure and the risk of

iatrogenic injury. Therefore, the technology required to perform

SM is accessible only to a limited number of large heart research

centers. Mitral leaflet edge-to-edge repair is an effective treatment

for LVOTO caused by SAM (12). However, in the present

patient, the LVOTO could not be solely attributed to SAM

because it developed after combined AVR and SM.

The obstruction persisted even after mitral leaflet edge-to-edge
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repair was completed. Owing to its minimal invasiveness, septal

ablation of the ventricular septum is more acceptable to patients

(13). Prospective studies have shown that the mortality rate of

patients within 30 days is 1%, and the survival rates after 1, 5,

and 10 years are 98%, 89%, and 77%, respectively (14). However,

this procedure is not suitable for patients with a septal thickness

<15 mm, no suitable perforating artery of the ventricular

septum, or prolonged occlusion of the collateral branches of

the target perforating artery (15). There is also a 2% risk

of left anterior descending branch stripping, coronary artery

spasm, anterior wall infarction, cardiac perforation, and

atrioventricular block, which is the most common complication,

with 10.5% of patients requiring postoperative implantation of a

permanent pacemaker (16).

In response to these limitations, our cardiac specialist team,

under the leadership of Dr. Wei, pioneered the development of

TA-BSM (17). This innovative approach involves the use of

BMD through a mini-thoracotomy, guided by TEE, without the

need for CPB. During TA-BSM, real-time TEE provides a

comprehensive visualization of LV geometry, which aids the

determination of the required extent and range of septal resection.

In addition, it permits the measurement of hemodynamic and

morphologic parameters after each resection, providing significant

advantages over conventional methods. To prevent air and debris

embolism, the BMD is flushed with saline to remove any trapped

air during the procedure, and the resected myocardium is stored

in a negative-pressure chamber until it is removed from the body.

The versatility of different BMD models enables the treatment of

various subtypes of hypertrophic obstructive cardiomyopathy.

Moreover, the absence of CPB during surgery helps to maintain

hemodynamic stability.
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Diagnostic efficacy of absolute
and relative myocardial blood
flow of stress dynamic CT
myocardial perfusion for
detecting myocardial
ischemia in patients with
hemodynamically significant
coronary artery disease
Weifang Kong1†, Bingzhu Long2†, Hongyun Huang1, Fang Li1,
Yuefeng He1, Xinyue Chen3, Hong Pu1*, Guojin Zhang1* and
Lan Shang1*
1Department of Radiology, Sichuan Provincial People’s Hospital, School of Medicine, University of
Electronic Science and Technology of China, Chengdu, China, 2School of Medicine, University of
Electronic Science and Technology of China, Chengdu, China, 3Department of Diagnostic Imaging, CT
Collaboration, Siemens Healthineers, Chengdu, China
Introduction: Stress dynamic computed tomography myocardial perfusion
imaging (CT-MPI) is an accurate quantitative method for diagnosing
myocardial ischemia in coronary artery disease (CAD). However, its clinical
application has been limited, partly due to the varied cutoff values for absolute
myocardial blood flow (MBFa) and the uncertain value of the relative
myocardial blood flow ratio (MBF-ratio). This study aimed to compare the
diagnostic efficacy of and investigate the optimal cutoff values for MBFa and
the MBF-ratio in CT-MPI for diagnosing myocardial ischemia in patients with
hemodynamically significant CAD.
Methods: Patients with suspected or known hemodynamically significant CAD
who underwent CT-MPI + CT angiography and invasive coronary angiography
(ICA)/fractional flow reserve (FFR) between October 2020 and December 2023
were retrospectively evaluated. ICA ≥80% or FFR ≤0.8 were set as the
diagnostic standards for functional ischemia. The patients and vessels were
categorized into ischemic and non-ischemic groups, and differences in MBFa
and the MBF-ratio were compared between the groups. The area under the
curve (AUC) and optimal cutoff values were calculated. Diagnostic efficacy
parameters, such as sensitivity, specificity, and accuracy, were also compared.
In addition, a consistency test was performed.
Results: A total of 46 patients (mean age: 65.37 ± 8.25 years; 120 vessels) were
evaluated. Hemodynamically significant stenosis was detected in 30/46
patients (48%) and 81/120 vessels (67.5%). The MBFa and MBF-ratio values
Abbreviations

ATP, adenosine disodium triphosphate; AUC, area under the curve; CAD, coronary artery disease; CCTA,
coronary computed tomography angiography; CT, computed tomography; CT-MPI, CT myocardial
perfusion imaging; FFR, fractional flow reserve; ICA, invasive coronary angiography; MBF, myocardial
blood flow; MBFa, absolute myocardial blood flow; MBF-ratio, relative myocardial blood flow ratio; MI,
myocardial ischemia; ROC, receiver operating characteristic; CI, confidence interval.
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were significantly lower in the ischemic than in the non-ischemic group; in the
per-vessel analysis, the MBFa values were 73 vs. 128 (P < 0.001) and the MBF-
ratio values were 0.781 vs. 0.856 (P < 0.001), respectively. The optimal cutoff
values for MBFa and the MBF-ratio were 117.71 and 0.67, respectively. MBFa
demonstrated a sensitivity, specificity, accuracy, AUC, positive predictive value,
negative predictive value, and kappa value of 97.44%, 74.07%, 81.66%, 0.936
[95% confidence interval (CI): 0.876–0.973, P < 0.001], 63.33%, 98.36%, and
0.631 (95% CI: 0.500–0.762), respectively. The corresponding values for the
MBF-ratio were 92.31%, 85.19%, 87.5%, 0.962 (95% CI: 0.911–0.989, P < 0.001),
75%, 95.83%, and 0.731 (95% CI: 0.606–0.857, P < 0.001), with no significant
difference (P= 0.1225).
Conclusion: Both MBFa and the MBF-ratio exhibit excellent diagnostic
performance for myocardial ischemia in patients with hemodynamically
significant CAD. The MBF-ratio is more robust than MBFa for interpreting
CT-MPI findings in clinical practice, which is useful for radiologists and clinicians
implementing CT-MPI.

KEYWORDS

myocardial ischemia, coronary artery disease, relative MBF, absolute MBF,

hemodynamically significant CAD, computed tomography perfusion
1 Introduction

Coronary artery disease (CAD) poses a substantial global,medical,

and social burden. Coronary computed tomography angiography

(CCTA) has definite diagnostic and prognostic value (IIA evidence

level) in suspected CAD cases, as stipulated in the European Society

of Cardiology (ESC) guidelines (1). However, CCTA offers solely

anatomical information and does not present a linear correlation

between the severity of coronary artery stenosis and myocardial

ischemia (MI) (2). Assessing the presence and severity of myocardial

ischemia is pivotal in guiding the choice between invasive or medical

CAD treatment. Hence, the clinical evaluation of both coronary

arteries and myocardial perfusion is essential.

Pharmacological stress dynamic computed tomography

myocardial perfusion imaging (CT-MPI) is a relatively new, non-

invasive functional imaging test (3). Several clinical trials have

shown the usefulness of CT-MPI for diagnosing and evaluating

hemodynamically significant CAD (moderate-to-severe coronary

artery stenosis). Furthermore, there is a high level of expert

consensus regarding its utility for determining the presence or

absence of myocardial ischemia in CAD (4–6). However, the

widespread adoption of CT-MPI in clinical practice faces

challenges. This is partly due to the significant variation in absolute

myocardial blood flow (MBFa) cutoff values—which range from 75

to 164 ml/100 ml/min—reported in studies employing diverse CT

scanners and calculation algorithms (7–18). To mitigate the impact

of algorithmic and individual differences on MBFa values, some

studies have used the relative myocardial blood flow ratio (MBF-

ratio) for diagnosing myocardial ischemia. However, the superiority

of the MBF-ratio over MBFa remains inconclusive, and a

standardized cutoff value has not been established (12–18). To

address this challenge in applying CT-MPI to real-world settings,

more clinical studies are needed.

Patients with hemodynamically significant CAD are more

susceptible to myocardial ischemia and are recommended for
0221
CT-MPI (4). This study aimed to compare the diagnostic ability

of two quantitative parameters—MBFa and MBF-ratio—for

myocardial ischemia and explore their optimal cutoff values. To

further this goal, the CT-MPI scans of patients with

hemodynamically significant CAD were reviewed to acquire

myocardial perfusion information.
2 Materials and methods

2.1 Study design and patients

This retrospective study was approved by the Ethics Committee

of Sichuan Provincial People’s Hospital (No. 2022-357). The

requirement for informed consent was waived.

Adult patients with suspected or known hemodynamically

significant CAD who underwent CT-MPI + CT angiography and

invasive coronary angiography (ICA)/fractional flow reserve

(FFR) between October 2020 and December 2023 were evaluated.

The inclusion criteria were as follows: experiencing stable angina,

having completed CT-MPI + CCTA, and having undergone ICA/

FFR tests within 60 days and consented to participate. The

exclusion criteria were as follows: myocardial infarction;

postoperative coronary revascularization (e.g., stent placement or

coronary artery bypass); other types of heart diseases, such as

hypertrophic cardiomyopathy and hypertensive cardiomyopathy;

and CT-MPI and CCTA image quality not meeting diagnostic

and postprocessing requirements.
2.2 Preparation

CT examinations were performed using a third-generation

dual-source CT scanner (SOMATOM Definition Force; Siemens

Healthineers, Erlangen, Germany). The following medications
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were discontinued 24–48 h before the examination: beta-blockers,

nitrates, calcium antagonists, dipyridamole, and aminophylline.

Caffeinated beverages and foods such as coffee and cola were

also not consumed within the 24 h preceding the examination.

Electrocardiogram monitoring leads were attached to monitor the

patients throughout the examination. Blood pressure and heart

rate were assessed, and breathing exercises were conducted. Two

18-gauge cannulas were inserted into the antecubital veins.
2.3 Scanning procedure in CT-MPI

A calcium score scan was initiated, and CT-MPI was performed

as follows. The scan range was calculated based on the calcium score

images to cover the entire left ventricle (LV). Tube voltage and

current were automatically adjusted using CARE Dose 4D and

CARE kV according to the following parameters: reference tube

voltage, 80 kV; reference tube current, 300 mAs; rotation time,

0.25 s/cycle, collimation, 48 mm× 1.2 mm; kernel of reconstruction,

Qr36; and slice thickness and increment, 3 and 2.9 mm,

respectively. Adenosine disodium triphosphate (ATP) was

intravenously injected at a rate of 0.14 mg/kg/min using a drug

pump to induce vasodilation. After 3 min of injection, 40 ml of

iodinated contrast agent (Iodophor, 400 mg/ml iodine; Bracco,

Milan, Italy) was injected at a rate of 5 ml/s, followed by 40 ml of

normal saline at the same rate. The scan trigger delay was 5 s, and

scanning was conducted using the shuttle-mode acquisition

technique at the end of systole (250 ms after the R-wave) for a

total scan time of 32 s. The patients were closely monitored for

their safety during scanning, and ATP injection was immediately

stopped upon any complication in the procedure.
2.4 Scanning procedure in CCTA

Nitroglycerine was administered sublingually 5–10 min after

CT-MPI, and retrospective ECG-gated CCTA scanning was then

performed. An automatic triggering scan of the ascending aorta

was conducted with a threshold of 100 HU and a 5-s delay.

We injected 40–50 ml of iodinated contrast agent (Iodophor,

400 mg/ml iodine, Bracco) at a rate of 5 ml/s, followed by saline.

The following parameters were used: reference tube voltage,

100 kV; CARE Dose 4D automatic current (reference tube

current, 320 mAs); rotation time, 0.25 s/cycle; collimation,

192 mm × 0.6 mm; kernel of reconstruction, Bv40; and slice

thickness and increment, 0.75 and 0.5 mm, respectively.
2.5 Postprocessing and interpretation of
CT-MPI data

Initially, the original perfusion data were transmitted to the

postprocessing workstation (syngo.via, Siemens Healthineers),

where the myocardial perfusion analysis software generated

multiple sets of LV perfusion-related sequences. These sequences

underwent respiratory-related displacement correction, noise
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reduction, and myocardial segmentation. The perfusion images

were automatically generated, and image quality was assessed

based on Likert scoring of CT-MPI as follows: 4, ≥90% segments

without artifact; 3, ≥80% segments without artifact; 2, ≥70%
segments without artifact; 1, ≥60% segments without artifact;

scores of 2–4 were considered qualified. The qualified perfusion

images and CCTA image with systolic phase were transmitted to

cardiac function analysis software (version 2.0.5; Siemens

Healthineers) to generate automatically a polar map of MBF and

a mixed-volume rendering image of CCTA combined with MBF.

Subsequently, volumes of interest (VOIs) with a minimum size

of 0.5 cm2 were manually delineated in the lowest perfusion

regions of 1–16 segments and in the highest perfusion regions of

the LV. We used short-axis images with a color-coded scale

for the delineation, guided by the visualization of the polar map

and the mixed-volume rendering image. The VOIs were placed,

allowing for only a minimal distance (1–2 mm) from the

endocardial and epicardial layers to avoid contamination.

The lowest MBF values within the per-vessel territory and the

highest MBF (MBF-hi) and average MBF (MBF-global) values of

the LV were automatically calculated. The MBF-ratio was

determined using the following equation: MBF-ratio = lowest

MBF value/reference MBF value. In the per-patient analysis, the

MBF-ratio was calculated as MBF-ratio =MBF-global value/MBF-

hi value; in the per-vessel analysis, it was calculated as MBF-

ratio = lowest MBFa value in the per-vessel territory/MBF-hi

value. VOI processing is shown in Figure 1.
2.6 Postprocessing and interpretation of
CCTA data

For CCTA images, coronary artery analysis software (syngo.via,

Siemens Healthineers) was utilized. Initially, image quality was

evaluated based on Likert scoring to determine the accessibility of

CCTA. Subsequently, the coronary artery calcification score was

automatically calculated. Thereafter, the degrees of stenosis of the

left anterior descending artery, left circumflex artery, and right

coronary artery were evaluated based on the Society of

Cardiovascular Computed Tomography guidelines (6). Obstructive

CAD and coronary stenosis were defined as ≥50%, and ≥70%,
respectively. The CT-MPI and CCTA results were evaluated by two

cardiac radiologists blinded to patient data. Disagreements were

resolved by consulting a third senior cardiac radiologist (with >10

years of experience). Patient information—such as age, sex, body

mass index, and CAD risk factors—were obtained from the picture

archiving and communication system. Changes in heart rate, blood

pressure, and the dose–length product of CT-MPI were

documented. The effective radiation dose (mSv) was calculated as

dose− length product × k (k = 0.026 mSv mGy−1 cm−1).
2.7 ICA and FFR

An interventional cardiologist performed ICA or FFR within

60 days of CT-MPI + CCTA examination. ICA was performed
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FIGURE 1

Processing of absolute and relative MBF values. (A) Polar map of MBF showing the MBF values in 1–17 segments with a color-coded scale. (B) Mixed-
volume rendering image of CCTA combined with MBF showing the cardiac segments of three coronary artery territories. (C) VOI [5] with a minimum
size of 0.5 cm2 manually delineated in the highest perfusion regions of the LV in the short-axis images. (D) VOI [2] delineated in the lowest region of
the RCA territory. (E) VOI [4] delineated in the lowest region of the LCX territory. (F) Perfusion parameters automatically calculated for all VOIs [1],
referring to the average perfusion of the LV. The MBF-ratio values could then be determined using the following equation: MBF-ratio = lowest
MBF value/reference MBF value. RCA, right coronary artery; LCX, left circumflex artery.
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using the standard method, and at least two views were obtained

and analyzed for each major vessel. Two cardiologists visually

analyzed the images without knowledge of the CCTA and CT-

MPI results, referring to quantitative coronary angiography when

reaching an impasse regarding the degree of stenosis. If vessels

presented with intermediate stenosis (i.e., a diameter reduction of

between 50% and 80% on ICA), FFR measurements were

performed. FFR was performed using a sensor-tipped 0.014-in.

pressure wire in these lesions during rest and maximal

myocardial hyperemia induced by the venous infusion of ATP

(140 μg/kg/min). FFR values ≤0.80 were considered to indicate

ischemic lesions. Lesions for which FFR measurements could not

be obtained were classified based on ICA; the presence and

absence of myocardial ischemic lesions were defined as those

with ≥80% and <50% stenosis, respectively. Vessels with

intermediate stenosis but without FFR measurements were

excluded. Arteries with one or more ischemic lesions were

identified as vessels causing ischemia, and the most severe

stenosis was considered for analysis in the same perfusion territory.
2.8 Statistical analysis

All statistical analyses were conducted using SPSS (version 26.0,

IBM) and the MedCalc software package (MedCalc 15.2.0).

Categorical variables were presented as frequencies and
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composition ratios (%), while continuous variables were expressed

as means ± standard deviations or medians with interquartile

ranges. Normally and non-normally distributed data were analyzed

using the variance or t-test and Mann–Whitney U-test, respectively.

The Bonferroni correction was used for multiple comparisons.

Each patient and vessel were studied individually. Differences in

MBFa and the MBF-ratio between the myocardial ischemic and

non-ischemic groups were compared. Using ICA/FFR as a

standard, receiver operating characteristic (ROC) curves were

generated for each analytical method, and the area under the curve

(AUC) values were compared using the DeLong test. The optimal

cutoff values were determined using the Youden test. Cohen’s

kappa statistic was used to compare the diagnostic utility of MBFa

and the MBF-ratio with that of ICA/FFR for myocardial ischemia.

A bilateral P-value < 0.05 was considered statistically significant.
3 Results

3.1 Patient characteristics

Among the 105 patients with suspected or known

hemodynamically significant CAD, 94 underwent CT-MPI

combined with CCTA examinations. We excluded 48 patients due

to coronary artery stenting (n = 6), a history of myocardial

infarction (n = 5), hypertrophic cardiomyopathy (n = 3), not
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undergoing ICA (n = 28), and image quality not meeting

postprocessing requirements (n = 6). Finally, the remaining 46

patients were evaluated; of these, 30 and 16 patients were

diagnosed with the presence and absence of myocardial ischemia,

respectively. Twenty-nine patients had moderate stenosis (50%–

69%), while 17 patients had severe or occluded stenosis (≥70%) on
CCTA. Of the 132 vessels initially evaluated, 12 vessels with 50%–

80% stenosis not tested by FFR were excluded. Therefore, 120

vessels were analyzed, including 39 and 81 vessels with the

presence and absence of myocardial ischemia, respectively. In total,

33, 27, 46, and 10 vessels had 0%–24%, 25%–49%, 50%–80%, and

80%–99% stenosis, respectively, and 4 vessels had chronic total

occlusion on ICA. The flowchart is presented in Figure 2.

The mean age of the patients was 65.37 ± 8.25 years, and 32

patients (69.6%) were men. Compared with the non-ischemic

group, the myocardial ischemic group exhibited a higher

prevalence of multivessel stenosis (76.7% vs. 37.5%, P = 0.032)

and a significantly higher calcification score (P = 0.018). Patients

in the ischemic group were also older; however, there were no

significant between-group differences in terms of sex or other

high-risk factors for CAD. The results are presented in Table 1.
FIGURE 2

Patient inclusion flowchart.
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All participants tolerated the CT-MPI procedures well. The

mean heart rate increased from 76.84 ± 12.77 bpm during rest to

90.87 ± 30.69 bpm during stress. The Likert scores for the image

quality of CT-MPI were as follows: 4 for 30 patients, 3 for 12

patients, 2 for 4 patients, and 1 for 6 patients (who were

excluded). The radiation exposure during CT-MPI was 297.44 ±

91.64 mGy cm, equivalent to 7.72 ± 2.38 mSv.
3.2 Differences between the ischemic and
non-ischemic groups

In the per-patient analysis, both the MBF-global and MBF-

ratio were significantly lower in the ischemic than in the non-

ischemic group (127.35 ± 21.15 vs. 153.05 ± 28.15, P = 0.004,

and 0.781 ± 0.075 vs. 0.856 ± 0.053, P < 0.001, respectively). The

results are presented in Figure 3 and Table 2. Similar results

were obtained in the per-vessel analysis. Both MBFa and the

MBF-ratio were significantly lower in the ischemic group than

in the non-ischemic group (73,47.66–106.83 vs. 128,116.44–

151.51, P < 0.001, and 0.455 ± 0.169 vs. 0.775 ± 0.108, P < 0.001,
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TABLE 1 Patient characteristics.

Characteristic Total (n = 46) Ischemic group
(n = 30, 65.22%)

Non-ischemic group
(n = 16, 34.78%)

P-value

Age (years) 65.37 ± 8.25 67.67 ± 7.80 61.06 ± 7.50 0.008

Sex (male) 32 (69.60%) 22 (73.30%) 10 (62.50%) 0.447

BMI 24.17 ± 2.71 24.36 ± 2.82 23.66 ± 2.12 0.350

Hypertension (yes) 24 (52.20%) 18 (60%) 6 (37.50%) 0.146

Diabetes (yes) 19 (41.30%) 15 (78.93%) 74 (25.9%) 0.185

Hyperlipidemia (yes) 21 (45.70%) 14 (46.70%) 7 (43.80%) 0.623

Family history of CAD (yes) 9 (19.60%) 7 (23.33%) 2 (12.54%) 0.850

Number of vessel lesions 0.032

Three vessels 29 (63.00%) 23 (76.70%) 6 (37.50%)

Two vessels 10 (21.70%) 4 (13.30%) 6 (37.50%)

One vessel 7 (15.20%) 3 (10.00%) 4 (25.00%)

Smoking (yes) 18 (39.10%) 12 (40.00%) 6 (37.50%) 0.869

Typical angina (yes) 23 (50%) 16 (53.3%) 7 (43.75%) 0.513

Resting HR (bpm) 71.2 ± 21.25 71.04 ± 25.94 71.5 ± 7.04 0.938

Stress HR (bpm) 86.00 ± 28.15 87.54 ± 29.56 83.14 ± 26.14 0.632

Calcification score 363.01 ± 495.31 585.66 ± 106.93 136.51 ± 34.13 0.018

BMI, body mass index; HR, heart rate; bpm, beats per minute.

FIGURE 3

Comparison graphs of MBFa and the MBF-ratio in the ischemic and non-ischemic groups in the per-patient analysis. (A) Graph showing the
distribution of the mean ± SD MBFa in the ischemic (blue) and non-ischemic (red) groups. The dotted line shows the optimal cutoff value
(129.37 ml/100 ml/min). (B) Graph showing the mean ± SD MBF-ratio in the ischemic (green) and non-ischemic groups (pink). The dotted line
shows the optimal cutoff value (0.81).

TABLE 2 MBF parameters in the per-patient analysis.

Total (n = 46) Ischemic group
(n = 30, 65.22%)

Non-ischemic group
(n = 16, 34.78%)

P-value

Highest MBF value (ml/100 ml/min) 168.70 ± 27.70 163.38 ± 25.30 178.66 ± 30.04 0.095

MBF-global value (ml/100 ml/min) 136.29 ± 26.57 127.35 ± 21.15 153.05 ± 28.15 0.004

MBF-ratio value 0.807 ± 0.076 0.781 ± 0.075 0.856 ± 0.053 <0.001

Kong et al. 10.3389/fcvm.2024.1398635
respectively). The degree of coronary artery stenosis was

significantly more severe in the ischemic group (P < 0.001);

approximately half of the patients in the non-ischemic group

had only moderate stenosis. The results are presented in

Figure 4 and Table 3.
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3.3 Diagnostic efficacy of MBFa and MBF-
ratio

In the per-patient analysis, the MBF-ratio had a higher AUC

than the MBF-global for the diagnosis of myocardial ischemia;
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FIGURE 4

Comparison graphs of MBFa and the MBF-ratio in the ischemic and non-ischemic groups in the per-vessel analysis. (A) Graph showing the distribution
of the mean ± SD MBFa in the ischemic (blue) and non-ischemic (red) groups. The dotted line shows the optimal cutoff value (117.71 ml/100 ml/min).
(B) Graph showing the distribution of the mean ± SD MBF-ratio in the ischemic (blue) and non-ischemic groups (orange). The dotted line shows the
optimal cutoff value (0.67).

TABLE 3 Comparison of quantitative parameters between the ischemic and non-ischemic groups in the per-vessel analysis.

Total vessels
(n = 120)

Ischemic vessels
(n = 39, 32.5%)

Non-ischemic vessels
(n = 81, 67.5%)

P-value

Diameter narrowing of coronary lesions by ICA (n, %) <0.001

0: Negative (0%) 18 (15%) 0 (0%) 18 (22.2%)

1: Minimal stenosis (1–24%) 15 (12.5%) 0 (0%) 15 (18.52%)

2: Mild (25–49%) 27 (22.5%) 0 (0%) 27 (33.3%)

3: Moderate (50–79%) 46 (38.33%) 25 (64.1%) 21 (25.93%)

4: Severe (80–99%) 10 (8.33%) 10 (25.64%) 0 (0%)

5: Occluded (100%) 4 (3.33%） 4 (10.26%) 0 (0%)

Diameter narrowing of coronary lesions by CCTA (n, %) <0.001

0: None 18 (15%) 0 (0%) 18 (22.2%)

1: Minimal stenosis (1–24%) 14 (11.67%) 0 (0%) 14 (17.28%)

2: Mild (25–49%) 24 (20%) 0 (0%) 24 (29.63%)

3: Moderate (50–69%) 45 (37.5%) 22 (56.4%) 23 (28.40%)

4: Severe (70–99%) 15 (12.5%) 13 (33.33%) 2 (2.47%)

5: Occluded 4 (3.33%） 4 (10.26%) 0 (0%)

Highest MBF (ml/100 ml/min) 164.5 (149–185) 160 (148–179) 165 (150.34–192) 0.079

MBF-ratio 0.722 (0.58–0.80) 0.775 ± 0.108 0.46 ± 0.17 <0.001

MBFa (ml/100 ml/min) 117.83 (95.05–138.97) 73 (47.66–106.83) 128 (116.44–151.51) <0.001
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however, the difference was not significant [0.807, 95% confidence

interval (CI): 0.664–0.909, vs. 0.775, 95% CI: 0.628–0.885,

P = 0.633]. Similarly, the MBF-ratio had a higher AUC than

MBFa in the per-vessel analysis; the difference was still not

significant [0.962 (95% CI: 0.911–0.989) vs. 0.936 (95% CI:

0.876–0.973), P = 0.1225]. The AUCs of ≥50% and ≥70%
stenosis on CCTA were 0.846 (95% CI: 0.768–0.905) and 0.718

(95% CI: 0.629–0.797), respectively. Both MBFa and the MBF-

ratio had higher AUCs than CCTA (P < 0.005). The results are

presented in Figure 5 and Table 4.

The optimal cutoff value for the MBF-ratio was determined to

be 0.67, with a sensitivity (high), specificity (good), accuracy,

positive predictive value (PPV), and negative predictive value

(NPV) of 92.31%, 85.19%, 87.5%, 75%, and 95.83%, respectively
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(P < 0.001). The MBF-ratio demonstrated strong consistency with

ICA/FFR, exhibiting a kappa value of 0.731 (95% CI: 0.606–

0.857, P < 0.001). For MBFa, the optimal cutoff value was

117.71 ml/100 ml/min, with a sensitivity (high), specificity

(moderate), accuracy, PPV, and NPV of 97.44%, 74.07%, 81.66%,

63.33%, and 98.36%, respectively. The MBFa value was also

strongly consistent with ICA/FFR, with a kappa value of 0.631

(95% CI: 0.500–0.762, P < 0.001). Stenosis ≥50% on CCTA

demonstrated a sensitivity (high), specificity (moderate),

accuracy, PPV, and NPV of 100%, 69.14%, 79.17%, 60.94%, and

100%, respectively; stenosis ≥70% on CCTA demonstrated higher

specificity (97.53% vs. 69.14%) but lower sensitivity (46.15% vs.

100%) for the detection of hemodynamically significant CAD,

and the accuracy, PPV, and NPV were 79.47%, 89.47%, and
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FIGURE 5

ROC curves of MBFa and the MBF-ratio for detecting MI. (A) ROC curves showing the AUCs of MBFa (0.705) and the MBF-ratio (0.807) for detecting MI
(0.705 vs. 0.807, P = 0.633) in the per-patient analysis. (B) ROC curves showing that the AUCs of MBFa and the MBF-ratio are higher than that of CCTA
for detecting MI with ≥50% and ≥70% stenosis (0.936 and 0.962 vs. 0.846 and 0.718, P < 0.05, respectively) in the per-vessel analysis.

TABLE 4 Diagnostic efficacy of MBFa and the MBF-ratio for myocardial ischemia.

Sen (%) Spe (%) Acc (%) PPV % (%) NPV
(%,

AUC
(95% CI)

P-value Cutoff
value

Youden
index

Kappa value
(95% CI)

Per- patient
MBFa 63.33

(19/30)
87.50
(14/16)

71.74
(33/46)

90.48
(19/21)

56.00
(14/25)

0.775
(0.628–0.885)

<0.001 129.37 0.508

MBF-ratio 73.33
(22/30)

81.25
(13/16)

76.09
(35/46)

88.00
(22/25)

61.90
(13/21)

0.807
(0.664–0.909)

<0.001 0.81 0.546

Per-vessel
MBFa 97.44

(38/39)
74.07
(60/81)

81.66
(98/120)

63.33
(38/59)

98.36
(60/61)

0.936
(0.876–0.973)

<0.001 117.71 0.715 0.631 (0.500–
0.762,

P < 0.001)

MBF-ratio 92.31
(36/39)

85.19
(69/81)

87.50
(105/120)

75.00
(36/48)

95.83
(69/72)

0.962
(0.911–0.989)

<0.001 0.67 0.775 0.731 (0.606–
0.857,

P < 0.001)

CCTA
(50%)

100.00
(39/39)

69.14
(56/81)

79.17
(95/120)

60.94
(25/64)

100
(56/56)

0.846
(0.768–0.905)

<0.001 50% 0.691

CCTA
(70%)

46.15
(17/39)

97.53
(79/81)

79.47
(96/120)

89.47
(17/19)

78.22
(79/101)

0.718
(0.629–0.797)

<0.001 70% 0.437

The AUCs were compared using the DeLong test: CCTA (50%) vs. MBF-ratio, P= 0.0001; CCTA (50%) vs. MBFa, P=0.0027; CCTA (70%) vs. MBF-ratio, P < 0.0001; CCTA

(70%) vs. MBFa, P < 0.0001; MBF-ratio vs. MBFa, P=0.1225; CCTA (50%) vs. CCTA (70%), P=0.0076.

Sen, sensitivity; Spe, specificity, Acc, accuracy; NPV, negative predictive value; PPV, positive predictive value.
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78.22%, respectively. The results are presented in Table 4. Two

representative cases are presented in Figures 6, 7.
4 Discussion

4.1 Main findings

This study shows that both MBFa and the MBF-ratio have

excellent diagnostic efficacy for myocardial ischemia; however,

the MBF-ratio has more balanced diagnostic sensitivity and
Frontiers in Cardiovascular Medicine 0827
specificity and is more robust and reliable. Furthermore, in the

per-vessel analysis, the optimal cutoff values for MBFa and the

MBF-ratio for diagnosing myocardial ischemia were 117.71 ml/

100 ml/min and 0.67, respectively.
4.2 Diagnostic performance of CT-MPI
compared with CCTA

The ischemic group included more patients with multivessel

lesions and severe calcification, and the degree of vessel stenosis
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FIGURE 6

A 56-year-old man with type 2 diabetes for 1 year presented with chest pain. (A) CCTA image showing atherosclerotic plaques in the middle of the LAD
with severe stenosis of 80%, indicating MI. (B) ICA showing 75% stenosis in the middle of the LAD, with an FFR value of 0.85. No revascularization
therapy was performed. (C) CTP-MBF map image showing that the LAD territory (segment 14) was relatively lower than other areas. The MBF-
global value was 131.15 ml/100 ml/min. (D) MBF short-axis image showing that all MBFa values were higher than the cutoff value (117.71 ml/
100 ml/min), the lowest MBF-ratio value in segment 14 was 0.783 (117.72/150.34), and there was no evidence of MI. In this patient, moderate
stenosis of the coronary artery did not cause MI, and MBFa and MBF-ratio values were consistent with FFR. LAD, left anterior descending artery;
CTP, computed tomography perfusion.

FIGURE 7

A 70-year-old man diagnosed with hypertension and diabetes for 7 years presented with chest pain. (A) CTA showing moderate stenosis of 75% in the
middle RCA (white arrow), indicating MI. (B) ICA showing severe stenosis of 80% in the middle of the RCA (black arrow), with an FFR value of 0.7,
indicating MI. (C) MBF map image showing decreased perfusion in the RCA territory (blue and green areas in segments 10, 11, and 15). (D) MBF
short-axis image showing decreased perfusion in the inferior wall of the left ventricle, specifically at region of interest (ROI) 19. The MBFa value is
74.96 ml/100 ml/min, and the MBF-ratio is 0.46 (74.96/163.97) (highest MBF, ROI 18). The MBFa and MBF-ratio values were consistent with
FFR.RCA, right coronary artery.
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was more severe than in the non-ischemic group. Conversely,

approximately half of the vessels had moderate stenosis in the

non-ischemic group. This confirmed that the degree of stenosis

was not completely proportional to myocardial ischemia in

moderately stenotic vessels. Thus, further functional examinations

are necessary for vessels with moderate stenosis. CT-MPI is helpful

for the diagnosis of myocardial ischemia. Compared with CCTA

alone, CT-MPI combined with CCTA has demonstrated

significantly better accuracy for myocardial ischemia diagnosis

(7–9, 16, 17). Kitagawa et al. (17) found that, compared with

CCTA alone (≥50% stenosis), CT-MPI combined with CCTA

had significantly higher diagnostic specificity (36% vs. 75%,

P < 0.001) and accuracy (64% vs. 74%, P < 0.001), especially in

the diagnosis of moderate stenosis (44% vs. 71%, P < 0.001).

Our study demonstrated similar results: compared with CCTA
Frontiers in Cardiovascular Medicine 0928
(≥50% stenosis), CT-MPI using the MBF-ratio had

significantly higher diagnostic specificity (69.14% vs. 85.1%, P

< 0.001) and accuracy (79.17% vs. 87.5%, P < 0.001).

Furthermore, MBFa had better diagnostic accuracy (79.17% vs.

81.6%, P < 0.001) in the per-vessel analysis. Compared with

CCTA (≥70% stenosis), CT-MPI using both the MBF-ratio and

MBFa had significantly higher sensitivity (46.15% vs. 97.55%

and 92.31%, P < 0.001); this is similar to the results of a

previous study (16). Furthermore, CT-MPI also demonstrated a

better balance between sensitivity and specificity than CCTA.

Yu et al. (19) also reported that, compared with CCTA alone,

CCTA combined with CT-MPI is associated with a lower

incidence of ICAs without vascular revascularization; thus,

unnecessary ICA examinations can be avoided, especially in

patients with moderate stenosis.
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4.3 Diagnostic efficacy and optimal cutoff
value of MBFa

MBFa values were significantly lower in the ischemic group

than in the non-ischemic group in both per-patient and per-

vessel analyses. In the per-vessel analysis, the MBFa value had an

excellent AUC value of 0.936 (95% CI: 0.876–0.973), a high

sensitivity of 97.44%, and a moderate specificity of 74.07%. It

also had good consistency with the standard (0.631, 95% CI:

0.50–0.762). These results were consistent with those of previous

studies. In a meta-analysis, the AUC of CT-MPI reached 0.911,

and the sensitivity and specificity were 85% and 81%, respectively

(20). The optimal cutoff value for MBFa varies substantially from

75 to 164 ml/100 ml/min (12–18); in our study, it was 117.71 ml/

100 ml/min, consistent with the results of studies that used the

same CT scanner and standards (20). It was also consistent with

the lower limit of the normal range found by a Chinese study

(116 ml/100 ml/min) (21). The main reason for the wide

variation in the optimal cutoff value for MBFa may be due to

differences in the degree of myocardial ischemia among patients.

For example, in studies (7, 12) that included patients with

myocardial ischemia and a history of revascularization, the

optimal cutoff value for MBFa was significantly lower. By

contrast, the optimal cutoff value was higher in studies that

involved a relatively lower proportion of lesions in three vessels

and severe stenosis (13, 16).
4.4 Diagnostic efficacy and optimal cutoff
value for the MBF-ratio

Given the substantial variation in the optimal cutoff value

for MBFa in previous studies, we tried to use the MBF-ratio;

still, the results were inconsistent. Wichmann et al. (12) and

Kono et al. (18) reported that the AUCs of the MBF-ratio

were significantly higher than those of MBFa (0.925 vs. 0.882,

P = 0.0022, and 0.85 vs. 0.75, P = 0.02, respectively). By

contrast, Yi et al. (14) reported a significantly higher AUC

value of MBFa (0.955 vs. 0.906, P = 0.02). Several studies (13,

15, 16) also reported higher AUCs for the MBF-ratio

compared with those for MBFa for detecting ischemia.

Specifically, the AUCs were 0.90 vs. 0.87, 0.956 vs. 0.942, and

0.82 vs. 0.79, respectively, in these studies; however, the

difference was not statistically significant (P > 0.05). The

current study showed that the MBF-ratio was significantly

lower in the ischemic than in the non-ischemic group in both

per-patient (P = 0.02) and per-vessel analysis (P < 0.01). The

AUC value of the MBF-ratio in the per-vessel analysis was

higher than that of the MBFa, albeit without a significant

difference (0.936 vs. 0.962, P = 0.1225). However, the MBF-

ratio showed a trend of a better balance between sensitivity

(92.31%) and specificity (85.19%) than MBFa (sensitivity,

97.44%; specificity, 74.07%). In addition, the MBF-ratio

exhibited better consistency with the diagnostic standards for

functional ischemia (ICA ≥80% or FFR ≤0.8). Collectively,

these results indicated that the MBF-ratio demonstrated equal
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or superior diagnostic efficacy compared with the MBFa for

myocardial ischemia diagnosis.

The optimal cutoff values for the MBF-ratio range from 0.675

to 0.85 (12–18), with an optimal value of 0.67 in the current study.

These values align closely with the pressure drop for myocardial

ischemia diagnosis by FFR (0.75–0.8). The highest MBF can be

selected as a reference to simulate the maximum initial normal

state of the coronary artery. Overall, compared with MBFa, the

MBF-ratio exhibits a relatively smaller range of variation, making

it more robust and reliable in real-world clinical applications.

One possible reason for the different performance of the MBF-

ratio is the difference in study design (12–18, 22), particularly

the different denominators (remote myocardium of reference)

used as reference MBF values. These included the highest

segmental MBF value without artifacts (12, 18) and the highest

automatic segmental value of the endocardium (14), the third

quartile of the average segmental value (13), and the average

MBF value of the LV (23, 24) and all the myocardial segments

supplied by vessels with <30% stenosis (14). These MBF values

were all used as reference MBF values for calculating the MBF-

ratio. Theoretically, using the MBF-hi as a reference MBF value

should yield lower cutoff values than other MBF values. Using

the third quartile or average MBF value as a reference may result

in an underestimation of the identified reference value to some

extent, especially in patients with multivessel stenosis. This

results in an amplification of relative proportions and an increase

in false-negative results; thus, the MBF-hi may be a better

reference to simulate the maximum initial normal state of the

coronary artery (22). Another reason for different performance is

a different numerator (endocardial, epicardial, or transmural

perfusion). Endocardial analysis makes perfusion defects more

apparent than transmural and epicardial assessments (18). For

predicting ischemia, the MBF-ratio of the endocardial

myocardium layer as a numerator performs better than the ratio

from the transmural layer (13, 22). In our study, we drew VOIs

in the transmural layers to avoid artifacts related to myocardial

displacement of the LV.

Given the different perfusion between the endocardium and

epicardia, the transmural perfusion ratio (TPR) and endocardial-

to-epicardial MBF-ratio are also used to detect myocardial

ischemia. The TPR has a lower AUC than a visual analysis of

myocardial perfusion (0.759 vs. 0.877, P = 0.002) (25) while

exhibiting comparable performance to that of the absolute MBF

value (26). In previous studies, the AUC of the TPR was

significantly higher than that of the MBF for the detection of

flow-limiting CAD (0.833 vs. 0.711, P = 0.0273) (27). However,

the diagnostic utility of the TPR for detecting myocardial

ischemia still needs to be further explored.
4.5 Radiation dose

Thedisadvantages of dynamicCT-MPI include the radiation dose.

However, this study used a third-generation dual-source CT system

with radiation exposure of 7.72 ± 2.38 mSv, a nearly 30% reduction

in dose from previous studies utilizing a second-generation
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dual-source CT system wherein the radiation exposure ranged from

588 to 757 mGy cm, i.e., 8.23–10.6 mSv (3, 5). One study attempted

to reduce the radiation dose of CT perfusion to 3.8 ± 1.4 mSv by

lowering the tube voltage to 70 kV (22).
4.6 Limitations

First, this was a retrospective, single-center, small-sample

study; thus, the findings may apply only to similar examination

protocols using third-generation dual-source CT. Second,

diagnosing myocardial ischemia requires reference to the normal

range in healthy individuals. Third, MBF was measured

semiautomatically on the axial images, which may have resulted

in interobserver differences and long postprocessing times.

Fourth, FFR was performed using a visual analysis of ICA with

50%–80% stenosis, which may have influenced the results of the

study. Finally, the study included patients with non-ischemic and

chronic occlusion, which may have led to an overevaluation of

the performance of CT-MPI. Multicenter prospective trials are

needed to investigate further automated methods for measuring

the relative MBF. The diffusion and clinical use of automatic

software offering standardization of CT-MPI quantitative data

will help define the best approach in different clinical settings in

the future. The application of new techniques, such as the use of

deep learning to remove motion artifacts of the LV, will also help

improve the effectiveness of quantitative parameters for

diagnosing myocardial ischemia.
4.7 Conclusions

In conclusion, stress dynamic CT-MPI offers high spatial

resolution, complete left ventricle coverage, and the ability to

correlate perfusion abnormalities with coronary CCTA results,

thus seamlessly integrating anatomy and function. Importantly,

the MBFa and MBF-ratio have excellent diagnostic efficacy in

diagnosing myocardial ischemia, and the relative MBF-ratio has a

more balanced diagnostic sensitivity and specificity. The result is

particularly useful for radiologists and clinicians, addressing a

common challenge in applying CT-MPI in real-world settings

and thus potentially impacting the accurate diagnosis and

management of CAD.
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Assessment of 4D flow MRI for
quantification of left-to-right
shunt in pediatric patients with
ventricular septal defect:
comparison with right heart
catheterization
Seyed Mohammad Zamani-Aliabadi1, Salah D. Qanadli2,
Seyed Hasan Fatehi-Feyzabad3, Mohsen Ghasemnezhad4,
Hamidreza Ghaemi4, Arshid Azarine5, Ali Mohammadzadeh3,
Ahmad Bitarafan-Rajabi1*, Hojjat Mortezaeian4* and
Kiara Rezaei-Kalantari3*
1Department of Medical Physics, School of Medicine, Iran University of Medical Sciences, Tehran, Iran,
2Cardiothoracic and Vascular Division, Department of Diagnostic and Interventional Radiology,
Lausanne University Hospital and University of Lausanne, Lausanne, Switzerland, 3Department of
Radiology, Rajaie Cardiovascular Medical and Research Center, Iran University of Medical Sciences,
Tehran, Iran, 4Department of Pediatric Cardiology, Rajaie Cardiovascular Medical and Research Center,
Iran University of Medical Sciences, Tehran, Iran, 5Department of Radiology, Hôpital Marie Lannelongue,
Groupe Hospitalier Paris Saint-Joseph, Université Paris-Saclay, Paris, France
Objectives: The percentage of shunt fraction significantly impacts themanagement
of patients with congenital shunts, influencing strategic choices such as surgical or
interventional procedures. This study compared the estimated shunt fraction (the
ratio of pulmonary-to-systemic flow, Qp/Qs) for quantifying the left-to-right
shunt in children with ventricular septal defect (VSD) using heart catheterization,
four-dimensional (4D) flow, and two-dimensional (2D) flow magnetic resonance
imaging (MRI). The goal was to establish a non-invasive and reliable measurement
ratio between pulmonary and systemic blood flow in these patients.
Methods: Between July 2022 and June 2023, patients scheduled to undergo
invasive right heart catheterization were included in this study. MRI was
performed one hour before the catheterization procedure. The correlation of
shunt fraction was assessed between all methods after calculating the Qp/Qs
ratio from 2D and 4D flow MRI and catheterization.
Results: A total of 24 patients (aged 3–15 years, eight females) were ultimately
included in the study. The Qp/Qs ratios obtained from 4D flow had a robust
correlation (correlation coefficient r = 0.962) compared to those obtained during
catheterization. Cardiac catheterization recorded the mean shunt fraction at
1.499±0.396, while 4D flow measured it at 1.403±0.344, with no significant
difference between the two techniques. Moreover, there was a reasonable
correlation (r = 0.894) between 2D flow measurements of Qp/Qs and the results
obtained from catheterization, with a mean shunt fraction of 1.326±0.283.
Conclusion: 4D flow MRI has the potential to be a non-invasive method for
accurately measuring the left-to-right shunt in children with VSD.
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right heart catheterization, cardiac magnetic resonance imaging, four-dimensional (4D)
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1 Introduction

Congenital heart disease (CHD) affects about 1 in every 110

births, making it the most common congenital disorder (1–3).

This condition encompasses functional problems and anatomical

anomalies, including atypical dimensions, irregular connections,

and structural abnormalities within the heart chambers, blood

vessels, and adjacent veins. The physiological implications of

CHD span a wide range, from asymptomatic cases detected only

in adulthood to critical complications requiring immediate

surgical intervention in infancy (4). Ventricular septal defect

(VSD) is children’s most common congenital heart defect and

the second most frequent congenital anomaly in adults. VSD is a

condition with communication between the right and left

ventricles, leading to shunt formation, the primary mechanism of

hemodynamic compromise. This process gives rise to pulmonary

arterial hypertension (PAH), ventricular dysfunction, and an

increased susceptibility to arrhythmias (5, 6). Nevertheless,

remarkable progress in diagnosing, managing, and treating CHD

has enhanced survival rates, leading to a growing population of

individuals with CHD who are now reaching adulthood (7).

Measurement of the shunt fraction is crucial in guiding

management and decisions for surgical or interventional

approaches for patients with congenital shunts such as VSD

(8, 9). Shunt quantification includes evaluating systemic flow

(Qs) and pulmonary flow (Qp), which can be done through

invasive or non-invasive techniques. An invasive approach for

assessing pulmonary and systemic blood flow involves using right

heart catheterization with oximetry. This method has long been

recognized as the gold standard and allows calculating the shunt

fraction using the Fick equation (10, 11). Transthoracic and

transesophageal Doppler echocardiography and cardiac magnetic

resonance imaging (MRI) constitute non-invasive approaches to

assess flow. However, it is essential to note that there are

limitations in quantifying shunt volumes through Doppler

echocardiography. Reliable and reproducible Doppler shunt

measurements depend on the presence of well-acoustic windows

and the expertise of highly qualified operators, both of which

are essential (12–14).

Cardiovascular evaluation with MRI is widely used to evaluate

cardiovascular disease based on morphological and functional

information. 2D (two-dimensional) planar phase-contrast cine

imaging within cardiac MRI (PC-MRI) has been established as a

reliable method for shunt quantification. However, as blood flow

volume and velocity must be measured on a predetermined

plane, the presence of an expert physician or highly qualified

technologist during the scan is necessary (15, 16). Recently, the

emergence of four-dimensional (4D) flow MRI has significantly

advanced the field of flow imaging, enabling a thorough

investigation of blood flow in arteries and the heart (17).

Therefore, the application of this procedure has increased for

visualization and quantification of blood flow in CHD patients

(7). 4D flow MRI falls under the category of PC-MRI, involving

three-dimensional (3D) anatomical coverage, velocity encoding

along all three flow directions, and time-resolved relative to the

dimension throughout the cardiac cycle. This modality allows for
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a comprehensive evaluation of intricate blood flow patterns by

making it possible to visualize them in 3D and enabling

adaptable retrospective quantification of flow parameters that can

be performed in any plane within the acquisition volume (17–19).

While previous studies have compared the shunt fraction

between invasive catheterization and 2D flow MRI in both

childhood and adulthood (15, 16) and have directly compared

4D flow MRI and catheterization in adults (20, 21), there is a

notable gap in comparing shunt fraction data from 4D flow MRI

with catheterization in the pediatric age group. This gap is

significant because effectively managing these patients during

childhood is crucial. The objective of this study was to conduct a

comparative analysis of shunt fraction measurements using 4D

flow MRI and catheterization, concurrently with 2D flow MRI, in

a specific pathology (VSD), focusing on patients with an average

age of 10 years.
2 Materials and methods

2.1 Study plan

This prospective study was conducted at a single cardiovascular

medical research center from July 2022 to June 2023. Thirty-one

patients were recruited from those already scheduled for invasive

right heart catheterization as part of their clinical care. Three

patients were excluded due to claustrophobia, as we did not

intend for patients to undergo general anesthesia (GA) for MRI.

Two patients had their catheterizations canceled following

consultation with an anesthesiologist for GA. Additionally, two

patients were excluded due to technical problems with the MRI

scan. Consequently, 24 patients remained in the study.

The primary objective was to compare shunt fraction

measurements (Qp/Qs) between 4D flow MRI and right heart

catheterization in patients. Concurrently, we aimed to perform a

similar comparison using 2D flow MRI.
2.2 Cardiac MRI

All patients underwent cardiac MRI using a 1.5T Philips

scanner [MR Systems Ingenia Ambition X, Release 5.7 2021-10-

04 SRN = 47525 Nominal Main Magnetic Field (B0) = 1.5T,

equipped with a 32-channel phased-array coil]. Cardiovascular

magnetic resonance imaging (CMR) was performed without

administering contrast agents or sedation, with retrospective

electrocardiogram (ECG)-gating. It was scheduled one hour

before catheterization over approximately 17–20 min, including

the following scan items: [Q-4D flow, sQ-2D flow aorta, sQ-2D

flow pulmonary and functional assessments of short axis (SA),

left ventricle (LV), right ventricle (RV), two-chamber (2CH),

three-chamber (3CH), and four-chamber (4CH)].

The analysis of 4D and 2D flow MRI was carried out after

catheterization, following the guidelines provided by the

software’s owning company. Subsequently, a radiologist with over

10 years of expertise reevaluated the results (K.R-K).
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2.3 4D flow MRI

4D flow was carried out using the same protocol for all patients,

which included phase contrast without breath control (free-breathing)

and compressed sensing, with each scan taking approximately

4–6 min. The average scan parameters were as follows: [Voxel Cor

= 2.52 × 2.50 × 2.50; Rel SNR = 1.00; TE = 2.3; TR = 4.1—Geometry:

FOV: FH = 333 mm, RL = 333 mm, AP = 110 mm; ACO voxel size:

FH = 2.5 mm, RL = 2.5 mm, AP = 2.5 mm; Slice thickness = 2.5 mm;

Recon voxel size: FH = 1.48 mm, RL = 1.48 mm, AP = 2.5 mm;

Reconstruction matrix = 224; reduction = 8; slices = 44—Contrast:

Contrast enhancement = T1; Flip angle = 8 deg—Dyn/Ang: Anglo/

Contrast enhancement = phase contrast; Quantitative flow = yes;

PC flow directions = RL-AP-FH; uniform velocity = yes; PC velocity

= 150 cm/s]. Following previous research findings, for patients with

confirmed or suspected venous shunting conditions, such as atrial

septal defects (ASD) or VSD, a lower velocity encoding speed was

recommended. In all our cases, this approach was adopted due to

ventricular septal defects (VSD), necessitating a velocity-encoded

value of 150 cm/s (20). The post-processing of data and calculation

of the shunt fraction in 4D flow MRI were conducted using CAAS

MR solutions software developed by Pie Medical Imaging company.

Aliasing correction and window of interest with offset correction

were employed as post-processing techniques. We used functional

images to position a valve plane for visualizing and quantifying blood

flow throughout the cardiac cycle. Functional LV and RV images

were utilized for the aortic and pulmonary valves, respectively, while

the 4CH view was employed for the mitral and tricuspid valves

(Supplementary Figure S1). Blood flow was visualized by streamlines

over the heart valves, which resulted from overlapping functional

images on 4D flow (Figure 1). The results included forward and

backward flow and the shunt fraction.
FIGURE 1

4d flow MRI images from a patient with VSD. The blood flow connection be
traversing through the ventricular septum during diastole (A) Blood flow mea
and the ascending aorta (C–D).
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2.4 2D flow MRI

Cardiac MRI with 2D planar phase-contrast cine imaging was

performed using a retrospective gating technique on both the

ascending aorta and the main pulmonary artery, with the

following scan parameters:[Voxel Tra = 2.52 × 2.47 × 8.00; Rel

SNR = 1.00; TE = 2.8; TR = 4.4—Geometry: FOV: RL = 262 mm,

AP = 223 mm; ACQ voxel size: RL = 2.5 mm, AP = 2.5 mm; Slice

thickness = 8 mm; Recon voxel size: RL = 1.09 mm, AP =

1.09 mm; Reconstruction matrix = 240—Contrast: Contrast

enhancement = T1; Flip angle = 12 deg—Dyn/Ang: Anglo/

Contrast enhancement = phase contrast; Quantitative flow = yes;

PC flow directions = FH; PC velocity = 150 cm/s]. Slice position

for aortic (Qs) and pulmonary (Qp) flow was approximately

2–3 cm distal to the aortic and pulmonary valves in the proximal

ascending aorta and main pulmonary artery. Data post-

processing in 2D flow MRI, akin to 4D flow, was accomplished

using CAAS MR Solutions (Pie Medical Imaging) software. The

calculation of the shunt fraction involved manual drawing of

the cross-sectional areas of the pulmonary trunk and ascending

aorta for each time frame on either the magnitude or phase

images (Figure 2).
2.5 Right heart catheterization

Invasive oximetry was performed under sedation using the

femoral vein method to obtain blood samples from the inferior

vena cava (IVC), superior vena cava (SVC), right atrium (RA),

right ventricle (RV), left ventricle (LV), pulmonary artery (PA),

and ascending aorta (AO) before occluding the VSD (Figure 3).

Subsequently, these blood samples were placed in an
tween the left and right ventricles can be visualized as yellow streamlines
surements during systole are shown in the main pulmonary artery (B–D)
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FIGURE 2

Measurement of the shunt fraction in 2D flow MRI: Add an ROI on the pulmonary artery (A), and ascending aorta artery (B).

FIGURE 3

Significant peri membranous VSD extended to the sub-aortic septum, for which the 4D flow image was also displayed in (A), that was occluded by an
8 mm amplatzer asymmetric septal occluder (B).
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AVOXimeter device (a tool designed for measuring oxygen

saturation) to measure oxygen saturation (SatO2). In the context

of invasive oximetry, the shunt fraction was determined using

the Fick equation as outlined below (22):

Qp=Qs ¼ Ao sat – Mv� sat
Pv sat – Pa sat

�Mv ¼ 3SVC satþ IVC sat
4

Ao sat and Mv sat represent arterial and mixed venous oxygen

saturation, while Pv sat and Pa sat indicate pulmonary venous and
Frontiers in Cardiovascular Medicine 0435
pulmonary arterial oxygen saturation. SVC sat and IVC sat refer

to oxygen saturation in the superior vena cava and inferior vena

cava, respectively.
2.6 Statistical analysis

The correlation between shunt fraction measurements obtained

through 4D flow MRI analysis and catheterization data was

evaluated using linear regression analysis with Pearson

correlation, and their agreement was assessed using the Bland-

Altman method. Statistical analyses, Bland-Altman plots, and
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scatter plots were performed using Prism GraphPad software.

Similar statistical tests were conducted to compare Qp/Qs ratios

derived from 2D flow data and catheterization, as well as

between 4D and 2D flow (Supplementary Figure S2). A P value

<0.05 was considered statistically significant for all analyses.
TABLE 2 Comparison of shunt fraction 4D flow MRI, catheterization, and
2D MRI.

Parameters
Procedures

Pearson
correlation
coefficient

Mean
difference

(point value)

Upper
limit

Lower
limit

4D flow vs.
catheterization

R = 0.962 0.096 0.319 −0.127

2D flow vs.
catheterization

R = 0.894 0.172 0.546 −0.201

4D flow vs. 2D
flow MRI

R = 0.969 0.049 0.199 −0.099

The mean difference (point value) and the upper and lower limits were derived

from the Bland-Altman (BA) analysis. The correlation coefficient (R) was obtained

using the Pearson method.
3 Results

3.1 Patients

Twenty-four patients were included in the final analysis.

These patients had a mean age of ten years, with a standard

deviation of ±4 years. Sixteen (67%) of the participants were

male. All studied patients had a VSD with left-to-right shunt

and no other cardiac abnormalities. Among them, 8 (33%)

displayed Qp/Qs ratios lower than 1.3 (Qp/Qs<1.3), while

16 (67%) demonstrated ratios exceeding 1.3 (Qp/Qs>1.3). These

assessments were based on catheterization data obtained using

the Fick equation. Notably, among the entire cohort, diagnostic

catheterization was performed without the need for immediate

interventions in 4 cases. In contrast, VSDs were effectively

occluded during the catheterization procedure in 15 cases using

different types of VSD occluders, while 5 patients were

subsequently referred for surgical treatment. Six patients were

diagnosed with pulmonary hypertension, characterized by a

pulmonary arterial pressure exceeding 20 mm Hg. Furthermore,

eighteen individuals exhibited pulmonary pressures within the

normal range, registering at 20 mmHg or below (Table 1).
TABLE 1 Patient characteristics.

Variables Overall (N = 24)
Female N = 8

Male N = 16

Mean age (years) 10 ± 4

Height (cm) 136 ± 23

Weight (kg) 35 ± 21

Cardiac shunt Left-to-right

Mean PAP (mm Hg) >20 N = 6

Mean PAP (mm Hg) ≤20 N = 18

Cardiac shunt and pulmonary artery pressure (PAP) were determined through a

catheterization procedure.
3.2 Assessing shunt fraction: a comparative
analysis of MRI and catheterization data

The Qp/Qs ratios derived from 4D flow strongly correlated

with those determined through catheterization (R = 0.962; 95%

CI: 0.9133–0.9838; P < 0.0001). The mean shunt fraction was

1.403 ± 0.344 when evaluated using 4D flow, while it measured

1.499 ± 0.396 through cardiac catheterization, revealing no

significant difference between the two methods. The bias was

0.096, and the limits of agreement ranged from −0.127 to 0.319

(Table 2). Bland-Altman plots also displayed strong agreement

between the two methods (Figure 4). In 21% of the patients, the
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shunt fraction obtained from 4D and 2D flow exceeded the

values observed in catheterization. In contrast, 79% of the cases

demonstrated lower values when compared to the shunt fraction

obtained through catheterization.

Analysis of 2D flow yielded Qp/Qs ratios that exhibited a

fair correlation with those calculated through catheterization

using the Fick equation (R = 0.894; 95% CI: 0.7687 to 0.9538;

P < 0.0001). The mean shunt fraction was 1.326 ± 0.283 when

measured through 2D flow. At the same time, the Bland-Altman

analysis indicated excellent agreement between the Qp/Qs ratios

obtained through 2D flow and catheterization; this level of

correlation was lower than the results obtained between 4D flow

and catheterization (Figure 4 and Table 2).
4 Discussion

For effective management and choosing the best treatment for

patients with cardiac shunts, accurate measurement of shunt

severity is imperative (23–29). While the conventional approach

often involves invasive catheterization, this study advocates the

utilization of 4D flow as a non-invasive alternative for assessing

shunt-related issues or as a valuable preliminary step in the

assessment process before considering catheterization.

Furthermore, it suggests that invasive catheterization can be

postponed in specific cases until additional information about the

heart’s structure or function is required to conduct a more

comprehensive evaluation. Data obtained through invasive

oximetry for Qp/Qs ratios (shunt fraction) demonstrated high

consistency and correlation when employing 2D and 4D flow

MRI techniques. Despite the time-consuming nature of 4D flow

compared to 2D flow in terms of data acquisition and

measurement of hemodynamic parameters, the Qp/Qs ratio

obtained from invasive catheterization aligned more consistently

with the results from 4D flow MRI than those from 2D phase

contrast. Additionally, 4D flow MRI offers other advantages, such

as comprehensive anatomical assessment and the potential for

future post-processing analysis of evolving hemodynamic indices.

Moreover, respiratory motion does not adversely affect

measurement accuracy in 4D flow MRI, thanks to advanced

techniques like compressed sensing and free-breathing protocols

(30, 31). Therefore, our research demonstrates that measuring
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FIGURE 4

Scatterplots (left) and bland-altman analysis (right) illustrate the agreement between Qp/Qs measurements obtained using 4D flow MRI (A) and 2D
flow MRI (B) with catheterization. The comparison reveals higher agreement in shunt fraction measurements with 4D flow than with 2D flow
when referenced against catheterization. Blue circles represent initial data points from the analysis (R = 0.936; bias = 0.122), while red triangles
indicate rechecked 4D flow measurements by an independent observer (R = 0.962; bias = 0.096). As mentioned in the manuscript, the overlapping
of both colors in scatterplots and bias lines in Figure B demonstrates the lack of recheck ability in 2D flow.
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pediatric left-to-right shunts using 4D flow is feasible and reliable.

Consequently, in some cases, 4D flow can replace invasive testing,

resulting in cost savings, reduced patient discomfort, and the

prevention of severe but uncommon consequences associated

with catheterization.

Our study specifically focused on calculating the shunt fraction

from pulmonary and systemic flow. This emphasis stemmed from

previous research, which indicated that the Qp/Qs ratio obtained

from blood flow measurements is more accurate in clinical

settings than ventricular volumetry (20).

Hemodynamic assessment through cardiac catheterization is a

valuable diagnostic tool for evaluating various cardiovascular

conditions. However, it is not without its complexities and

potential complications. These complications encompass

ventricular arrhythmias, temporary right bundle branch block,

and complete heart block. Additionally, air embolism is risky if

air enters the catheters or pressure transducers, leading to

sudden chest pain, dyspnea, and hypotension. Pulmonary artery

perforation, although infrequent, can occur during extended

catheter placement, especially in patients with prior pulmonary

hypertension and those undergoing anticoagulation therapy
Frontiers in Cardiovascular Medicine 0637
(32, 33). Indwelling pulmonary artery catheters are associated

with various potential issues, including infections, pulmonary

infarctions, perforations, and arrhythmias. Furthermore, there is

a risk of allergic reactions to contrast agents and radiation

exposure during x-ray fluoroscopy. Vein thrombosis is another

potential complication. Additionally, sedation, agitation, and

breathing issues can negatively impact venous and arterial blood

oxygenation. Nevertheless, a recent study found no difference in

Qp/Qs regardless of the sedation method employed, although it

did note lower values for PAP and PVRI under general

anesthesia (34). It is important to note that genuine mixed

venous saturation is computed rather than directly measured

by taking upper and lower vena cava samples (35, 36). Given

these drawbacks, discussing the continued use of invasive

oximetry as the gold standard compared to non-invasive

techniques is imperative.

Addressing the complexities of MRI scans and the limitations

that existed in our study is very important. Conducting MRI

scans in pediatric patients presents unique challenges, as

anatomical structures are minor, necessitating higher spatial

resolution. Additionally, pediatric patients often have higher
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heart rates, demanding superior temporal resolution to mitigate

motion artifacts. Some patients may require sedation due to

uncooperative behavior and claustrophobia (37, 38). Moreover,

it’s essential to note that this study was conducted for research

purposes, and there was no significant time delay between

imaging and invasive catheterization in all cases. However, if a

delay were to occur between these two methods, it could

potentially impact the agreement between catheterization and 4D

flow measurements, possibly due to changes in medication or

other environmental conditions. Furthermore, the study was

conducted at a single location using a single MRI scanner, with

the same technologist, protocols, and software for analysis. The

successful application of the more recent 4D flow technique

requires a certain level of expertise, including a comprehensive

understanding of potential imaging challenges, such as errors

related to vortical flow and the identification of various artifacts,

including those arising from turbulence, dephasing and aliasing

(39, 40). Despite these complications and the ethical imperative

that prohibited the use of contrast agents and anesthesia during

cardiac imaging, we observed a marginally higher correlation

between the shunt fraction obtained from 4D flow MRI and

catheterization compared to the study conducted in adults, where

contrast agents were used in CMR (20, 21). Therefore, the

present study demonstrates that 4D flow MRI in pediatrics, even

without contrast media, could feasibly measure the left-to-right

shunt in children with VSD using standard scan settings (18).

In conclusion, this study underscores the potential of 4D flow

MRI as a non-invasive method for measuring left-to-right shunts

in children with VSD, providing a comparable alternative to

invasive cardiac catheterization with oximetry for these patients.

These findings support the use of Qp/Qs results obtained

through 4D flow MRI in assessing and managing such patients.
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Case report and literature review:
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A 49-year-old female patient, asymptomatic, presented to the cardiology office
for a right atrial mass, identified incidentally in a non-electrocardiogram (ECG)-
gated contrast-enhanced computed tomography, performed for follow-up of
pulmonary tuberculosis. Echocardiography, surprisingly, showed an anechogenic
ovoid mass in the right atrium measuring 40 × 40 mm2, implanted in the
interatrial septum without affecting the tricuspid valve. ECG-gated computed
tomography angiography (CTA), confirmed the dimensions of the mass, which
presented homogeneous content, calcified areas, and a 12-mm pedicle
implanted near the ostium of the coronary sinus. Additionally, contrast uptake
and infiltration of adjacent structures were ruled out. In the surgical field, an
encapsulated mass with blood content was found, which pathology reported
as a hematic endocardial cyst (HEC). These are rare cardiac masses,
constituting 1.5% of all primary cardiac tumors. It is usually an incidental
finding, and its clinical presentation will depend on its dimensions and the
intracardiac hemodynamic impact. A highlighting feature is its anechogenic
content on ultrasound, however, multimodality imaging allows for making
diagnostic assumptions, discerning between primary cardiac tumors, and
provides morphological and hemodynamic information useful for therapeutic
decision making. The age of the patient, the large size of the HEC, and its
location in the interatrial septum make up a completely atypical presentation
of this rare disease, which motivated this report.

KEYWORDS

right atrium, cardiac hematic cyst, echocardiography, computed tomography
angiography, multimodality imaging

Case report

Clinical presentation

A 49-year-old woman from the Peruvian Andes presented to the cardiology office due to

an incidental tomographic finding of a mass in the right atrium. In the anamnesis, the

patient reported being asymptomatic, while the cardiorespiratory physical examination did

not show relevant findings. Her medical history was notable for a tuberculous pulmonary

nodule removed 2 years previously, for which she received complete treatment for

6 months and required subsequent computed tomography (CT) controls. She had no
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cardiovascular risk factors or relevant family or socioeconomic

history. Laboratory tests were within normal ranges, while the

electrocardiogram showed no pathological alterations.
Differential diagnosis

In the presence of a right atrial mass implanted in the

interatrial septum, a myxoma should be considered due to its

frequency (1–3). Echocardiography and magnetic resonance

imaging (MRI) determine structural and tissue characteristics

that bring the diagnosis closer. On some occasions, the finding

of a thrombus trapped in the foramen ovale has been described

in transesophageal echocardiography (TEE) (4, 5). This mass’s

cystic appearance guides the diagnosis of rarer pathologies such

as cardiac hydatid, bronchogenic or endocardial hematic cyst,

which are usually diagnosed in pathological anatomy (6–8).
Diagnostic workup

A cardiologic study plan was initiated with transthoracic

echocardiography (TTE), which confirmed the presence of an
FIGURE 1

(A) TTE, four-chamber subcostal view. Ovoid mass in the right atrium, wit
chamber apical view. The agitated saline test shows an anechogenic, 40 ×
No tricuspid valve compromise was observed. (C) TEE, multiplanar image o
with a thin covering was implanted in the middle-low interatrial septum w
septum (45°; 135°). The agitated saline test depicts anechogenicity
transesophageal echocardiography.
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anechogenic ovoid mass in the right atrium measuring 40 mm ×

40 mm2, implanted in the interatrial septum without affecting

the tricuspid valve (Figure 1A; Supplementary Video S1). In the

study with agitated saline solution, echogenicity of the blood-like

mass was evident (Figures 1B,D, Supplementary Video S2). No

additional relevant findings were found.

The TEE showed a homogeneous mass covered by a thin

layer, implanted in the mid-low septum, and exhibited

pendulum movement (Figure 1C, Supplementary Video S3).

Furthermore, the previous dimensions were confirmed and no

signs suggestive of vascularization were found. Given these

findings, the diagnosis work-up was complemented with an

ECG-gated CTA, displaying an ovoid, mobile mass of 35 mm in

diameter with homogeneous content and calcified areas with a

12-mm pedicle adhered to the lower atrial septum near the

coronary sinus ostium (Figure 2).
Treatment

With these findings, the patient underwent an open surgical

resection of the mass. After the right atriotomy, a violaceous,
h echogenicity almost blood-like and calcification areas. (B) TTE, four-
40 mm2, mass in the right atrium implanted in the interatrial septum.
f the interatrial septum (45°; 135°). A homogeneous pedunculated mass
ith pendulum movement. (D) TEE, multiplanar image of the interatrial
of the hematic mass. TTE, transthoracic echocardiography; TEE,
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FIGURE 2

(A,B) ECG-gated CTA, four-chamber view. A mobile, round, homogenous mass is seen adhered to the right lower interatrial septum. (C,D) ECG-gated
CTA, sagittal views of the right atrium. A homogeneous, non-contrast-enhancing mass with calcified areas and defined edges is seen in the right
atrium. Note the 12 mm pedicle (red arrow) that attaches it to the interatrial septum, near the fossa ovalis. Likewise, the right coronary artery
(orange arrow) is seen, which does not provide collateral to the mass. ECG, electrocardiogram; CTA, computed tomography angiography.
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smooth, tense, and shiny mass was found, suggesting a cyst with

bloody content (Figure 3A). The pathological study described a

fibrous (collagenous) wall devoid of epithelium and with few

inflammatory cells. Furthermore, fibrin content with areas of

calcification was reported (Figures 3B,C), confirming the

diagnosis of HEC (8–10).
Follow-up

At one year of follow-up, the patient did not present relevant

symptoms, except for a nonspecific chest pain in the healed

surgical wound. Due to a suboptimal acoustic window, TEE was

performed, which excluded mass recurrence.
Discussion

HEC constitutes 1.5% of all cardiac tumors (8). It occurs mainly

in infants and its preferential location is the heart valves (8, 9, 11). Its

origin is still unknown, but two hypotheses are suggested: the first

describes ectatic vessels evolving into a hematic cyst, and the
Frontiers in Cardiovascular Medicine 0342
second describes local inflammation that develops into a

hematoma and transforms into a hematic cyst (8, 9).

To learn about clinical and therapeutic features in adults

affected by this rare entity, we did an extensive search of the

medical literature in Medline for articles published up to January

2022 (Table 1). Our search revealed that this disease occurs

indistinctly in both sexes and the main location of this mass is

the mitral valve, as it occurs in infants. Likewise, it allowed us to

know that, in our case, the magnitude of the mass, located in an

uncommon site, is the largest published in the literature.

The set of symptoms depends on the mass dimensions and its

impact on intracardiac hemodynamics. As cysts may involve the

free edges of the valves, patients can present with dyspnea or

heart murmurs due to valve regurgitation. Other clinical

manifestations described are systemic embolism, syncope, or even

sudden death (8, 9). Despite the multiple possibilities of clinical

manifestations, the vast majority of findings of this tumor are

incidental, as seen in our patient in whom the tumor was

discovered in a tomographic control for pulmonary tuberculosis.

Within cardiac imaging studies, echocardiography is essential

for the initial examination of intracardiac masses (1–3, 35, 36). It
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FIGURE 3

(A) Surgical field. Right atriotomy, with exposure of violaceous, smooth, and shiny mass. (B) Microscopy: fibrous (composed of collagenous layers) cyst
wall without epithelial cells. Presence of some lymphocytes. (C) Microscopy: uniform fibrin content with calcification areas (upper region with more
intense staining).

Baltodano-Arellano et al. 10.3389/fcvm.2024.1417074
provides morphological information, data on the anatomical

relationship, and determines the hemodynamic impact of the

HEC. The cysts have particular ultrasound characteristics such as

a thin reflective layer and an echolucent content, which could go

unnoticed by novice explorers (9, 11). A meticulous analysis of

our patient images confirmed these findings. The agitated saline

solution study was useful because it highlighted the magnitude

and dynamics of the mass, in addition to ruling out interatrial

shunts. TEE describes with high precision anatomical aspects of

atrial masses and defines carefully the components of a cyst,
Frontiers in Cardiovascular Medicine 0443
including the absence of vascularization, as seen in the images of

this case (8, 9).

ECG-gated CTA reported a homogeneous mass with calcified

areas and defined edges, mobile, without contrast-enhancing or

infiltration. Also, it excluded the presence of additional intra-

cardiac masses, contributing to better surgical planning (37).

Cardiac MRI is an important technique to define contrast uptake

in masses. In particular, hematic cysts do not capture medium

contrast, because they are not vascularized, unlike a malignant

neoplasm (9). Due to the cystic structure, hydatid disease must
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be ruled out through specific MRI sequences that differentiate it

from the hematic cyst. In the former the T1 signal is hypointense

and T2 signal hyperintense, while in the latter the T1 and T2

signals are isointense (11). Despite the usefulness of cardiac MRI

for the differential diagnosis of cardiac masses, it was not

performed in our patient because the magnetic resonator was

inoperative during that period; likewise, surgical resection of the

cyst had already been decided by the Heart Team based on

ultrasound and tomographic features.

The decision to surgically remove an asymptomatic cardiac mass

is based on avoiding embolic phenomena and ruling out malignancy.

If the nature of this tumor is specified with imaging tests, the surgical

time will depend on the speed of growth, hemodynamic impact, and

the risks of rupture and embolization (8, 9, 38, 39). Although our

patient did not present cardiac symptoms, the intervention was

based on age, the low risk of malignancy, the dimensions of the

mass and the prevention of embolisms, as occurred in the vast

majority of cases reported in the literature.
Conclusions

The HEC is an extremely rare mass that usually affects the

heart valves of infants. The characteristics of this report, such as

the adult age of the patient, the anatomical location in the

interatrial septum, and the gigantic dimensions of the mass, are

unprecedented in the medical literature.

Multimodality imaging allows differential diagnosis between

primary cardiac tumors and provides useful morphological and

hemodynamic information for therapeutic decision making.

Surgical removal avoids embolic phenomena and hemodynamic

disturbances. Finally, the purplish, smooth, shiny, blood-bag-like

surgical piece is a distinguishable feature of this cardiac mass.
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SUPPLEMENTARY VIDEO S1

TTE, subcostal view. Evidence of ovoid mass in the right atrium with mainly
hypoechoic contents.

SUPPLEMENTARY VIDEO S2

TTE, apical view 4 chambers. Agitated saline demonstrates a mass in the right
atrium with echogenicity similar to blood.

SUPPLEMENTARY VIDEO S3

TEE, X-plane. Saline solution test highlights pear morphology of mass
implanted in the interatrial septum.

SUPPLEMENTARY DATA SHEET 1

Timeline of patient evolution.
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Transesophageal
echocardiography guidance for
percutaneous closure of PFO and
a new method to improve the
diagnosis and safety during the
procedures
Limin Luo1*, Zehan Xie1, Qiaoyan Wu1, Qiang Liu1, Huiping Hou1,
Yongshi Wang1,2* and Xianhong Shu1,2*
1Department of Echocardiography, Zhongshan Hospital (Xiamen), Fudan University, Xiamen, Fujian,
China, 2Department of Echocardiography, Zhongshan Hospital, Fudan University, Shanghai, China
Purpose: Percutaneous patent foramen ovale (PFO) closure is becoming more
and more common for the treatment or prevention of PFO-associated right-
to-left shunt (RLS). This study aims to investigate the value of transesophageal
echocardiography (TEE) in percutaneous PFO closure, and to explore a new
method that can improve intraoperative diagnosis and surgical safety.
Materials and methods: Based on our inclusion and exclusion criteria, we
enrolled 73 patients between 16 and 70 years old (average age 43.25 ± 14.87
years) who underwent percutaneous PFO closure at the Department of
Cardiac Surgery, Zhongshan Hospital (Xiamen), Fudan University, from January
2022 to December 2023. Out of the 73 enrolled patients, there were 28 males
(38.36%) and 45 females (61.64%), 29 migraine patients (39.73%), 14 patients
(19.19%) with headache and dizziness, 14 patients (19.18%) with a history of
cerebral infarction (CI), and 25 patients (34.25%) with CI, lacunar infarction or
ischemic focus on magnetic resonance imaging (MRI). All patients received
routine transthoracic echocardiography (TTE) and agitated saline contrast
echocardiography (ASCE) before operations. Percutaneous closure of PFO was
completed under the guidance of TEE. In 12 patients, the method of “injection
of heparinized sterile saline through the delivery sheath” was used to observe
their RLS, and the anatomical characteristics of the PFO according to the shunt
path were monitored and evaluated. This method was also applied to some
patients to guide the conveyor to pass through the foramen ovale (FO) channel
safely and effectively, thereby improving the success rate of PFO closure.
Results: The application of TEE during the procedure of percutaneous PFO
closure, including preoperative evaluation, intraoperative guidance, and
postoperative reevaluation, can offer further details about the anatomical and
shunt characteristics of PFO, improve the diagnosis rate, and confirm the safety
of the surgical path. It ensures the safety and reliability of the whole operation,
greatly improving the success rate and reducing postoperative complications.
Abbreviations

3D, three-dimensional; ASA, atrial septal aneurysm; ASCE, agitated saline contrast echocardiography; ASD,
atrial septal defect; CI, cerebral infarction; CS, cryptogenic stroke; FO, fossa ovale; LA, left atrial; LRS, left-to-
right shunt; LSPV, left superior pulmonary vein; MB, micro-bubble; MRI, magnetic resonance imaging;
PFO, patent foramen ovale; RA, right atrial; TEE, transesophageal echocardiography; TIA, transient
ischemic attack.
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Conclusions: TEE guidance of percutaneous PFO closure has the advantages of
minimal trauma, no radiation and real-time visualization, while injecting
heparinized sterile saline through the delivery sheath is safer and more effective
in improving the success rate and reducing postoperative complications.

KEYWORDS

echocardiography, transesophageal echocardiography, PFO, percutaneous PFO closure,
cryptogenic stroke, migraine atrial septal defect, cerebral infarction (CI), cryptogenic
stroke (CS)
1 Introduction

Fossa ovale (FO) is the pore located between the septum

primary and secondary septum during fetal development, an

important structure to maintain normal fetal circulation. After

birth, as a baby cries and the pleural pressure drops, the left

atrial (LA) pressure increases, pushing the primary septum to

the secondary septum and making the two septums adhere

and fuse. This process gradually forms a permanent atrial

septum. Failing to complete this process leads to an interatrial

slit-like channel called patent foramen ovale (PFO) (1, 2). The

global prevalence of PFO is approximately 27% (2). An

autopsy study showed the incidence of PFO was 30% in the

age group of 1–29 years, 25% in the age group of 30–79 years,

and 20.2% in the age group of over 80 years (3). As a

common congenital cardiac abnormality, the incidence of PFO

ranges from 20% to 34% (4). In general, the primary septum is

thin and long, and the secondary septum is thick and

muscular. Under normal circumstances, because the LA

pressure is higher than the right atrial (RA) pressure, the

primary septum and secondary septum are closely attached,

and the FO is in a closed state. The FO may remain

persistently open in the presence of a PFO or may open when

the thin, long primary septum is pushed apart as the RA

pressure becomes higher than LA (e.g., coughing, sneezing, or

constipation). Blood, thrombus, or any substance in the blood

(including vasoactive substances such as 6-tibiottryptamine

and platelet-derived factor) from the right heart system can

enter the arterial system through the open FO to form an

embolism (paradoxical embolism). The long-standing concept

of PFO is that it has no special clinical significance, so it has not

been paid much attention. In fact, however, PFO is associated

with a variety of clinical symptoms, including ischemic stroke,

transient ischemic attack (TIA), migraine, systemic or coronary

embolism, and so on. PFO closure is a way to alleviate or prevent

the related symptoms, especially for those young patients (under

60 years old) who have had cerebral infarction and PFO

complications. When other causes of cerebral infarction are

excluded, PFO closure plays an important role in successfully

preventing the recurrence of cerebral infarction.

At present, percutaneous PFO closure can be performed under

the guidance of x-ray or TEE-guided ultrasound. While many of

the procedures are still under the guidance of x-ray, the TEE-

guided percutaneous PFO closure is more widely used in recent

years. This study aims to investigate the value of TEE in
0249
percutaneous closure of PFO, and to explore a new method that

can be used to improve the intraoperative diagnosis and safety of

the operation.
2 Material and methods

2.1 Patient population and study design

We enrolled 73 patients between 16 and 70 years old

(average age 43.25 ± 14.87 years) who underwent percutaneous

PFO closure at the Department of Cardiac Surgery,

Zhongshan Hospital (Xiamen), Fudan University, from

January 2022 to December 2023, including 28 males (38.36%)

and 45 females (61.64%), 29 patients with migraine

(39.73%),14 patients (19.19%) with headache and dizziness, 14

patients (19.18%) with a history of cerebral infarction, 25

patients (34.25%) with cerebral infarction, lacunar infarction

or ischemic focus on MRI, 21 patients (28.77%) with PFO

detected by TTE color flow Doppler presenting left-to-right

shunt (LRS) at the FO, 66 patients (90.41%) with PFO

confirmed by TEE before admission(there are both gaps and

shunts), and 7 patients (9.59%) with PFO showing a small gap

yet inevident shunt by TEE before admission but right-to-left

shunt (RLS) suggested by ASCE. According to the 2019 SCAI

guidelines (5), although some patients did not have strong

indications for PFO closure, they were also clinically included

in the cohort because of the strong demand of these patients

or their families. All patients had significant clinical

symptoms, including migraine, dizziness or vertigo, and

syncope that could not be controlled by medications. Some

patients experienced these symptoms accompanied by nausea

and vomiting, while severe patients were accompanied by loss

of consciousness—the most serious was cerebral infarction.

The course of the disease ranged from 1 month to 40 years,

and other causes that could cause related symptoms or

cerebral infarction were excluded before surgery.

Inclusion criteria:

1. Age between 16 and 70 years old, including 16 and 70 years old;

2. Combined PFO and clinically excluded other causes of related

diseases: (1) cryptogenic stroke (CS) or transient ischemic attack

(TIA); (2) refractory migraine with no response to medications;

3. Large PFO (channel inner >4 mm);
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4. Complex PFO: PFO with multiple shunts; long channel PFO

(≥8 mm); combined with atrial septal aneurysm (ASA);

accompanied by a lengthy Eustachian valve; hypertrophic

secondary atrial septum (>10 mm), and with complicated

atrial septal defect (ASD);

5. Patients or their authorized proxy agree to have the PFO

closure performed under general anesthesia.

6. Patients or their authorized proxy agreed to sign the informed

consent before surgery.

Exclusion criteria:

1. Patients with other cardiac diseases requiring surgical

treatment;

2. Patients combined with esophageal stenosis or perforation,

esophagotracheal fistula, active esophageal or gastric bleeding

and other patients who are not suitable for TEE monitoring.

2.2 Methods

2.2.1 TTE
TTE was conducted using a Philips EPIQ 7C ultrasound

system equipped with an S5-1 1–5 MHz transducer (Philips

Ultrasound, Holland). All patients underwent a complete TTE

examination by an experienced sonographer. Patients were

scanned in the left lateral decubitus position and connected to

an electrocardiogram. All two-dimensional (2D) and Doppler

recordings and measurements were performed according to

American Society of Echocardiography guidelines (6). We

mainly observed the atrial septum in the parasternal aortic

short-axis view, parasternal 4-chamber view, and subcostal

biatrial view. The presence of PFO was considered if two or

more views confirmed a thin bundle of oblique LRS at the FO.

In addition to focusing on the PFO, it is also important to

rule out the presence of other structural lesions, the presence

of thrombosis, and other intracardiac diseases that may be

related to the clinical symptoms, because it will affect the

clinical management decisions.

2.2.2 ASCE
ASCE was also performed by an experienced sonographer

using a Philips EPIQ 7C ultrasound system equipped with an

S5-1 1–5 MHz transducer (Philips Ultrasound, Holland).

Patients were also scanned in the left lateral decubitus position

and connected to an electrocardiogram. Every patient was

cannulated in the right antecubital with an 18-gauge cannula.

The cannula was connected with an extension tube, to which

is connected a three-way tap and two ten 10 ml syringes,

respectively 8 ml of sterile saline, one 1 ml of air and 1 ml of

the patient’s blood. They were thoroughly exchanged at least

10 times to produce an air suspension. During this time the

patient was asked to do the Valsalva maneuver (VM) for

around 10 s. If the VM was effective we can find that the

interatrial septum was pushed to the LA by the improving

pressure of the RA. Then, the air suspension was injected into

the patient immediately. When the micro-bubble (MB) can be
Frontiers in Cardiovascular Medicine 0350
seen in the RA, the patient was asked to exhale quickly. If any

MB was observed in the LA immediately or in 3–5 cardiac

cycles, PFO was diagnosed.

2.2.3 TEE
TEE were performed by using a Philips EPIQ 7C ultrasound

system equipped with an X7-2t 2-7MHz transducer (Philips

Ultrasound, Holland). If there was a “slit-like” channel between

the primary septum and secondary septum and color Doppler

showed LRS, PFO was confirmed. Because the shunt was

impacted by the pressure between left and right atrial,

sometimes the shunt was not obvious. In this case, the patient’s

medical history and the result of the ASCE may be important

to the diagnosis of PFO.
2.3 Intraoperative TEE-guided
percutaneous PFO closure

All patients underwent TEE-guided percutaneous PFO closure

under routine anesthesia in the operating room. The right femoral

vein was the first choice to establish venous access. The whole TEE-

guided procedure was divided into three steps:

(1) Preoperative TEE (Figure 1) A comprehensive preoperative

TEE was necessary, including evaluations of cardiac

function, the presence of pericardium, and most

importantly, the exclusion of other cardiac conditions

requiring surgical treatment. The observation content was

the anatomical characteristics of the FO, including the

size and length of the FO, the thickness and mobility of

the primary septum, the presence of thrombosis in the

FO, the size and direction of the FO shunt and the

number of shunt tracts. In addition, it would be necessary

to observe whether there was an atrial septal aneurysm

(ASA) and excluded the presence of a thrombus within

the aneurysm sac, the existence of a long Eustachian

valve, and the presence of an atrial septal defect (ASD),

which could provide reference for the selection of

occlusion path, size and number of occluder.

(2) Intraoperative guidance (Figure 2): This is the main step.

First of all, for patients without obvious shunt in

preoperative TEE, we needed to further clarify the shunt

before occlusion. At the view showing the “slit-like” channel

of the FO, the head end of the delivery sheath was placed at

the RA side of the FO, and 20 ml sterile saline was quickly

injected. At this moment, the sonographer should observe

the flow of the liquid. If it was shown in the LA with crystal

reflection (appearance on ultrasound is a punctate

hyperechoic), it indicated the existence of PFO. If not, the

presence of a PFO was excluded.

This step is especially important for patients with a small gap:

first, we can confirm the existence of the PFO, the size and length

of the FO; second, we can confirm the path of the occlusion, which

can reduce the procedure time, improve the occlusion efficiency

and reduce complications. For patients with a clear gap and
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FIGURE 1

Preoperative TEE to understand PFO shape, size, shunt, thickness and mobility of the primary septum, whether it is combined with ASA, excessive
eustachian valve, and whether it is combined with other structural problems that need to be treated. (A): PFO tunnel showed a small RA opening
and a large LA opening. (B): LRS of PFO; (C): PFO under 3D ultrasound (blue arrow); (D): excessive Eustachian valve; (E): the primary septum of
the PFO (shown by blue arrow) was connected with the coumadin ridge (shown by red star). The PFO was continuously open, and two
continuous interruptions were observed on the primary septum (shown by red arrow). (F): Preoperative diagnosis of ASD, intraoperative TEE
showed a large PFO; (G): primary septum with large mobility. (H): TEE showe ASA. 3D, three-dimensional; ASA, atrial septal aneurysm; ASD, atrial
septal defect; LA, left atrial; LRS, left-to-right shunt; PFO, patent foramen ovale; RA, right atrial; TEE, transesophageal echocardiography.

Luo et al. 10.3389/fcvm.2024.1428380
shunt, it is necessary to choose a view that can clearly show the gap

of the FO (if there is a shunt, it is better to show the shunt and the

gap together).

The procedure included the following steps: ① the guide wire

was guided through the FO to the left superior pulmonary vein

(LSPV). ② Guide the delivery sheath (if the gap is large enough)

to follow the wire into the LSPV. If the gap is too small to

directly pass through the delivery sheath, the inner core should

be used for a certain auxiliary expansion. Because the tip of the

inner core is sharp, the cooperation between the sonographer

and the operator is very important during this process. The

operator should push the inner core forward very slowly until

the tip is exposed. This process does not need to expose the

inner core head end completely: 5–10 mm in length is enough.

Then, under the close observation of the sonographer, the whole

delivery sheath was slowly advanced along the gap of the FO

into the LA. The inner core was then returned to the sheath, and
Frontiers in Cardiovascular Medicine 0451
finally the delivery sheath was delivered to the LSPV. When the

FO is too small, the guide wire occasionally accidentally breaks

the secondary septum and enters under the capsule of the left

atrial surface of the secondary septum when trying to enter the

gap. At this time, it is difficult to identify whether the guide wire

is in the channel of the FO or under the capsule, because the

capsule is too thin to distinguish from the primary septum. In

order to determine the position of the guide wire, we also took

the method of injecting heparinized sterile saline (1,000 ml sterile

saline + 100 mg heparin) through the delivery sheath. In contrast

to the previous, this process requires a slow injection. Before this

step, we withdrew the sheath to ensure that no gas remains

inside (i.e., the evacuation process), thus avoiding the occurrence

of air embolism. If the guide wire is in the FO channel, this

process will be very smooth, and the crystals in the LA can be

reflected at the same time. If not, there will be resistance during

the injection process, and there is no crystal reflection in the LA.
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FIGURE 2

Procedure demonstration during TEE-guided percutaneous PFO closure. (A): Guide wire through PFO tunnel; (B): 3D visualization of the guidewire
reaching the LA through the PFO. (C): Guidewire leading to LSPV (blue arrow); (D): the sheath (short blue arrow) passed through the PFO into the
LA via the guide wire (long blue arrow). (E): Sheath entering the LSPV; (F): the sheath in the LA; (G): three-dimensional image showing the delivery
sheath reaching the LA via the PFO; (H): occlude in the delivery sheath (echogenic part in the sheath); (I): after completely releasing of the two
discs of the occlude, the atrial septum was located between the two discs, when the delivery sheath was still connected to the right atrial disc
(arrow). (J): With the help of the sheath tube, the occlude was “pushed” to the LA, and the primary septum was pushed up (arrow). (K): The whole
occlude was “pulled” to the RA, and the slight deformation of the right atrial disc could be seen. (L): State after the complete release of the
occlude (complete detachment of the sheath from the right atrial disc). (M): Color Doppler showed no residual shunt. (N): Left atrial disc showed
in 3D. 3D, three-dimensional; LA, left atrium; LSPV, left superior pulmonary vein; PFO, patent foramen ovale; TEE, transesophageal echocardiography.
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TABLE 1 Baseline data of patients undergoing percutaneous PFO closure.
Grade 1 (few RLS): 1–10 MBs/frame in LA; Grade 2 (moderate RLS): 11–30
MBs/frame in LA; Grade 3 (massive RLS): >30 MBs/frame in the LA, or the
LA was almost filled with MBs with significantly reduced sound
transmission.

Patients’ baseline data (x±s, n (%)

Basic information
Age (year) 　 43.25 ± 14.87

Female 　 45 (61.64)

Migraine 　 45 (61.65)

Dizziness 　 23 (31.51)

History of CI 　 14 (19.18)

HBP 　 11 (15.07)

DM 　 3 (4.11)

CHD 　 4 (5.48)

Auxiliary examination
MRI 　 25 (34.25)

TTE 　 21 (28.77)

Luo et al. 10.3389/fcvm.2024.1428380
On the contrary, a raised capsular and a dark area of crystal

reflection can be seen, which can become larger with the

injection. In this case, the operator needs to withdraw the guide

wire and re-adjust the access until it enters the correct FO gap.

During this process, the method of injecting heparinized sterile

saline can be used repeatedly to determine the position of the

guide wire to ensure the safety and feasibility of the occlusion

process. ③ Guide the release of the occluder: after the occluder

was installed, the operator completely withdrew the inner core

of the delivery sheath from the sheath, exhausted the sheath

tube (exhaust is a very important step, otherwise coronary

artery gas embolism is likely to occur), placed the occluder

device in the delivery sheath, and slowly pushed it. When the

occluder can be identified by the ultrasound screen, the

sonographer should closely follow the position of the occluder.

When the occluder came out of the sheath, the delivery sheath

was withdrawn to the LA as a whole, and the operator

synchronously slowly released the occluder until the left atrial

disc was completely released. The transport sheath continued to

withdraw. When the left atrial disc was close to the atrial

septum, the right atrial disc was quickly and completely

released. When this step was completely done, the delivery

device was still connected to the right atrial disc. The

sonographer needs to observe the position of the occluder,

whether the two discs are on both sides of the atrial septum,

whether there is residual shunt at the atrial level, and whether

there is pericardial effusion. After confirming the two discs

were completely separated and were located on either side of

the atrial septum, thereby no residual shunt and pericardial

effusion, the operator needed to conduct the “push” (push the

occluder to the LA, if the atrial septum is shown to be jacked

up, means in the correct position) and “pull” (pull the occluder

backward to the RA; if the position is correct, it is visible that

the disc is deformed by pulling) tests on the occluder to ensure

the occluder is located on either side of the atrial septum. One

should repeat the tests 2–3 times to ensure the stability of

the occluder. After the completion of “push” and “pull” tests,

the sonographer reconfirmed the position of the occluder and the

shunt at the atrial level. If the occluder position is fixed and there

is no shunt at the atrial level, the delivery sheath can be removed

from the occluder device. The whole process of occlusion was

completed. ④ After transcatheter closure, the main observations

were whether the position of the occluder was fixed, and whether

there was residual shunt at the atrial level, thrombosis, pericardial

effusion and cardiac function.
ASCE Grade 1 7 (9.59)

　 Grade 2 12 (16.44)

　 Grade 3 35 (47.95)

TEE 　 66 (90.41)

Characteristics of PFO
Size (mm) 1.48 ± 0.86

Length (mm) 11.87 ± 5.44

Complex PFO 16 (21.92)

ASA, atrial septal aneurysm; ASCE, agitated saline contrast echocardiography; CHD,

coronary heart disease; CI, cerebral infarction; DM, diabetes mellitus; LA, left atrial; MB,

microbubbles; MRI, magnetic resonance imaging; PFO, patent foramen ovale; RLS, right-
to-left shunt; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.
2.4 Follow-up

All patient underwent a routine echocardiography examination

before discharge. We conducted telephone follow-up or face-to-face

follow-up at the patient’s 1-month, 3-month, 6-month, 1-year, and

2-year postoperative visits. The follow-up included the clinical

symptoms improved conditions, any thrombotic events happened,

whether presented atrial fibrillation, whether there was residual

shunting on echocardiography, and re-intervention.
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2.5 Statistical analysis

Statistical analysis was performed using IBM SPSS software

(version 26.0; IBM Corp.). Data was represented by (mean ± SD)

for continuous variables and as frequency (n) and percentage (%)

for categorical variables.
3 Results

3.1 Baseline Information of patients (Table 1): The average age

of the subjects was 43.25 ± 14.87 years old. There were

45 females (61.64%), 29 patients with migraine (39.73%),

14 patients (19.19%) with headache and dizziness, 14 patients

(19.18%) with a history of cerebral infarction, and 25 patients

(34.25%) with cerebral infarction, lacunar infarction or

ischemic focus on MRI. The duration of migraine and

dizziness ranged from 1 month to 40 years. Among the

subjects enrolled, 11 (15.07%) had a history of hypertension, 3

(4.11%) had a history of diabetes, and 4 (5.48%) had a history

of coronary heart disease. There were 21 patients (28.77%)

with PFO on TTE color Doppler, 66 patients (90.41%) with

PFO confirmed by TEE before admission, and the average size

of PFO was 1.48 ± 0.86 mm and the average length of PFO

was 11.87 ± 5.44 mm. There were 16 cases (21.92%) of

complex PFO. Preoperative ASCE showed that there were RLS,

including 7 cases of grade 1 (9.59%), 12 cases of grade 2

(16.44%), and 35 cases of grade 3 (47.95%).
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FIGURE 3

Case 1 A 53-year-old woman with migraine for more than 10 years had a grade 2 result by ASCE and preoperative TEE showed a PFO about 1 mm
wide. (A): The head end of the delivery sheath was placed at the RA opening of the PFO, and the primary septum was pushed up (arrow). (B): Guidewire
walking under the capsular of the secondary septum. (C): The tortuous guidewire shadow under the capsular of the secondary septum was shown in
the 3D view of the LA surface. (D, E): The secondary septum was lifted after a slow injection of saline through the delivery sheath, and the hyperechoic
subcapsule was observed, which proved that the sheath tube was under the secondary septum capsule and not in the LA. (F): Strong crystal echo in
the LA after readjusting the path of the guidewire, indicating that the path was correct and the patient successfully completed PFO closure. 3D, three-
dimensional; ASCE, agitated saline contrast echocardiography; LA, left atrial; RA, right atrial; PFO, patent foramen ovale; TEE, transesophageal
echocardiography.
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3.2 “Injection of heparinized sterile saline through the delivery

sheath” has a good value in assisting the diagnosis of PFO

and confirming the closure path (Figures 3, 4): Two cases

were used to demonstrate the application of this method in

path confirmation and PFO diagnosis.

3.3 All patients completed at least 3-months clinical and

echocardiography follow-up, the longest follow-up being

2 years and 6 months (mean average 14 ± 10months;

median time 14 months.). There were 2 patients with

recurrent cerebral infarction at 1 month and 7 months post-

operation respectively, and were relieved after corresponding

treatment, and no embolic events occurred within 2-year

follow-up. Among the patients with migraine and other

symptoms, 3 patients felt that their symptoms did not

improve at all after the operation, and their follow-up time

was 3 months to 6 months. 11 patients had complete

symptom relief, and 57 patients had symptom improvement.

All patients had no atrial fibrillation after the operation, and

no residual shunts or re-interventions were found on

echocardiography follow-up (Table 2).

4 Discussion

In recent years, with the continuous improvement of

interventional technology and biomaterials, the treatment of
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structural heart disease has gradually transformed from open

surgery to interventional surgery. PFO, as a common disease,

is closely related to a variety of clinical conditions. In 1992,

Bridge et al. described the first transcatheter closure of PFO

with the use of Bard Clamshell atrial septal umbrella after

presumed retrograde embolization (7). Since then, the

treatment of structural heart disease has entered a new era of

intervention. The subsequent results of four randomized

controlled trials in 2017 and 2018 (8–11) improved the

management of PFO in patients with unexplained stroke/TIA,

and substantially revised and updated the global

guidelines (12, 13).

Migraine, a paroxysmal disorder characterized by complex

sensory dysfunction and headache, is the second leading cause of

disability worldwide (14). It is also a common disease in young

people, and one-third of these patients have migraine aura

(15, 16). Moreover, studies have proved that PFO is closely

related to migraine (17), and migraine aura is related to RLS

including PFO (18, 19). The mechanism of migraine caused by

PFO is believed to be the transfer of vasoactive substances, which

are usually filtered by the pulmonary circulation and enter the

systemic circulation (18). Studies have shown that interventional

closure of PFO can effectively reduce the frequency and duration

of headache attacks compared to medications (4). And a large

number of meta-analyses have shown that percutaneous PFO

closure can effectively improve the duration and frequency of
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FIGURE 4

Case 2 A 31-year-old man with a history of cerebral infarction who had a positive result by ASCE (grade 3) and a 12 mm PFO tunnel width on
preoperative TEE. (A, B): Preoperative TEE showed a small PFO channel and minimal LRS. (C): The delivery sheath was capped at the RA opening
of the PFO. (D, E): The inner core was slowly sent into the PFO tunnel. (F): Saline was slowly injected through the sheath and the primary septum
was lifted; the PFO appeared as a balloon (arrow). (G): Showed a pore in the primary septum and secondary septum (long blue arrow), and
hyperechoic crystal was seen entering the LA through the pore (short blue arrow), which indicated the existence of PFO channel and correct
delivery path of the sheath canal. H: showed that a large number of crystal echoes appear in the LA, indicating that the delivery sheath was
entirely in the LA. (I): Showed the heparinized normal saline solution and a 20 ml syringe needed for the test. (J): Showed “injection of heparinized
sterile saline through the delivery sheath”, this process was carried out jointly by nurses and doctors. This patient also underwent a successful
occlusion. ASCE, agitated saline contrast echocardiography; LA, left atrium; LRS, left-to-right shunt; PFO, patent foramen ovale; TEE,
transesophageal echocardiography.
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migraine symptoms in patients with migraine (20–23). Therefore,

more and more migraine patients with PFO are suggested to

choose percutaneous PFO closure as their treatment plans.
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Cryptogenic stroke (CS) refers to stroke after exclusion of other

identifiable stroke mechanisms, such as large-artery atherosclerotic

disease, established cardiac embolic source, small-vessel occlusive
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TABLE 2 Short-term and middle-term follow-up. Symptom relief includes
a decrease in the frequency and/or severity of symptoms.

　 　 n = 73
Complications of the
procedure (case/%)

Anesthesia-related complications 0 0

　 Pericardial effusion 1 1.37

　 Vessel rupture 0 0

　 Pericardial tamponade 0 0

　 Hepatic vein injury 0 0

　 Embolic events 0 0

Complications of the TEE
(case/%)

Mucosal bleeding 3 4.11

　 Esophageal and gastric perforation 0 　

Follow-up (case/%) Embolic events 2 2.74

　 Symptom completely disappeared 11 15.07

　 Symptom relief 57 78.82

　 No improvement in the symptoms at all 3 4.11

　 Atrial fibrillation 0 0

　 Residual shunt 0 0

　 Re-intervention 0 0
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disease (lacunar stroke), hypercoagulation disorder requiring

anticoagulant therapy, or arterial dissection. Up to 40% of

patients have unknown etiology (24), and PFO is present in 50%

of CS patients <60 years old (25, 26), which is almost twice the

prevalence in the general population (25). The mechanisms of

CS caused by PFO include paradoxical thrombosis, in situ

thrombosis, and arrhythmia (27), while paradoxical embolism is

considered the most common mechanism, in which venous

thrombosis enters the systemic circulation through the open

PFO. There has been data suggesting that percutaneous PFO

closure is superior to antiplatelet therapy in reducing the risk of

recurrent stroke in selected patients under 60 years of age (8–11).

And several meta-analyses also have confirmed that PFO closure

reduced the risk of ischemic stroke in cryptogenic stroke patients

with concomitant PFO (28, 29). According to the European

Stroke Organization (ESO) guidelines, in adults under 60 years

of age with cryptogenic stroke/transient ischemic attack and

high-risk PFO features (moderate or severe shunt, ASA, atrial

septal overactivity), percutaneous PFO closure plus medical

therapy are recommended over antiplatelet therapy alone (30).

Many clinical observations have confirmed PFO closure as a safe

and effective treatment method to prevent recurrent cerebral

embolism events (31, 32).

Since 1974, King and Mills performed the first successful

percutaneous closure of ASD with the assistance of x-ray (33),

tremendous intervention and innovation have occurred in the

field of percutaneous

ASD closure using a transcatheter-based device during the last

70 years. Because closure devices for ASD can also be used for

preventing paradoxical embolism in transcatheter closure of PFO,

a subtype of secondary septal defect, percutaneous closure

techniques have also been used in the treatment of PFO.

Percutaneous PFO closure is similar to ASD closure except for

the difference in occluder.

Although the guidance of x-ray can observe the whole

process of delivery and occlusion, it also has its limitations
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including ① it is radioactive; ② it has certain risks of

carcinogenesis, chromosome malformation and blood diseases;

③ lipiodol contrast agent also has a certain effect on the

patient’s body; ④ more importantly, the intracardiac

structures and adjacent anatomical relationships could not be

shown; ⑤ for some small PFO or complex PFO, the operation

can not be performed or takes a long time, which will cause

certain mental stress to the patients in the alert state.

Meanwhile, due to the limitation of the fluoroscopy-guided

PFO closure, the PFO cannot be further clarified during the

procedure, and a comprehensive evaluation of the PFO cannot

be performed, which also means that the appropriate occluder

cannot be selected preoperatively. In addition, it is impossible

to exclude whether there are small atrial septal defect (ASD)

that cannot be identified in TTE examination, especially those

that are very close to the PFO. It is impossible to identify and

confirm whether exist thrombus in the PFO tunnel pre-

operation and whether the closure device surface has

thrombus post-operation. These reasons can easily lead to

residual shunts and untreated atrial communication after the

closure, thereby increasing the post-closure reintervention

rate and also lead to thrombotic events during and after

the procedure.

TEE has become an indispensable application in cardiac

surgery (34, 35); especially, in valve surgery, it has become the

standard intraoperative monitoring. Compared to only

fluoroscopy-guided PFO closure, TEE not only improves the

success rate of surgery (36), reduces the mortality of patients,

but also reflects the hemodynamic changes in real-time. It is

also increasingly used and plays an important role in coronary

artery and other structural cardiac surgery, and is an

important tool for intraoperative evaluation of regional

ventricular wall motion or structural abnormalities (37).

Percutaneous PFO closure has become the first choice for

patients with indications due to its high success rate, minimal

trauma and rapid postoperative recovery. TEE-guided PFO

closure has the following characteristics and advantages: ① no

radiation. ② Minimum injury: esophageal mucosal injury is

the most common complication, but it usually recovers soon

after esophageal probe evacuation. ③ Does not affect the

surgical operation. ④ Real-time visualization: the TEE probe

is located behind the LA, which allows close observation of

the intracardiac structure. The anatomical characteristics of

the PFO can be observed before the operation, and if

necessary, the sterile saline injection test can be used to

confirm whether an RLS is present or whether the intervention

path is correct. It can provide more preoperative information

and effective evidence for clinicians to make surgical decisions.

In addition, it can assist the exhaust, closely observe the

coronary artery gas embolism or not, dynamically observe the

changes in cardiac function, and reduce the malignant

complications such as cardiac arrest caused by coronary artery

gas embolism. The position of the occluder, residual shunt

and thrombosis could be observed after operation. ⑤ Less

surgical complications and high safety: due to the real-time

visualization of TEE, the incidence of cardiac injury or rupture
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and malignant complications such as cardiac arrest can be reduced.

⑥ Intraoperative “ heparinized sterile saline injection test” can

improve the intraoperative diagnosis rate of PFO and the success

rate of operation, and reduce surgical trauma. Clinically, there are

quite a number of patients, including those with a history of

stroke, whose primary septum is relatively thin, even though they

show strong positive results in ASCE, but there is no obvious gap

or shunt visible on TEE. TTE is more difficult to observe the gap

and shunt in these patients, so we chose the method to further

confirm the evidence of communication between the left and right

atria during surgery.

In summary, TEE is essentially the operating surgeon’s eyes. TEE

can monitor the position, movement direction, and speed of the

delivery device in the heart throughout the procedure. The serious

complication of pericardial tamponade is mostly due to improper

operation, such as excessive force applied by the operating surgeon,

excessive speed, or heart ear rupture caused by these factors, under

TEE guidance it can be prevented by providing timely feedback to

the operating surgeon and communicate in real-time. During the

procedure, we often encounter changes in the patient’s heart

rhythm, which are related to the operation, but with TEE, we can

provide real-time feedback on the position of the delivery device,

which can prevent improper operation from continuing and reduce

or avoid the occurrence of serious complications.
5 Conclusions

TEE, a real-time visualization examination technology, has the

characteristics of small injuries, no radiation, and no influence on

surgical operation, which can reduce surgical complications and is

highly safe. It has a high clinical application value in PFO closure.

Intraoperative “ heparinized sterile saline injection test” can improve

the intraoperative diagnosis rate of PFO and the success rate of

operation, and reduce surgical trauma. This method is innovative,

simple, and easy to operate and popularized in clinical practice.
6 Limitations

The main limitation of this study was not a randomized

controlled trial, the sample size was not sufficient and the follow-

up time was not long enough to provide more convincing

evidences. Moreover percutaneous PFO closure was performed

by different operators, due to their varying experience had

different surgical techniques and operation times. Additionally,

the choice of occluder by different patients based on their

economic ability also varies.

TEE is to monitor the whole process of the operation by placing

the probe in the middle of the esophagus and behind the LA, and it

cannot observe the process of the guide wire and delivery sheath

from the femoral vein to the right atrium, which may lead to: ①

when the guide wire crosses the iliac vein confluence and enters

the contralateral iliac vein, it cannot be detected in real-time. Its

detection depends on the operators’ and sonographers’ experience;

for instance, sonographers paying specific attention to the
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detection when not finding the guide wire in the RA; ②. The

sharp inner core of the delivery sheath may damage the vessel wall

or perforate during the push process, leading to retroperitoneal

hematoma. In order to avoid this situation, our experience is that

the delivery sheath with the inner core is pulled into the outer

sheath about 2 cm after the femoral vein travels.
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Imminent risk of LVEF decline in
asymptomatic patients with
primary mitral regurgitation
Jingyi Zheng1 , Shao-wei Huang1 , Mustafa I. Ahmed2 ,
Betty Pat2,3 , Steven G. Lloyd2,3 , Oleg F. Sharifov2 ,
Thomas S. Denney Jr4 and Louis J. Dell’Italia2,3*
1Department of Mathematics and Statistics, Auburn University, Auburn, AL, United States, 2Division of
Cardiovascular Disease, University of Alabama at Birmingham, Birmingham, AL, United States,
3Research & Development Service, Birmingham Veterans Affairs Health Care System, Birmingham, AL,
United States, 4Department of Electrical and Computer Engineering, Samuel Ginn College of
Engineering, Auburn University, Auburn, AL, United States
Background: 2020 American College of Cardiology/American Heart Association
(ACC/AHA) Guidelines state that the ideal time for mitral valve surgery in primary
mitral regurgitation (PMR) is when the LV approaches but has not yet reached
echocardiographic LV ejection fraction (EF) < 60% or LV end-systolic
dimension (ESD) > 40 mm. However, it is difficult to know the imminent risk of
crossing this threshold when the surgical outcome is less optimal.
Objective: Using machine learning and statistical models, we have shown that
cardiac magnetic resonance (CMR) LV sphericity index (SI) and LV mid
circumferential strain rate (SRcirc) added to LVEF and LVESD predict LVEF < 50%
after mitral valve surgery. Here we test the hypothesis that these CMR features
predict LVEF < 60% in asymptomatic PMR patients at 18 months.
Methods: 33 asymptomatic PMR patients with moderate to severe mitral
regurgitation had CMR with tissue tagging at baseline and every 6 months for
18 months. Two types of models were employed to predict LVEF < 60% at 18
months: a model using CMR features at a single time point (e.g., baseline) and
a model utilizing repeated measurements over time.
Results: CMR LVEF decreased below 60% in 13 patients over 18 months. LVEF
varied over time with an inverse relation to mean arterial pressure and mean
end-systolic wall stress. Random Forest models utilizing LV SI, LV mid SRcirc,
LVESD, and LVEF at a single time point (baseline) had a predictive accuracy of
64%. LV SI, LV mid SRcirc, LVESD and LVEF at baseline, 6, and 12 months
achieved a higher predictive accuracy of 79%, improved sensitivity from 57% to
85% than baseline alone and identified a threshold of CMR LVEF 63%–64%
signaling LVEF < 60%.
Conclusion: The variability of LVEF due to blood pressure dependence may
require a longitudinal study that incorporates LVEF, LVESD, SRcirc at multiple
time points to identify the threshold at which LVEF is at risk for decline to less
than 60%.

KEYWORDS

machine learning, predictive longitudinal modeling, asymptomatic primary mitral
regurgitation, cardiac MRI, LVEF decline, LV circumferential strain rate
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Introduction

It is well recognized that outcomes remain suboptimal in

primary mitral regurgitation (PMR) patients (1). Despite

guidelines recommending earlier surgical intervention there is a

wide disparity in adoption across centers (2). Furthermore

parameters for intervention remain crude; for example, guidelines

recommend the 60% left ventricular ejection fraction (LVEF)

cutoff, in an era where more refined measures of function and

geometry are becoming increasingly available. It is imperative to

refine models for earlier intervention given the fact that despite

pre-operative LVEF > 60%, approximately 20% of PMR patients

develop post-operative LV dysfunction and long term outcomes

are poor (3–5). In the evaluation of asymptomatic PMR patients

with LVEF > 60%, it is difficult to know the imminent risk of

LVEF < 60% in the ensuing 6-18 months.

According to 2020 ACC/AHA Guidelines the ideal time for

mitral valve surgery is when the LV approaches but has not yet

reached echocardiographic LVEF < 60% or LV end-systolic

dimension (ESD) > 40 mm. The uncertainty of this threshold has

fueled early surgical intervention for asymptomatic PMR patients

(2). As a result of these uncertain guidelines, over 75% of 37,000

PMR patients from 2011 to 2016 present with symptoms or LV

dysfunction and only 10% are asymptomatic (6), with the

additional caveat that preoperative LVEF < 60% is associated with

late mortality (7).

In PMR, LV dimensions and geometry-based volumes belie

true LV and left atrial (LA) volumes and LV spherical

remodeling obtained with geometry independent cardiac

magnetic resonance (CMR) imaging (8, 9). The assessment of

PMR is further confounded by a spuriously elevated LVEF due

to increased adrenergic drive (10) and ejection into a low-pressure

LA. We have shown that even in patients with LVEF > 60%, there

is severe cardiomyocyte mitochondrial and cytoskeletal damage,

excessive oxidative stress, and interstitial collagen loss, resulting in

a decrease in the LV mass/volume ratio and a spherically

remodeled LV (11–13).

We recently reported that machine learning models using

LVEF, mid LV circumferential strain rate (SRcirc), LV end-systolic

dimension (LVESD), and LV sphericity (SI) predict LVEF < 50%

after mitral valve surgery (14). When applying these markers to

asymptomatic PMR LVEF > 60% with moderate to severe PMR,

30% of patients were predicted to have post-surgery LVEF < 50%

if they had mitral valve surgery (14). The advantages of machine

learning models are their ability to integrate predictors extracted

from multiple sources and model both linear and nonlinear

interactions amongst them (15). The purpose of this study is to

identify LV functional and geometric markers that herald a

decrease in LVEF < 60% in asymptomatic PMR patients with

moderate to severe PMR over 18 months with CMR exams every

six months. Using both statistical and machine learning models,

we will explore two types of models that employ CMR LVEF,

mid LV mid SRcirc, LVESD, and LV SI features at a single time

point (e.g., baseline) and a model utilizing repeated

measurements over time.
Frontiers in Cardiovascular Medicine 0260
Materials and methods

Study population

This single-center study includes 33 asymptomatic PMR

patients recruited between 2006 and 2010 under NHLBI

Specialized Centers of Clinically Oriented Research grant (16).

Primary degenerative mitral valve prolapse has echocardiographic

evidence of thickened, redundant leaflets with excessive motion

and prolapse. Patients were excluded for evidence of: (1) aortic

valve > trace aortic regurgitation or mean gradient of > 10 mmHg,

(2) mitral stenosis (mean gradient > 5 mmHg, valve area < 1.5 cm2),

(3) endocarditis, (4) iatrogenic MR (ergot, radiation induced), (5)

hemodialysis, (6) pregnancy, (7) presence of coronary artery disease

(stenosis > 50%), (8) positive exercise tolerance test with myocardial

perfusion. None of the patients were surgical candidates upon

entering this study. All patients were asymptomatic and had no

history or evidence of coronary artery disease, ruled out by a

maximum exercise tolerance test with nuclear imaging. The

Institutional Review Boards of the University of Alabama at

Birmingham and Auburn University approved the study protocol.

All participants gave written informed consent.

All data from patients’ baseline and return visits were obtained

prospectively and recorded in electronic health data records.

Asymptomatic PMR patients had Class I status, with moderate/

severe PMR by color flow Echo/Doppler, LVEF > 60%, LVESD <

40 mm, leaflet thickening and prolapse, and normal maximal

exercise myocardial perfusion imaging (16).
Cardiac magnetic resonance imaging

Magnetic resonance imaging was performed on a 1.5-T

MRI scanner (Signa GE, Milwaukee, Wisconsin) optimized for

cardiac application. Electrocardiographically gated breath-hold

steady-state free precision technique was used to obtain standard

(2-, 3-, and 4-chamber short-axis) views using the following

parameters: slice thickness of the imaging planes 8 mm, field of

view 44 44, scan matrix 256 128, flip angle 45°, repetition/echo

times 3.8/1.6 ms. Three-dimensional LV geometric parameters

were measured from endocardial and epicardial contours

manually traced on cine-MR images acquired near end diastole

and end systole. The contours were traced to exclude the papillary

muscles. Cubic B-spline surfaces were fit to the endocardial

and epicardial contours for each time frame (8–13). The severity

of mitral regurgitation (regurgitant volume and regurgitant

fraction) was obtained by: Regurgitant volume = LV – RV stroke

volume and Regurgitant fraction = LV – RV stroke volume/LV

stroke volume.

Tagged magnetic resonance images were acquired with

repetition/echo times 8/44 ms, and tag spacing 7 mm (10, 11).

Three-dimensional LV strain was measured from tagged images

at end systole, which was defined by visual inspection of the

image data as the time frame with maximum contraction. Strain

computations were conducted using an in-house software
frontiersin.org
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package. Two-dimensional strain rates were measured using

harmonic phase analysis. Harmonic phase analysis measures the

local, 2-dimensional strain of the myocardium based on the

local spatial frequency of the tag lines. During myocardial

contraction, the tag lines become closer to each other and the

tag frequency increases in proportion to that contraction. Strain

rates were computed at mid LV segment as defined by

Cerqueira et al. (17)
Calculations

Three-dimensional wall thickness was computed at the same

segments by measuring the distance from a point on the

endocardial surface to the closest point on the endocardial

surface along a line perpendicular to the epicardial surface. The

radius to wall thickness ratio was computed as the reciprocal of

the product of the endocardial circumferential curvature (κ) and

wall thickness (T ). End-systolic wall stress was computed

according to the formula (10):

Wall stress ¼ 0:133
P

2kT 1þ kT
2

� �

where P is mean arterial LV blood pressure measured by

a cuff measurement at the time of the MR scan. Mean

arterial pressure was calculated as: MAP = DP + 1/3(SP – DP)

or MAP = DP + 1/3(PP) [systolic blood pressure 2(diastolic

pressure)]/3.
Model development in asymptomatic PMR

The objective of this preliminary study is to develop models for

predicting LVEF < 60% in the subsequent (6 month) CMR

examination. Due to the limited number of patients, the study

employed four features selected from our previous study (14):

LVEF, LVESD, LV SI, and mid LV SRcirc measured at four time

points: baseline, 6, 12, and 18 months. Predictive models were

constructed to investigate the following questions: (1) Compared

with the model using CMR at a single time point, does the

inclusion of features recorded at multiple time points improve

the prediction of LVEF < 60%? and (2) What is the optimal

number of time points required for accurate prediction in

this context?

The final goal of this preliminary study is to develop a

predictive model for predicting LVEF < 60% in the subsequent

(6 month) CMR examination. Statistical models that model

repeated measurements (e.g., mixed-effect model, marginal

model) require at least three time points. Thus, we utilized

machine learning models to investigate the two questions. After

finalizing how many time points to be included in the predictive

model, both statistical and machine learning model were fitted

for predicting LVEF < 60% at 18 months.
Frontiers in Cardiovascular Medicine 0361
Random Forest for repeated measures

Since Random Forest (RF) showed superior performance in our

previous study (14), we utilized RF to construct three predictive

models to investigate the inclusion of features measured at

multiple time points. RF is a nonparametric and tree-based

approach that operates without assuming a specific distribution of

the data. It effectively models complex relationships between

variables without assuming a specific function form and is less

prone to overfitting especially when dealing with high-dimensional

data (18). Three RF models were used to predict whether LVEF is

less than 60% at 18 month using CMR features from a) baseline

only, b) baseline + 6 months, and c) baseline + 6 month + 12

month. For each model, we performed feature selection and

hyperparameter tuning, and assessed the model performance via

repeated cross-validation. The metrics used for model assessment

include accuracy, sensitivity, specificity, and Area under the ROC

curve (AUC) values.

Accuracy ¼ TP þ TN
TP þ TN þ FP þ FN

Sensitivity ¼ TP
TP þ FN

Specificity ¼ TN
TN þ FP

Where TP, TN, FP, and FN are short for true positive, true negative,

false positive, and false negative.

In addition to assessing the performance of the predictive

models, the SHapley Additive exPlanations (SHAP) (14, 19) value

was used to investigate the importance of each feature and the

directional impact of each feature on predicting the drop in LVEF

(i.e., a positive or negative impact on LVEF < 60% at 18 months).
Statistical models

With the four CMR parameters (LVEF, LVESD, LV SI, and

mid LV SRcirc) obtained at baseline, 6 month, and 12 month, we

also fitted the Generalized Linear Mixed-effect Model (GLMM)

(20) and the Generalized Estimating Equations (GEE) (21)

model, which is the marginal model, for the prediction and

inference at the patient and population level, respectively.

Different from RF models, the response variable in the GLMM

and GEE is a length 3 vector, with each element indicating

whether LVEF > 60% (coded as 0) or < 60% (coded as 1) at 6,

12, and 18 months and the predictors are the four CMR

parameters recorded at baseline, 6, and 12 months.

With GLMM, the effect of the longitudinal features on

individual patients is assessed (i.e., subject-level inference). To

account for repeated measures within each patient, the GLMM is

fitted with a random intercept. The model incorporates follow-up

time as a discrete variable and interactions between the features

and time to estimate the rate of progression for each feature. The
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TABLE 1 Demographics and CMR in asymptomatic PMR patients at
baseline.

PMR (n = 33)
Age (years) 53 (45, 62)

Female/male 16 (52%)/15 (48%)

BMI (kg/m2) 25.5 (22.0, 27.1)

BSA (m2) 1.83 (1.68, 2.06)

LVEF (%) 61.9 (59.0, 67.0)

LVED volume (ml/m2) 176.8 (145.6, 204.3)

LVES volume (ml/m2) 63.5 (51.5, 78)

LV stroke volume (ml/m2) 110.5 (85.8, 129)

LVED diameter (mm) 54 (51.5, 58.5)

LVES diameter (mm) 40.8 (36, 44.7)

LVED mass/volume (g/ml) 0.6 (0.5, 0.7)

LV sphericity index (SI) 1.6 (1.5, 1.7)

LVED radius/wall thickness 4.7 (4.2, 5.4)

LA max volume(ml/m2) 42.3 (35.6, 55.9)

LA min volume (ml/m2) 20.3 (15.4, 26.9)

Regurgitant volume (ml) 38.6 (26.3, 56.5)

Regurgitant fraction (%) 38.6 (28.7, 51.1)

LV Syst. Circ. strain rate (1/ms) −0.0007 (−0.0007, −0.0006)

Zheng et al. 10.3389/fcvm.2024.1410859
determination of significant predictors and interactions are based

on likelihood ratio tests, comparing the coefficient of a predictor

being zero vs. non-zero.

The GEE is fitted with a similar model structure and the

correlation structure being autoregressive lag 1. Different from

GLMM, GEE enables group-level inference, investigating the

fixed effects of the longitudinal CMR parameters on a broader

population of asymptomatic PMR patients. Due to the scale

differences among the four parameters, each parameter was

standardized. GLMM and GEE models are assessed by the

marginal R squared, which describes the proportion of

variance explained by the fixed effects, and conditional R

squared, which describes the proportion of variance explained

by both the fixed and random effects. GLMM is not

applicable to cross validation. Thus, only GEE performance

was assessed via repeated cross validation and compared with

the RF model. The final model was retrained using all the

data, allowing for a comprehensive understanding of the

model’s coefficients.

LVES circumferential strain −0.14 (−0.15, −0.13)
LVES longitudinal strain −0.14 (−0.16, −0.12)
LVES maximal strain −0.20 (−0.21, −0.19)
Statistical methods

Data in Table 1 are presented as number/total (%) in

group or median with 25% and 75% interquartile range

in parentheses.
Results

Demographics and cardiac magnetic
resonance imaging data

Demographics, CMR-derived LV and LA volumes, and

LV strains in 33 asymptomatic PMR patients are listed

in Table 1.
Importance of mid LV in PMR

The mid LV is an important point of spherical transition as LV

diameter increases to a greater extent than LV length decreasing

sphericity index and wall thickness/radius producing an increase

in LV wall stress. LV biopsies taken at mid LV from our

previous studies (10–12) demonstrate this point in our PMR

patients, showing a decrease in LV SI and LV wall thickness

(Figure 1A) along with a decrease in mid LV endocardial

curvature (Figure 1B). The green arrow in Figure 1A at the

location of our myocardial biopsies is coincident with myofibril

lysis, sarcomere breakdown, and disorganized mitochondria with

cristae lysis (Figure 1C). LVEDD and LVESD (Figure 1D) is the

sum of 32 radially directed vectors at mid LV that is close to

measurement of mid LV SRcirc. It is important to note that the

location of the myocardial biopsies from our previous studies of

PMR patients is in the same location of the CMR derived

LVEDD and LVESD (10–12).
Frontiers in Cardiovascular Medicine 0462
Asymptomatic PMR 18 month time course

The 18-month outcome of 33 PMR patients with CMR baseline

LVEF > 60% (n = 21) or baseline LVEF < 60% (n = 12) is presented

in Figure 2. Of 21 patients with baseline LVEF > 60%, 6 patients

had LVEF < 60% and 15 had LVEF > 60% at 18 months. Of 12

patients with baseline LVEF < 60%, 5 patients had an increase in

LVEF > 60% at 18 months and 7 patients were asymptomatic

with LVEF < 60% at 18 months. Of the 33 PMR patients, 13 had

CMR LVEF < 60% by 18 months despite all presenting with a

median baseline CMR-derived LVEF > 60% (Table 1) and Echo-

derived LVEF >60%.

There is a wide variability of LVEF, LVESD, and mid LV SRcirc

at each time point over the 18-month period (Figure 3). These

indices of LV shortening are load dependent as demonstrated by

the inverse relation of LVEF to mean arterial pressure at the time

of imaging and a calculated LV end-systolic wall stress

(Figure 4). This demonstrates the inherent physiological

variability of LVEF to a changing afterload, militating for

repeated measures at the four time points.
Random Forest models single vs. repeated
measures

All patients had four scans (baseline, 6 month, 12 month, and

18 month). To predict the LVEF decline at 18 months, we

considered using CMR features measured at baseline only (type 1

model) compared to repeated CMR features measured at two or

three time points (type 2 model). In the type 2 model, we

considered using baseline + 6 month CMR features and baseline

+ 6 month + 12 month CMR features respectively. The purpose
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1410859
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 1

Importance of mid LV remodeling in PMR. (A) CMR images of a normal subject and PMR patient demonstrate LV wall thinning and decrease in
sphericity index (green lines length/width). (B) Color-coded LV maps demonstrating decrease in endocardial curvature (bluer) at mid LV (blue dot
marks interventricular septum). (C) TEM of endomyocardial biopsies from mid LV lateral wall (green arrow in A) depicting extensive myofibrillar
lysis, and breakdown of sarcomere structure with disorganized and damaged mitochondria. (D) CMR LVESD measurement as the sum of 32
radially directed vectors measured at the tips of the papillary muscles in the mid LV near measurement of mid LV circumferential strain rate.

FIGURE 2

LVEF changes over 18 months in asymptomatic patients with moderate to severe PMR with baseline CMR LVEF < 60% and LVEF > 60%. Top panel
are individual patients and bottom panel indicates mean and 95% CI (shaded area). Blue lines – LVEF remains > 60% at 18 months. Red lines LVEF
< 60% at 18 months.
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FIGURE 4

Linear regression of LVEF to mean arterial pressure (MAP) and LVES MAP wall stress. LV end-systolic wall stress provides a more accurate means of
defining afterload than MAP, which considers wall thickness and diameter thereby allowing for comparison of different hearts.

FIGURE 3

Variability of LVESD and mid LV SRcirc over 18 months in PMR patients. Top panel are individual patients and bottom panel indicates mean and 95% CI
(shaded area). Blue lines – LVEF remains > 60% at 18 months. Red lines LVEF < 60% at 18 months.

Zheng et al. 10.3389/fcvm.2024.1410859
of constructing these two types of models is to address two

questions: (1) if including repeated CMR measurements can

improve the prediction of the decline in LVEF at 18 months,

compared with a model only using baseline measurements; (2)

how many repeated measurements are needed to best predict

LVEF decline at 18 months, or in other words, is it necessary to

have a CMR scan every six months.

Random Forest models were constructed to predict LVEF <

60% at 18 months. The first model incorporated the four CMR
Frontiers in Cardiovascular Medicine 0664
features (LVEF, LVESD, LV SI, and mid LV SRcirc) identified

from our previous study (14) at a single time point (i.e.,

baseline). The second model integrated the four features

measured at two consecutive time points—baseline and 6

months. The third model encompassed the four features

measured at baseline, 6, and 12 months. The RF model utilizing

the four features at baseline achieved a low prediction accuracy

of 64% and sensitivity of 57%, which slightly improved with the

second model (72% and 63% respectively) (Table 2).
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TABLE 3 Coefficients of GEE and GLM using repeated measures.

Coefficients GEE GLM

Estimate (SE) Estimate (SE)
Month 6 1.309 (1.09) 1.466 (1.09)

Month 12 1.364 (1.116) 1.548 (1.107)

LVEF −2.202*** 0.753) −1.999** 0.894)
LVESD 1.633*** (0.552) 1.518** (0.750)

Sphericity index (SI) 0.103 (0.395) 0.440 (0.678)

LV SRcirc −1.502* (0.826) −1.547* (0.913)
Month 6 � LVEF 0.477 (0.912) 1.022 (1.100)

Month 12 � LVEF −0.637 (1.52) 0.085 (1.177)

Month 6 � LVESD −1.538** (0.628) −1.193 (0.957)

Month 12 � LVESD −1.858* (0.948) −1.758* (0.971)
Month 6 � LV SI −0.771 (0.814) −1.073 (0.890)

Month 12 � LV SI 0.393 (0.716) −0.068 (0.787)

TABLE 2 Random Forest model performance in predicting LVEF < 60% at
18 months comparing single vs. repeated measures over time.

Model Performance Single Repeated measures

Baseline Baseline
+ 6 month

Baseline
+ 6 month
+ 12 month

Accuracy 0.64 0.72 0.79

Sensitivity 0.57 0.63 0.85

Specificity 0.69 0.79 0.75

AUC 0.75 0.80 0.88
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Incorporating the four features (measured at baseline, 6, and 12

months) in the third model achieved highest prediction accuracy

(79%) and sensitivity (85%) (Table 2).
TABLE 4 Comparison of model performance in predicting LVEF < 60% at
18 months using repeated measures (baseline, 6 months, 12 months).

GEE Random Forest
Accuracy 0.65 0.79

Sensitivity 0.50 0.85

Specificity 0.76 0.75

AUC 0.78 0.88

Month 6 � LV SRcirc 2.037* (1.083) 2.608** (1.110)

Month 12 � LV SRcirc 2.629** (1.137) 2.508** (1.112)

*p < 0.1

**p < 0.05

**p < 0.01.
Random Forest vs. statistical models for the
prediction of LVEF < 60% at 18 months

Random Forest model was compared to GLMM and GEE

statistical models for prediction of LVEF < 60% at 18 months

using the same four features measured at baseline, 6, and 12

months. The coefficients of GEE and GLMM are summarized in

Table 3. GEE is a marginal model that focuses on estimating the

population level effects; while GLMM is the conditional model

that focuses on estimating subject-specific effects. For GLMM,

the marginal R squared is 0.673 and the conditional R squared is

0.673, and the variance of the subject effect is close to zero. This

implies that fixed effects rather than random effects largely

explain the drop in LVEF. The GEE marginal R square and

conditional R square are 0.736, implying that the GEE

population-averaged correlation structure fits the data better and

explains more variation in the data providing a better final

statistical model for the prediction of LVEF < 60%. A comparison

between GEE and RF model performance (using repeated

measures of the four features at baseline, 6 months and 12

months) shows that the RF model has a higher prediction

accuracy and sensitivity (Table 4).

Random Forest captures the non-linear relationship between

features and the response variables, and further identifies

important features that have a strong impact on the LVEF < 60%

in a non-linear way. The GEE model assumes a linear

relationship between the features and log odds, while RF captures

the interactions and combinations among features. Thus, the

GEE linear model may not capture such complex relationships;

while the data-driven RF model relies heavily on the patterns

and information present in the provided data.
Feature importance in the repeated
measures Random Forest model

The RF model computes the importance of each variable using

the four CMR features repeatedly measured at baseline, 6, and

12 months (4 features × 3 time points = 12 features) to predict
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LVEF < 60% at 18 months (Figure 5). The Random Forest model

performance used 4 features measured at 3 time points. The RF

model utilizing the top 3 features: 12 month LVEF, baseline

LVEF, and 12 month mid LV SRcirc gave the best model

performance in predicting 18 month LVEF < 60% with 79%

accuracy and 85% sensitivity (Table 5).
Interpretation of Random Forest models

The Shapley Additive exPlanations (SHAP) value (19), inspired

by the Shapley value in cooperative game theory, assigns an

importance value to each feature in machine learning models to

explain the decision made by the model. The SHAP value

constructed an overall interpretation of the RF model with the

three most important features (12 month LVEF, baseline LVEF,

and 12 month mid LV SRcirc) and its directional impact on

prediction (a positive or negative impact on probability of

LVEF < 60% at 18 months), and how each feature contributes to

a prediction in each patient.

The SHAP value calculated for each patient for the top three

features (y-axis) is presented in Figure 6. SHAP values quantify

the contribution of each feature to model prediction on the x-

axis. The sign of the SHAP value represents the directed impact

on probability of LVEF < 60% at 18 months. A positive SHAP

indicates high probability while a negative value indicates low
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TABLE 5 RF model performance based on 3–12 features in predicting
LVEF < 60% at 18 months.

Prediction of LVEF < 60% at 18 months

Model performance Total number of features in RF
Model

3 4 5 12
Accuracy 0.794 0.791 0.766 0.668

Sensitivity 0.850 0.823 0.770 0.565

Specificity 0.753 0.768 0.763 0.746

AUC 0.883 0.886 0.846 0.774

The RF model utilizing the top 3 most important features (Figure 5) has the best model

performance.

FIGURE 5

Ranking of feature importance in the repeated measures RF model.
The RF model computes the importance of each variable using the
four CMR features at baseline, 6, and 12 months (4 features×3 time
points) to predict the LVEF < 60% at 18 months.

FIGURE 6

SHAP value for probability for LVEF < 60% at 18 months for the top 3
features in the RF model for asymptomatic PMR. SHAP values
quantify the contribution of each feature to model prediction on
the x-axis. The sign (+/-) of the SHAP value represents the
directed impact on probability of LVEF < 60% at 18 months. A
positive SHAP indicates high probability while a negative value
indicates low probability for LVEF < 60% at 18 months. The
magnitude of the SHAP value on the x-axis represents the strength
of the contribution. Each dot represents an individual patient (n=
33), and the color of the dot represents the feature value (color
scale), high (orange) and low (purple).
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probability for LVEF < 60% at 18 months. The magnitude of the

SHAP value on the x-axis represents the strength of the

contribution. Each dot represents an individual patient, and

the color of the dot represents the feature value, high (orange)

and low (purple). For baseline and 12 month LVEF, the orange-

yellow dots (high LVEF) are located on the left side of the 0

SHAP (i.e., negative SHAP), indicating less probability of LVEF

< 60% at 18 months. For 12 month mid LV SRcirc, the high value

(orange-yellow dots) are located on the right side of the 0

(positive SHAP), therefore, a higher 12 month mid LV SRcirc

(i.e., less negative), the higher chance of developing LVEF < 60%

at 18 months.

To better visualize the top three features (12 month LVEF,

baseline LVEF, and 12 month mid LV SRcirc), the actual value of
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each feature on the x axis and the likelihood of developing

LVEF < 60% (red dot) or LVEF > 60% (blue dot) at 18 months is

presented in Figure 7. Our data indicates that a higher absolute

baseline CMR derived LVEF (> 63%), the less likely for LVEF <

60% at 18 months (negative SHAP values and mostly blue

circles). Mid LV SRcirc is a negative quantity; thus, more negative

values represent a greater LV SRcirc and therefore less likely to

develop LVEF < 60% at 18 months.
Discussion

We have previously reported that a combination of statistical

methods and machine learning models show that LV SRcirc,

LVESD, LVEF, and LV sphericity index (SI) predict LVEF < 50%

after surgery in patients with baseline LVEF > 60% (14).

We utilized these same four features to predict the drop in

LVEF < 60% over 18 months in 33 asymptomatic patients with

moderate to severe PMR with CMR obtained every 6 months.

Random Forest models at a single time point (baseline) had a

predictive accuracy of 64%. Using repeated measures at baseline,

6, and 12 months achieved a higher predictive accuracy of 79%,

improved sensitivity from 57% to 85%, and identified a threshold

of CMR LVEF 63%–64% for LVEF < 60%. This pilot longitudinal

study in PMR patients provides a stimulus for a longitudinal

study that utilizes a more nuanced combination of LV functional

parameters that will better inform the clinician of the need for

surgery in PMR (including Echo/Doppler derived).
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FIGURE 7

SHAP values for the top 3 features in the RF model for asymptomatic PMR. Manual cutoff values for LVEF (green vertical line) indicate the impact on the
likelihood of LVEF < 60% at 18 months. Each dot is an individual patient and colored based on whether the patient has a negative SHAP value indicating
lower probability of LVEF < 60% (blue dots) or a positive SHAP value indicating a higher probability of LVEF < 60% (red dots) at 18 months.
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Many studies of PMR have identified predictors of survival or

heart failure and death. They include extracellular volume (22–26),

regurgitant volume (27), longitudinal strain (28, 29), BNP (30–32),

exercise capacity (33), pulmonary artery pressure (34), LA volume

(35, 36) and LA emptying fraction (37–39). These studies are

largely retrospective, provide just one snapshot in time, and have

not addressed the short-term risk for LVEF < 60% in a

prospective “watchful waiting approach” (40) thus limiting

clinical applicability. In the evaluation of asymptomatic PMR

patients with LVEF > 60%, it is difficult to know the imminent

danger for progression to LVEF < 60%, because surgery in

patients with LVEF < 60% has a less favorable outcome. Given

the unreliability of LVEF alone, we questioned whether our

previous interactive predictors of LV remodeling (LV SI) and LV

shortening (LVEF, LVESD, mid LV SRcirc) features can identify

an impending LVEF < 60% in the asymptomatic PMR patient.

The interactive power of machine learning captures the LV

spherical remodeling in PMR (8, 9) and its relation to mid LV

SRcirc affected by the decrease in LV endocardial curvature and

LV wall thickness that increases wall stress at the mid LV

(Table 1). This is further compounded by severe myofibril lysis,

sarcomere breakdown, and disorganized mitochondria with

cristae lysis (Figure 1C) ─ all of which contribute to decreased

mid LV SRcirc. In models that determine the effect of LV shape

on LVEF, circumferential strain is significantly more important

than longitudinal strain in maintaining a normal LVEF in the

spherically dilated LV (41). The connection to mid LV SRcirc

underscores the decrease in contractile velocity that stems not

only from myofibril breakdown but also derangement of

calcium-handling proteins despite LVEF > 55% in PMR patients

(42–45). We have also demonstrated sarcolipin protein

upregulation from LV endo-myocardial biopsies in PMR patients

(10). Sarcolipin functions as a regulator of SERCA2a by lowering

its Ca2+ affinity and its inhibitory function is independent of

phospholamban (46), both of which control extent and rate of

sarcomere shortening.
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Based on the coefficients of GEE model in Table 3, there is a

predictive variability of LVEF, LVESD, mid LV, SRcirc over time.

For example, baseline LVEF and 12 month LVEF have a negative

while 6 month LVEF has a positive impact. For LVESD, baseline

coefficient is positive while 6 and 12 month coefficients are both

negative. For mid LV SRcirc, the baseline coefficient is negative

while 6 and 12 month coefficients are both positive. The

variability in these indices of LV shortening could be due to

the variable blood pressures at each imaging session and also

to the small number of patients in this pilot study. This may also

explain the higher predictability of three vs. one-time point for

predicting LVEF < 60%. LVEF negatively correlated with mean

arterial pressure and end-systolic wall stress (Figure 4), which

more accurately estimates afterload by incorporating LV radius of

curvature and wall thickness. In a stepwise discriminate

multivariate analysis of PMR surgery patients, Carabello et al.

reported LVES stress/ESV index ratio as the only independent

predictor of outcome (47). Future longitudinal studies should

include LVES stress/ESV index to normalize effects of afterload

on LVEF and other indices of shortening (LVESD and LV

mid SRcirc).

The SHAP value identified a CMR LVEF threshold of 63%-

64% at baseline, 6 and 12 months. The SHAP value provides

an overall interpretation of the machine learning models

including a directional positive or negative impact on the

probability of LVEF < 60% and a local interpretation at the

patient level on how each feature contributes to an individual

prediction for each patient. This provides cutoff values that in

a larger sample size can comprise a risk score. The SHAP

cutoff of 63%-64% is consistent with a study of 300 PMR

patients with echo at baseline and within 9-12 months’ post-

surgery. The occurrence of post-operative LV dysfunction was

9% when LVEF was ≥ 64% and LVESD < 37 mm and 33% with

LVEF < 64% and LVESD ≥ 37 mm (48). Taken together, these

results militate for a higher LVEF threshold for mitral valve

surgery in PMR.
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Limitations

The obvious limitation of this study is the small number of

patients. In this preliminary study, we utilized the classic RF

model instead of the Mixed Effects Random Forest (MERF) to

model the longitudinal features. Unfortunately, we do not have

blood pressure at all time points. In future studies, adding the

blood pressure or end-systolic wall stress may provide additive

predictive value in normalizing effects of afterload on LVEF.

Compared with the classic RF, MERF considers the correlation

structure within repeated measurements by incorporating

random effects providing accurate predictions for each patient.

However, the computational and model complexity of MERF is

higher than that of RF due to the inclusion of random effects,

which requires more patients. In this preliminary study with the

small sample size (n = 33) classic RF is preferred over MERF.
Conclusions

In this pilot study, we identify key LV shortening indices that

are widely variable due to the prevailing blood pressures at the

time of imaging, which may in part explain the need for more

frequent observations. Future studies with a larger number of

patients that include blood pressure and end systolic wall stress

may improve the predictability of a single study. Taken together,

the uncertainty of knowing when the LV approaches but has not

yet reached LVEF < 60% calls for a longitudinal study in a larger

patient population to test whether a combination of functional

features derived from both CMR and Echo/Doppler provides a

better indicator for timing of surgical intervention in PMR.
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multimodality imaging
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Cardiac resynchronization therapy (CRT) offers significant benefits in symptom
alleviation, reduction of rehospitalization rates, and overall survival of patients
with heart failure (HF) with reduced ejection fraction (rEF). However, despite
its proven efficacy, precisely identifying suitable CRT candidates remains a
challenge, with a notable proportion of patients experiencing non-response.
Accordingly, many attempts have been made to enhance patient selection,
and to identify the best imaging parameters to predict the response and
survival after CRT implantation. This review article provides a comprehensive
overview on the role of multi-modality cardiac imaging in selecting,
optimizing, and predicting CRT response and outcomes in HFrEF patients,
beginning with an exploration of dyssynchrony types and their impact on HF
progression, and an emphasis on the utility of echocardiography in assessing
cardiac dyssynchrony. Subsequently, the role of advanced techniques such as
speckle tracking and three-dimensional echocardiography, as well as the visual
assessment of apical rocking (ApRock) and septal flash (SF) are highlighted.
Finally, cardiac magnetic resonance (CMR) scar data, and novel modalities like
four-dimensional flow CMR, together with single-photon emission computed
tomography offer additional insights, emerging as valuable predictors of CRT
response, and potentially refining the identification of suitable CRT candidates.

KEYWORDS

cardiac resynchronization therapy (CRT), heart failure, multi-modality cardiac imaging,
cardiac resynchronization therapy optimization, advanced echocardiography, cardiac
magnetic resonance, cardiac dyssynchrony

1 Introduction

Cardiac resynchronization therapy (CRT) is a cornerstone in the management of

patients with heart failure with reduced ejection fraction (HFrEF), and numerous

clinical trials have demonstrated the effects of CRT implantation in reducing HF

symptoms, decreasing hospitalization rates, and improving patients’ survival (1). CRT

implantation is recommended in patients with left ventricular (LV) ejection fraction

(EF) ≤35% who remain symptomatic despite optimal medical therapy for at least 3
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months, and who are in sinus rhythm with either a class IA in

patients with a QRS duration ≥150 ms and left bundle branch

(LBBB) morphology, or IIaB indication if the QRS duration

is 130–149 ms or in case of a non-LBBB morphology (2).

Furthermore, significant attempts were made in order to

appropriately select the ideal candidates for CRT implantation,

and to predict HFrEF patients’ outcomes after CRT implantation

based on electrocardiographic parameters and different imaging

techniques (mainly echocardiography). However, the number of

CRT non-responders remains high, with a notable 30%–40% non-

responder rate (3), and with a high variability of the response as

well (4), and none of these measures increased the responder rate

(5) or predict major adverse cardiovascular events (MACEs).

Nevertheless, the suggested parameters were deemed insufficiently

sensitive or specific (6) to decrease non-response, resulting in

unnecessary pacing and elevated mortality rates in HFrEF

patients. Consequently, the aim of this article is to provide a state-

of-the-art review on the role of cardiac imaging for selecting,

optimizing and predicting CRT response and outcome in HFrEF

patients, from the basic principles of evaluating cardiac

dyssynchrony, to the role of advanced multi-modality imaging.
2 Pathophysiology and types of
dyssynchrony

The main determinant of the CRT response is the degree of

LV dyssynchrony (7), playing a crucial role in the development

and progression of HF due to its effects on the systolic and

diastolic LV function, and right ventricular (RV) and left atrial

(LA) function as well (8–10). Cardiac dyssynchrony encompasses

both electrical and mechanical dyssynchrony. The electrical

component is characterized by prolonged conduction time in

the ventricles, manifesting as an increased QRS duration. In

contrast, the mechanical one involves the discordant mechanical

coordination, often marked by simultaneous contraction and

stretching in various segments of the LV, with delays in the time

to peak contraction from one segment to another. From another

point of view, cardiac dyssynchrony types cand be classified in

atrioventricular, interventricular, and intraventricular (11). The

atrioventricular dyssynchrony impacts ventricular diastolic filling,

because of the initiation of the ventricular contraction while

still in the diastolic period, resulting in mitral regurgitation (12),

a shortened ventricular filling time, and ultimately, atrial systole

occurring during the early passive filling phase (13). The

interventricular and intraventricular dyssynchrony have a greater

impact on the ventricular pump function, and characterize the

electro-mechanical alterations found in patients with LBBB, and

their hemodynamic consequences manifest as a reduction in

stroke volume, diminished stroke work, higher LV pressure, and

an increase in LV end-systolic wall stress (14). The presence and

degree of echocardiographic mechanical dyssynchrony before

CRT proved to be a significant predictor of long-term survival,

and patients who experienced resolution of mechanical

dyssynchrony within the 12 months following CRT exhibited the

most favorable outcome (15).
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3 Definition, types and sex differences
in CRT response

While CRT non-responders display some of the worst outcomes

in the HF population, the concept of a CRT responder should

be applied with caution. While response typically refers to

an improvement in cardiac size or function and/or clinical

improvement based on symptoms, the specific measures used

assess it vary across studies, and there is no universal consensus on

a clear definition to what CRT response is (16, 17). Several clinical

endpoints such as New York Heart Association (NYHA) functional

class, quality of life scores, and exercise capacity measured by the

6-minute walking distance, along with the hemodynamic response

and echocardiographic increase in LVEF or reduction in LV size,

and outcome measures assessment have been used to assess

the effectiveness of CRT and define responders (18). However,

while a 15% reduction in LV end-systolic volume (ESV) and an

increase in LVEF of 5% are commonly accepted markers of

CRT success (19), it may not uniformly apply across patients

subgroups, because of the underlying myocardial damage and

limited potential for reverse remodeling in ischaemic

cardiomyopathies, in which it might represent a clinically

significant improvement, in contrast to patients with a non-

ischaemic etiology of HF where greater reversibility is often

expected. This highlights the need for a more nuanced approach to

evaluating CRT response that incorporated factors such as etiology

of HF, sex differences, baseline ventricular function, and other

clinical conditions, as a one-size-fits-all criterion may not be

appropriate for every patient (20). Moreover, while certain

conditions such as ischemic cardiomyopathy, atrial fibrillation,

non-LBBB QRS morphology are linked to poorer clinical outcomes

or less favorable LV reverse remodeling (20), the influence of sex

on CRT response has only been hypothesized until recently. Cheng

et al. performed a meta-analysis on 72 studies comprising 33,434

patients and found that women experienced greater reduction in

the risk of all-cause mortality, cardiac death, HF hospitalization

after CRT compared to men, along with consistently stronger

echocardiographic evidence of reverse remodeling (21). The

possible explanation of why women with LBBB QRS morphology,

particularly if the QRS duration is 130–149 ms, show a significantly

better response to CRT than men (22), is represented by the

sex differences in LV size, as smaller LV size in women accounts

for a lower QRS duration threshold in women for CRT benefit

(23). Moreover, the presence of LBBB and non-ischemic

cardiomyopathy is higher in women, while the prevalence of an

ischemic etiology is higher in men, together with non-LBBB

conduction abnormalities, a history of atrial tachyarrhythmias,

several comorbidities such as chronic pulmonary obstructive

disease (24), diabetes and renal dysfunction (25).
4 Electrocardiography

The use of 12-lead electrocardiograms (ECGs) has greatly

enhanced the understanding of ventricular conduction abnormalities,
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and represents the basis of electrical dyssynchrony evaluation.

Currently, the CRT implantation in HF class I and II indications

according to clinical practice guidelines are established based on the

QRS duration and morphology (2). However, one of the main

limitations in selecting the CRT recipients based on the ECG is a

large variability of LBBB definition depending on the criteria used

(26). Moreover, the prevalence of LBBB morphology identification

in the general CRT population differs widely—from 29% according

to the American Heart Association/American College of

Cardiology/Heart Rhythm Society (AHA/ACC/HRS) definitions

(27), to 47% using European Society of Cardiology (ESC) criteria

(28), and to 61% according to Strauss et al. (29). The robustness of

the association between LBBB morphology of the QRS and

outcomes after CRT varies based on the ECG classification used

for defining it, with the simplest ones showing the strongest

correlations with the clinical endpoints (30). Yet, even more notable

is the absence of a significant correlation between QRS complex

morphology and CRT outcomes as reported by a meta-analysis

of 3,782 patients including five major randomized CRT trials

(CARE-HF, RAFT, MIRACLE, MIRACLE-ICD, and LBBB

REVERSE) (31). These findings contrast with the previously held

belief that patients with LBBB were most favorable candidates for

CRT, a view supported by the results of a large meta-analysis that

included 6,523 patients from five trials (COMPANION, CARE-HF,

MADIT-CRT, RAFT and REVERSE) which further emphasized

that CRT did not improve the outcome of death and/or

hospitalization for HF in non-LBBB morphology (32).
TABLE 1 The main echocardiographic parameters used for the evaluation of

Index Method Advantages
SPWMD ≥130 ms M-mode color

TDI
• No need for advanced technical

specifications
• Easy to apply
• Widely available

• Infl
or

• Aff

DFT/RR ≤40% PW Doppler • Marker of global myocardial
performance

• Sig
rate

IVMD ≥40 ms PW Doppler • No need for advanced technical
equipment or software

• Widely available
• High reproducibility

• Infl
con

Basal septal-to lateral
wall delay ≥65 ms

Color DTI Ts • Easy to apply
• Analysis can be conducted

offline

• Infl
or

Maximum difference in
Ts ≥100 ms

Color DTI Ts • Analysis can be conducted
offline

• Enhanced identification of
longitudinal dyssynchrony

• Infl
or

Dyssynchrony index/Yu
index ≥33 ms

Color DTI • Analysis can be conducted
offline

• Enhanced identification of
longitudinal dyssynchrony

• Infl
or

SDI ≥8.3% RT3DE • Angle-independent assessment
of regional and global
deformation

• Assesses dyssynchrony with a
single aquisition

• Low
• Lon

nee
• Req
• No

CRT, cardiac resynchronization therapy; DFT, diastolic filling time; IVMD, inter-ventricular mech

three-dimensional echocardiography; RV, right ventricle; SDI, systolic dyssynchrony index; SPW

velocities in the slowest of 6 basal LV segments.

Frontiers in Cardiovascular Medicine 0373
On the other hand, vectorcardiography offers a three-

dimensional view of the heart’s electrical vectors, providing

additional information on the direction and magnitude of

electrical forces. This can be particularly useful in cases where

the standard ECG morphology is ambiguous or when assessing

complex conduction disturbances (33). Another difficulty is

represented by the non-LBBB patients since they cannot be

treated as a single, homogenous group, other ECG parameters

being particularly useful in this group of CRT candidates. The

QRS area measured on the baseline 12-lead ECG was strongly

associated with the clinical response and LV reverse-remodeling

after CRT in both LBBB and non-LBBB patients with QRS

≥150 ms, and had better prognostic value compared to QRS

morphology and duration (34). Finally, a reduction in QRS area

after CRT is linked to lower mortality rates (35).
5 Echocardiography

Echocardiography remains the main imaging method

used for selecting the patients that might benefit the most from

CRT implantation, and for device optimization (36). However,

the use of cardiac imaging to assess mechanical dyssynchrony is

recommended only in patients with large QRS (>130 ms) as the

Echo-CRT trial indicated potential harm when used as a

criterion for CRT in patients with a QRS duration <130 ms (37).

Table 1 provides a summary of the main echocardiographic
cardiac dyssynchrony.

Disadvantages Prognostic value
uenced by passive movements
wall tethering
ected by akinetic segments

• Predictive of reverse remodeling and
improvement in heart failure status

nificantly influenced by heart • Its increase after CRT reflects favorable reverse
remodeling and is associated with better clinical
outcomes

uenced by both LV and RV
traction and relaxation

• Good feasibility and reproducibility
• Predicts survival and CRT response

uenced by passive movements
wall tethering

• Highly predictive for both clinical and
echocardiographic response after CRT

uenced by passive movements
wall tethering

• Highly predictive for both clinical and
echocardiographic response after CRT

uenced by passive movements
wall tethering

• Independently associated with long-term
prognosis after CRT

• Useful risk-stratification tool

er spatial resolution
ger learning curve and the
d for an experienced user
uires offline analysis
t widely available

• Conflicting data regarding its prognostic value

anical delay; LV, left ventricle; PW, pulsed-wave; RR, cardiac cycle duration; RT3DE, real-time

MD, septal to posterior wall delay; TDI, tissue doppler imaging; Ts, time to peak systolic
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parameters used for the evaluation of cardiac dyssynchrony, as well

as their advantages, disadvantages and clinical usefulness.
5.1 M-mode, Doppler and two-dimensional
echocardiography

LV intraventricular dyssynchrony can be evaluated by M-mode

echocardiography using a simple index of septal to posterior

wall motion delay (SPWMD), with a cut-off value of >130 ms

identifying the patients with a more favorable outcome after CRT

(38). The value of SPWMD was first demonstrated by Pitzalis et al.

more than 20 years ago in a study on 20 patients, showing that a

SPWMD of >130 ms and a QRS duration of >150 ms correlated

with a positive response to CRT, defined as a >15% reduction in

LV ESV index in 79% of the patients (39). A SPWMD of ≥130 ms

furthermore predicted the improvement in LVEF and was

associated with a lower risk of clinical worsening after CRT (40).

This led to SPWMD emerging as a reliable prognosticator of

LV reverse remodeling following CRT implantation. However,

the feasibility and reproducibility of SPWMD measurements are

limited according to a retrospective analysis of the CONTAK-CD

trial which included 79 patients with HFrEF (EF 22 ± 7%,

QRS duration 159 ± 27 ms). Furthermore, greater SPWMD values

did not correlate neither with the six-month change in LV end-

diastolic volume (EDV) and ESV index or LVEF, nor with any

markers of clinical improvement, and no significant differences

in SPWMD values were found between CRT responders and
FIGURE 1

The evaluation of the three types of mechanical dyssynchrony by Doppler
dyssynchrony as the diastolic filling time relative to cardiac cycle duration (
ejection time (B), and RV pre-ejection time (C) Tissue Doppler Imaging e
wall delay (D) Representation of septal flash and apical rocking (E and F). LV
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non-responders (41). Therefore, the utility of M-mode evaluation of

LV dyssynchrony is supplemental to other echocardiographic

modalities, and should not be used alone.

Pulsed-wave (PW) Doppler echocardiography is used for the

assessment of all atrioventricular, inter- and intra-ventricular

dyssynchronies. Atrioventricular (AV) dyssynchrony is objectivated

by a reduced diastolic ventricular filling time, measured by PW

Doppler at the level of the mitral valve leaflets’ tips between the

onset of the E wave and the end of the A wave, and normalized as a

percentage of the cardiac cycle (Figure 1A). A LV filling time <40%

indicated significant AV dyssynchrony (42). It can be used only

in sinus rhythm and results either from an abnormal delay

between the end of atrial systole and onset of ventricular systole in

case of a long PR interval, or from a prolonged and abnormal

intraventricular conduction (43). Parsai et al. hypothesized that the

identification of all types of dyssynchrony would better determine

the CRT responders, and conducted a study on 161 patients

investigated before and after CRT. They propose an algorithm that

includes the identification of 4 subgroups of mechanisms: the

presence of true dyssynchrony as SF, impaired diastolic filling with

either short or long AV delay, and exaggerated LV-RV interaction.

The CRT clinical response depended on correcting the underlying

mechanisms involved in the development of HF, and solely relying

on the assessment of LV dyssynchrony failed to identify 40%

of responders (44).

Empirically, the interventricular dyssynchrony was considered

the interventricular mechanical delay (IVMD), calculated as a

difference between LV pre-ejection interval (Figure 1B), and RV
echocardiography. Pulsed-wave Doppler assessment of atrioventricular
A); and interventricular dyssynchrony as the difference between LV pre-
valuation of intraventricular dyssynchrony as the basal septal to lateral
, left ventricle; RV, right ventricle.
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pre-ejection interval (Figure 1C) of more than 40 ms. LV and RV

pre-ejection intervals are measured by PW Doppler, from the

onset of the QRS complex and, respectively, the initiation of aortic

and pulmonary ejection flows (45). Several studies confirmed the

association between the IVMD and a favorable response to CRT.

In the SCART Study Achilli et al. found that an IVMD >44 ms

independently predicted the response (46), while patients with

IVMD >49 ms benefited significantly from CRT in an analysis by

Richardson et al. of the CARE-HF trial (47). However, the IVMD

is considered to lack sufficient accuracy to be used for CRT

reponse in clinical practice according to the PROSPECT study (6).

More recently, as part of the CAVIAR response score developed

by the investigators of the MARC study, the vectorcardiographic

QRS area, IVMD and ApRock were strongly associated to

LV reverse remodeling after CRT (48). The MARC study, which is

the only prospective multi-modality biomarker study on CRT

response, provided significant insights into the effectiveness

of various echocardiographic criteria used, underscoring the

importance of combining different parameters to improve the

accuracy of CRT response prediction.

Intraventricular dyssynchrony can be evaluated by measuring

the prolongation of the LV pre-ejection interval, as well as that

of the contraction of either the septum or the left lateral wall

after aortic valve closure (49).

Similarly, RV dyssynchrony indices in CRT patients were

retrospectively evaluated. Adding the measurement of RV indices

provides incremental prognostic value compared to LV parameters,

with the highest sensitivity and specificity for RV deformation

synchrony and RV isovolumic contraction dyssynchrony. However,

they did not predict reverse remodeling after CRT (50). In contrast,

the non-invasive estimation of RV to pulmonary artery coupling

measured as the ratio between tricuspid annulus systolic excursion

and systolic pulmonary artery pressure (TAPSE/sPAP) predicted

both the response to CRT and LV reverse remodelling, andCRT

responders also had improved TAPSE/sPAP at follow-up (51, 52).

Moreover, in a large study on 807 CRT recipients followed-up

for a median time of 8 years, the rates of survival at 3 and

5 years were significantly lower in patients with a TAPSE/sPAP

<0.45 mm/mmHg, showing poorer long-term outcomes in CRT

patients with RV to pulmonary artery uncoupling (53).

While the impact of CRT on the diastolic function remains a

topic of debate (54), certain prospective studies have indicated

that a favorable filling pattern and a less enlarged LA at baseline

are more likely to correlate with positive LV remodeling

following CRT (55). Moreover, a lack of reduction in mean LV

filling pressures after CRT was associated with a negative

response (56). Grade I LV diastolic dysfunction lead to a better

prognosis compared to grade II or III (54). Nonetheless, a

smaller LA volume index per one unit of standard deviation

below the mean predicted LVEF super-response after CRT (57).

Tissue Doppler Imaging (TDI) is essential for the accurate

determination of the amplitude, timing of onset, and peak systolic

and diastolic velocities in correlation with the ECG signal. PW

TDI is useful for measuring the electromechanical delay (58, 59),

and the electro-systolic delay (60), from the beginning of the

QRS interval to S wave onset, and to peak systolic contraction,
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respectively. Additionally, color TDI loops can be recorded and

subsequently analyzed offline as reconstructed signals, in order to

overcome the well-known limitations of PW TDI. The color-

coded TDI has been the method of choice for assessing

dyssynchrony by echocardiography for many years (61). The

dyssynchrony indices obtained by color TDI are basal septal to

lateral wall delay (Figure 1D), maximum time to peak systolic

velocity in the slowest of 6 basal LV segments, as well as the Yu

index which integrates data from the 3 apical LV views and

represents a 12-segment model (62). While Bax et al. elegantly

demonstrated that the degree of LV dyssynchrony predicted the

clinical response and LV remodeling after CRT, with a cut-off

value of 65 ms for the opposite wall delay (63), a Yu index or

mechanical dyssynchrony index ≥33 ms managed to predict LV

remodeling in patients with a QRS duration >150 ms with a

sensitivity of 100% and specificity of 78% (64). An alternative

approach to the Yu index is calculating the time to peak systolic

velocity in all the segments, for which a value ≥100 ms is

predictive of the CRT response (61). However, the 12-segment

model has higher variability and the disadvantage of being more

technically challenging (65).

Myocardial strain imaging derived by TDI offers widely-used

diagnostic tools, potentially enhancing patient selection for CRT.

Currently, several strain parameters are used as clinical indicators of

CRT response, the most frequently used parameter being the

delayed longitudinal contraction or post-systolic shortening, defined

as more than 30% of 12 LV segments contracting after aortic valve

closure (62). Also, recent data showed that end-systolic septal strain

strongly correlates with favorable reverse remodeling following

CRT, regardless of the assessment technique employed. Utilizing

any strain imaging technique to measure end-systolic septal strain

offers additional predictive value beyond existing guideline criteria

(66), yet TD strain imaging poses the well-known limitations

of Doppler angle dependency and technical difficulties in patients

with spherical LV geometry. Nonetheless, Yu et al. identified

time to peak myocardial contraction as the strongest predictor of

LV reverse remodeling (67) Finally, TD strain-imaging derived

mechanical dispersion refers to the variation in the timing of

myocardial contraction across the different LV segments. It is

calculated as the standard deviation of time-to-peak contraction of

these segments, with a higher mechanical dispersion index

indicating more dyssynchrony. While newer techniques (i.e.,

speckle-tracking echocardiography) are increasingly used for

assessing mechanical dispersion due to their higher spatial

resolution and ability to provide more detailed, angle-independent

measurements, the TDI-derived mechanical dispersion index

remains a reliable and widely accessible parameter, and a strong

predictor of outcomes in CRT recipients (67).

Echocardiographic and Doppler imaging methods remain the

foundation of mechanical dyssynchrony assessment as a key factor

for determining CRT eligibility, even though the results of the

PROSPECT study taught that the complexity of the technical issues

impact their feasibility and reproducibility, and no ideal method

exists (65). However, since PROSPECT, several advancements in

cardiac imaging (speckle-tracking echocardiography, three-

dimensional echocardiography, cardiac magnetic resonance) have
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improved the accuracy and reliability of assessing dyssynchrony and

overall cardiac function, reinforcing the expanding role of cardiac

imaging in CRT.
5.2 Visual assessment of apical rocking and
septal flash

Both ApRock and SF occur as a consequence of the mechanical

dyssynchrony secondary to the LBBB (15), and their superiority

over conventional parameters has already been demonstrated

in several prospective observational studies (68, 69). ApRock

(Figures 1E,F) is characterized as an initial septal contraction in

the LV isovolumic contraction period which results in a short

inward motion of the septum and causes the apex to move

septally. Next, the delay in the activation of the lateral wall pulls

the apex laterally during the ejection time while stretching the

septum (68, 70). SF is caused by an initial thickening/thinning

of the septum during isovolumic systole (Figure 1E). This

phenomenon can also be easily identified using M-mode

echocardiography in the parasternal long-axis view or tissue

Doppler imaging in both the short and long parasternal long-axis

views (71), while a low-dose dobutamine administration may

help unmasking the SF in a minority of challenging cases (72).

The visual assessment of ApRock and SF is relatively easy and

reproducible, and they should be used frequently in selecting CRT

candidates because of their prognostic value. However, while their

presence is associated with a favorable outcome in patients who

undergo an upgrade from regular pacing to CRT, as well in

patients with a QRS duration of less than 150 milliseconds (42),

also having additional value in predicting long term major

cardiac events (73), the accurate recognition of SF and ApRock

in candidates for CRT is heavily dependent on the expertise of

the echocardiographer (74).
5.3 Speckle tracking echocardiography
(STE) and LV myocardial work

Mechanical dyssynchrony, rather than electrical dyssynchrony,

serves as the primary predictor of responsiveness to CRT. On one

hand, electrical dyssynchrony, evaluated by QRS duration on an

ECG, may be less reliable due to scar-related moderate QRS

enlargements that may not correspond to significant mechanical

dyssynchrony. This phenomenon is especially noticeable among

patients with an ischemic etiology of HF, in which several

myocardial segments have delayed contraction, often attributed to

scar tissue formation. On the other hand, scar tissue or fibrosis,

resulting in reduced or lack of contractile reserve, influence

CRT response. However, relying solely on time-delay indexes

for identifying responders is inherently limited since it does

not consider residual myocardial contraction. Accordingly,

comprehensive echocardiographic evaluations of both LV

mechanical dyssynchrony (Figures 2A–C) and contractile function,

providing insights into myocardial viability and scar tissue burden,

can now be conducted reliably and independently of imaging angles
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through the application of STE (75, 76). Delgado et al. proved that

combining the LV radial dyssynchrony with the radial strain of the

LV segment corresponding to the LV lead placement (with values

<16.5% indicating a myocardial scar with >50% transmurality as

validated by cardiac magnetic resonance), and placing the LV lead

in the latest activated segment defined as concordant lead position

predicted the long-term survival in a large cohort of ischemic

HF patients (77). These three parameters provided additional

prognostic value beyond that offered by clinical parameters alone.

However, radial dyssynchrony cannot be used in patients with a

history of septal infarction.

LV global longitudinal strain (GLS) is a more reliable indicator

of LV systolic performance compared to LV EF, simultaneously

predicting cardiac events in CRT recipients (75). Greater baseline

LV GLS values, and significantly higher LV GLS values at follow-

up were found in CRT responders compared to non-responders

(76). Moreover, 2D STE can identify the significant activation

delay typical of a true LBBB, patients without the typical LBBB

contraction pattern facing a threefold increase in the risk of

adverse outcomes following CRT implantation (78). Another

important index derived from STE is LV mechanical dispersion.

Van der Bijl et al. demonstrated that greater LV mechanical

dispersion at 6 months post-CRT predicted all-cause mortality

and higher arrhythmic risk, independent of the clinical response

and LV reverse remodeling, while baseline dispersion did not

impact the outcome (79). However, LV mechanical dispersion

does not differentiate between an ischaemic and conduction

disturbance substrate, since it is common to observe the reduced

systolic shortening and post-systolic shortening in the scarred

myocardium (80, 81), and accordingly, mechanical dispersion is

not currently recommended to be used for dyssynchrony

assessments (42).

Adding LA reservoir strain (Figure 2E) measurement to LV

GLS calculation is an useful tool for selecting CRT candidates,

and could potentially improve the risk stratification in patients

undergoing CRT implantation. Furthermore, higher LA reservoir

strain at baseline correlates with a more significant LV

remodeling after CRT (82, 83). Nevertheless, although frequently

overlooked, right atrial (RA) remodeling, assessed as either RA

volume or RA strain (Figure 2F), has important prognostic value

in HF patients, including in those undergoing CRT (84, 85).

Strain delay index derived from longitudinal strain amplitude

measurements by two-dimensional STE is another reliable

predictor of CRT response, regardless of whether patients have

an ischemic or nonischemic etiology of HF (86).

Moreover, the non-invasive echocardiographic LV myocardial

work (Figure 2D) evaluation prior to CRT implantation has

emerged as a valuable technique for the identification of CRT

responders (87). Global wasted work and the average wasted

work measured at the level of the interventricular septum derived

from the echocardiographic LV pressure-volume loops had

higher values in CRT responders compared to non-responders,

and a significant reduction was observed after CRT implantation,

converging towards the values typical of a normal heart (88).

The prognostic value of septal wasted work for the response to

CRT may be enhanced by combining it with the LV wall motion
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FIGURE 2

Two-dimensional speckle-tracking analysis of segmental left ventricular myocardial deformation showing the intraventricular dyssynchrony in the
apical 4-chamber (A), 2-chamber (B) and 3-chamber (C) views. Myocardial work analysis showing increased GWW, and regional WW at the level
of the septum, and low GWI, GCW and GWE (D) Left atrial strain analysis (E) and Right atrial strain analysis (F) showing reduced values in a patient
with left ventricular dyssynchrony and left bundle branch block. GCW, global constructive work; GWE, global work efficiency; GWI, global work index.
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score. The LV lateral wall to septal work difference alone had

predictive value comparable to visual assessments of

dyssynchrony, and combining it with septal scar evaluation by

CMR significantly enhanced the accuracy of predicting CRT

response (89). Finally, an effective parameter for the prediction

of long-term reverse remodeling involves examining the

redistribution of myocardial work between the septal and lateral

LV walls following CRT implantation (90).

While the existing evidence on these echocardiographic

parameters may not be robust enough to solely guide treatment

decisions, routine analysis of myocardial work parameters should

be integrated into the patient selection process because of their

demonstrated value in selecting patients that might benefit from

CRT, and an integrative approach might enhance the selection of

suitable CRT candidates (91).
5.4 Three-dimensional (3D)
echocardiography

Due to the intricate spatial orientation of LV myocardial fibers,

and its simultaneous contraction in various directions, LV

mechanics are recognized as a 3D phenomenon, and 3D

echocardiography provides its most accurate evaluation (92–94).

Despite the less encouraging outcomes reported in the PROSPECT

trial (6), there is a growing interest in employing advanced

echocardiography to identify patients who would benefit from CRT

(93). The main additional value of 3D echocardiography is that it

enables simultaneous comparison of synchrony across LV segments

within the same cardiac cycle. An essential parameter derived from

3D echocardiography is the systolic dyssynchrony index (SDI) (95).
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The SDI represents the standard deviation of the average time

intervals necessary for every LV segment to reach their minimum

end-systolic volume. Expressed as a percentage of the entire cardiac

cycle, this index is useful for comparing patients with different heart

rates. Those with normal cardiac function demonstrate well-

synchronized segmental function. Importantly, individuals who

respond positively to CRT exhibit a significant reduction in SDI,

corresponding to decreases in LV end-diastolic volume and

increases in EF (96). Apart from SDI, various metrics obtained

from 3D speckle-tracking echocardiography — namely, longitudinal

strain (Figure 3), radial strain, circumferential strain, and, more

recently, area strain — have been proposed for assessing myocardial

mechanical dyssynchrony (97).
6 Cardiac magnetic resonance (CMR)

The utilization of cardiovascular magnetic resonance (CMR)

imaging for HF evaluation is being used increasingly. This trend

reflects the numerous appealing attributes of CMR in contrast to

echocardiography, including enhanced tissue characterization,

superior spatial resolution, and the absence of imaging limitations

related to patient orientation and overlapping structures.
6.1 Tissue scar, myocardial viability and
myocardial dyssynchrony evaluation

Evaluating the magnitude and location of the myocardial scar

tissue by the use of late gadolinium enhancement (LGE) plays a

crucial role (Figure 4), together with the evaluation of different LV
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FIGURE 3

Three-dimensional speckle-tracking analysis of left ventricular global longitudinal strain.

Stoiculescu et al. 10.3389/fcvm.2024.1406899
contraction patterns (3). The identification and characterization of

scar patterns is particularly valuable in predicting the clinical

response in LBB pacing for CRT (98).

In patients with nonischemic dilated cardiomyopathy, significant

myocardial fibrosis and reduced circumferential dyssynchrony at

CMR were independently associated with unfavorable response

and long-term events after CRT (99). On the other hand, in patients

with ischemic cardiomyopathy, the size and position of the

myocardial scar tissue significantly affect the response to CRT in two

primary ways. Firstly, placing the LV pacing lead in scarred regions

correlates with less clinical and echocardiographic improvements.

Secondly, greater scar burden corresponds to reduced residual LV

contractility (74). A substantial scar extent (>33%) or high

transmurality (>51%) serve as unfavorable predictors for CRT

response. Interestingly, lateral wall scarring was less predictive of CRT

response than septal scarring. The presence of septal LGE, whether

ischemic or non-ischemic, is a robust indicator for predicting

non-response andunfavorable long-termoutcomes afterCRT (77, 100).

Furthermore, because mechanical dyssynchrony parameters

are affected by regional scarring, several CMR methods have

been developed for an adequate evaluation of dyssynchrony.

Endocardial contour tracking software, contraction propagation

maps, CMR-tissue synchronization indicesare some of the used

sequences and analysis techniques.
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This can be explained by the reduction in the typical LBBB

-induced septal motion pattern (101) due to the decreased

contractility of the lateral wall. The septum is thereby less

stretched and SF and ApRock are diminished (102). Recent

studies suggest that septal scar evaluation by CMR LGE together

with SF visual assessment by CMR cine sequences as a singular

imaging modality, together with other parameters such as

delayed aortic valve opening measured relative to both end-

diastole, and to pulmonic valve opening, or changes in septal-to-

LV free-wall curvature ratios provide further insights into

mechanical dyssynchrony, and accurately identify responders to

CRT, while also reliably predicting long-term survival (103). If

septal LGE is absent, the response rate remains outstanding,

regardless of the presence or absence of other parameters of

dyssynchrony. Conversely, if septal LGE is present without the

occurrence of SF, the likelihood of a favorable response to CRT

is significantly diminished, and if both septal LGE and SF are

present, patients could respond positively to CRT (69).

Finally, integrating scar data with non-contact endocardial

mapping to identify regions of slow conduction facilitates the

optimization of the hemodynamic response. Furthermore, the

combination of scar data with regional contractility patterns

proves to be more effective in predicting long-term remodeling

after CRT compared to standard echocardiography (104).
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FIGURE 4

Cardiac magnetic resonance late gadolinium enhancement sequences for the assessment of myocardial scar tissue/fibrosis in four patients with dilated
cardiomyopathy showing absence of LGE (A); localized LGE at the level of the inferior intraventricular septum on the RV insertion point (B); midwall
linear fibrosis at the level of the intraventricular septum commonly known as “septal stripe” LGE, and at the level of the RV insertion points (C); and
subendocardial antero-septal and anterior wall LGE (D) types B and C LGE pattern are typically found in patients with genetic/idiopathic etiologies of
dilated cardiomyopathies, while pattern D suggests an ischaemic etiology. LGE, late gadolinium enhancement; RV, right ventricle.
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Accordingly, CMR evaluation plays a crucial role for selecting

CRT candidates, predicting cardiac remodeling and patients’

outcomes after CRT implantation, additionally identifying the

regions that should be avoided during the lead placement

process. CMR is useful in establishing the indication for adding

an implantable cardiac defibrillator (ICD) to CRT (CRT-D) for

primary sudden cardiac death prevention (105), which might be

particularly important as demonstrated by the findings from the

MADIT-CRT study (106). In patients with mildly symptomatic

HFrEF [classified as New York Heart Association (NYHA) class

I or II if ischemic, and NYHA class II if non-ischemic], with an

LVEF of 30% or lower, and a QRS duration of 130 ms the

prophylactic treatment with CRT-D significantly lowers the risk

(including mortality) in comparison to solely receiving an
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ICD (107). Lastly, the importance of using CMR together with

cardiac computed tomography for creating detailed anatomical

maps together with a thorough understanding of the ventricular

anatomy, including the identification of structural abnormalities

as part of the pre-procedural planning are crucial for precise lead

placement in conduction system pacing (108).
6.2 Other CMR-derived measurements

Apart from myocardial scar and viability evaluation by

CMR, greater CMR-derived circumferential uniformity ratio

estimate used to quantify LV mechanical dyssynchrony by

measuring LV segments contraction and stretch as negative, positive
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circumferential strain, respectively (109), was associated with a more

favorable response and survival in female HF CRT patients (110).

Nonetheless, both LA size and function (reservoir and booster

function) (111), as well as RV function (RVEF, with a cut-off value

of 55%) (112) predicted CRT response and LV reverse remodeling.
6.3 Four-dimensional (4D) flow CMR

Hemodynamic force (HDF) analysis of LV blood flow is a novel

indicator of cardiac function that offers distinctive insights into the

relationship between the ventricular movement and the resulting

blood flow patterns, identifying HF patients with LBBB who

are unlikely to benefit from CRT. Although not commonly used

in clinical practice, it offers significant advantages in the

comprehensive hemodynamic evaluation since it allows the

assessment of complex flow dynamics in all three spatial dimensions

over time. LV HDF represent the collective forces exchanged

between the blood pool and the surrounding myocardium, which

arise from the cumulative pressure gradients within the LV (113). In

healthy hearts, LV HDF primarily align in the longitudinal

direction, and an elevated ratio of transverse to longitudinal HDF

suggests an aberrant blood flow pattern (114). CRT responders have

higher inferior-anterior systolic and apex-base diastolic HDF (115).

The short-axis to long-axis 4D filling HDF ratio, an indicator of

the deviation of the LV hemodynamic forces from the main flow

direction, was higher during the initial diastolic filling phase in

patients with dyssynchronous LV relaxation (LBBB patients)

compared to age, gender, heart rate, and LV characteristics

matched non-LBBB patients (116). However, LV HDF are

influenced by conditions that lead to changes in LV inflow

directions such as mitral valve dysfunction or prosthetic valve

replacement, as well as significant regional wall motion

abnormalities resulting from myocardial infarction. Consequently,

HDF analysis may offer supplementary insights for the

personalized evaluation of patients suitable for CRT.
7 Single-photon emission computed
tomography (SPECT)

In cases when CMR is unavailable or contraindicated, SPECT

may be used for myocardial scar tissue and viability evaluation in

CRT recipients, and their identification has been linked to both

CRT response and prognosis. Perfusion defects in the septal and

apical segments that arise from relative hypoperfusion in the

septal region compared to the lateral wall in the presence of

LBBB, and in the absence of coronary artery lesions can also be

detected by SPECT (117, 118).
8 Conclusions

A multiparametric evaluation is key for the personalized

evaluation of HF patients undergoing CRT, and integrating
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multimodality cardiac imaging techniques has the potential to

improve outcomes and reduce the number of non-responders.

Echocardiography remains essential in evaluating cardiac

dyssynchrony, with advanced techniques like speckle-tracking

echocardiography and three-dimensional echocardiography

improving patient selection. Cardiac magnetic resonance imaging

provides complementary information on myocardial scar tissue,

aiding in predicting CRT response and guiding lead placement.

Finally, emerging modalities such as four-dimensional flow CMR

offer novel perspectives on LV hemodynamic forces and LV

blood flow patterns, potentially further refining the identification

of suitable CRT candidates.
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Anatomical characteristics of
mitral isthmus and its spatial
relationship with the esophagus
in patients undergoing atrial
fibrillation ablation using CT
angiography
Yilin Pan1,2, Hong Zeng1, Xin Liu1, Xiaohang Fu1, Liyuan Pan1 and
Yanjing Wang3*
1Department of Cardiology, China-Japan Union Hospital of Jilin University, Changchun, China,
2Department of Critical Care Medicine, Beijing Anzhen Hospital, Capital Medical University, Beijing,
China, 3Department of Radiology, China-Japan Union Hospital of Jilin University, Changchun, China
Background: This study examines the anatomical characteristics of the mitral
isthmus (MI) and its spatial relationship with the esophagus in patients undergoing
atrial fibrillation ablation, using cardiovascular computed tomographic angiography
(CTA). Understanding this relationship is crucial to minimize the risk of esophageal
injuries during ablation procedures.
Methods: The investigation included 300 participants, divided into 200 subjects
in the experimental group undergoing atrial fibrillation ablation and 100 in the
control group. Detailed CTA scans were used to assess the MI’s structure and
proximity to the esophagus, employing various measurements like the MI’s
endocardial length, depth, and its relation to adjacent esophageal anatomy.
Results: The study revealed significant differences in the MI’s length and distance
measurements between the experimental and control groups, with the former
showing greater dimensions, potentially influencing ablation strategies.
A substantial proportion of patients exhibited close proximity or direct contact
between the MI and the esophagus, emphasizing the importance of pre-
procedural imaging in identifying risks for esophageal damage.
Conclusions: Pre-procedural cardiovascular CTA provides essential insights into
the MI’s anatomical details and its relation to the esophagus, aiding in the
customization of ablation strategies to enhance procedural safety and efficacy.
The findings highlight the significance of tailored imaging assessments to
mitigate esophageal injury risks in atrial fibrillation ablation.

KEYWORDS

atrial fibrillation, ablation, mitral isthmus, esophageal injury, CT angiography
Abbreviations

AF, atrial fibrillation; AEF, atrio-esophageal fistula; CTA, computed tomographic angiography; EAT,
epicardial adipose tissue; HDL-C, high-density lipoprotein cholesterol; ICC, intraclass correlation
coefficient; LA, left atrium; LDL-C, low-density lipoprotein cholesterol; LIPV, left inferior pulmonary
vein; MI, mitral isthmus; PFA, pulsed-field ablation; TC, total cholesterol; TG, triglycerides.

01 frontiersin.org84

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2025.1461744&domain=pdf&date_stamp=2020-03-12
mailto:Wangyanjing@jlu.edu.cn
https://doi.org/10.3389/fcvm.2025.1461744
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1461744/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2025.1461744
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Pan et al. 10.3389/fcvm.2025.1461744
1 Introduction

Atrial fibrillation (AF) is the most prevalent clinical arrhythmia

(1). Catheter ablation has emerged as a standard and effective

treatment strategy for AF, demonstrating marked superiority over

antiarrhythmic drugs in improving clinical symptoms, and

enhancing the overall quality of life (2–6).

For patients with persistent AF, the guidelines recommend

performing pulmonary vein isolation and considering additional

ablation targeting the sustaining substrate of AF (7, 8). The

mitral isthmus (MI), located between the left inferior

pulmonary vein (LIPV) and the mitral annulus, is a prevalent

site for additional linear ablation in AF cases. Given the

proximity of the MI region to crucial anatomical structures

such as the esophagus, pulmonary arteries and airways,

understanding its unique anatomical and morphological

variations is imperative.

Atrio-esophageal fistula (AEF) is a rare but severe complication

associated with AF radiofrequency ablation procedures. The

incidence of AEF is reported to be between 0.1% and 0.04% per

ablation procedure (9, 10). However, its manifestation is almost

universally fatal, with mortality rates nearing 100% (11, 12). The

pivotal element contributing to esophageal injury is the

anatomical proximity between the esophagus and the left atrium

(LA). Due to this intimate anatomical relationship, ablative

energy may permeate the left atrial muscle, causing detrimental

effects on the esophageal wall (10). When performing additional

linear ablation of the MI—which initiates at the mitral annulus

and terminates near the posterior wall of the LA, adjacent to the

LIPV—the risk of esophageal injury is significantly increased due

to the close spatial relationship between the MI and the esophagus.

Currently, left atrial computed tomographic angiography

(CTA) is routinely used in preoperative assessments for patients

scheduled for AF ablation. This study used CTA to examine the

anatomical details of the MI and its spatial relationship with the

adjacent esophagus in patients undergoing AF ablation. The aim

was to enhance the understanding of the MI ablation line and its

anatomical interrelation with the adjacent esophagus before AF

ablation. This enhanced insight might assist operators in

choosing appropriate ablation techniques and energy settings,

ultimately aimed at minimizing the risk of postoperative

esophageal injury complications.
2 Methods

2.1 Patient selection and criteria

This study encompassed 200 patients consecutively enrolled

between July 2020 and December 2021 in the Cardiovascular

Department of China-Japan Union Hospital of Jilin University.

All participants in the experimental group (AF group) underwent

radiofrequency ablation. The control group comprised 100 non-

AF individuals who also underwent CTA.

The following are the exclusion criteria for the patients:
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(1) Patients with esophageal tumors or other conditions that

could lead to significant esophageal dilation or thickening.

(2) Patients with a dilated esophagus, defined as an

esophageal diameter greater than 20 mm at any level on

CTA. To avoid normal variations in the esophageal

lumen, such as those caused by recent food or liquid

intake, all patients were instructed to fast for at least 6 h

before undergoing CTA.

(3) Patients with pulmonary vein anomalies, including common

pulmonary veins or pulmonary veins with three or more

branches, as identified by CTA.

The study was approved by the Ethics Committee of the China-

Japan Union Hospital of Jilin University (approval number:

2023122704), and conducted in accordance with the Declaration

of Helsinki. Confidentiality of patient data was strictly

maintained throughout the research.
2.2 Data acquisition and analysis

The study employed a third-generation dual-source CT

(SOMATOM Force, Siemens, Germany), incorporating both

respiratory and electrocardiogram gating. A retrospective

electrocardiogram-gated scanning approach was deployed, using

iohexol (Omnipaque, 370; 100 ml, GE Healthcare Inc., USA) as

the contrast medium. Patients were positioned supine and

interfaced with a dual-barrel high-pressure injector. For scan

localization, patients were aligned foot-first with arms elevated,

holding their breath. The positioning line was established 1.0 cm

above the tracheal bifurcation to the cardiac diaphragmatic

surface. The high-pressure injector facilitated the intravenous

administration of 70 ml of the contrast agent through the right

cubital vein at a flow rate of 4.5 ml/s, followed by a 50-ml flush

of normal saline at a consistent rate. The region of interest was

determined at the LA’s level, using an intelligent tracking system

to initiate scanning upon detecting a CT attenuation shift

to 100 HU.

The scanning parameters comprised a slice thickness of

0.625 mm, dual-energy scanning tube voltages of 90 and

Sn150 kV, an effective current of 280 mAs, a tube rotation time

of 0.33 s, and a pitch ranging from 0.16 to 0.2.

Data measurements were performed by an independent

observer with over 10 years of training and experience in

interpreting CTA images. To assess the reliability of the

measurements, inter-observer and intra-observer reproducibility

were evaluated as follows:For inter-observer reproducibility, a

second experienced independent observer performed repeated

measurements on the same 30 patients’ CTA images, using the

same methods and measurement standards. For intra-observer

reproducibility, the same observer performed a second round of

measurements on the same images to assess consistency over

time. Multiple pivotal parameters were diligently assessed for

meticulous quantification of the MI. The subsequent sections

delineate the specialized methods employed for these

precise measurements:
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(1) easurement of MI endocardial length:

The exact distance of the MI endocardial length was quantified

by measuring the distance (in millimeters) from the bottom of the

LIPV to the MI.

(2) easurement of MI linear distance:

Employing a consistent plane as used in the initial

measurement, the linear extension of the MI was ascertained (in

millimeters).

(3) Measurement of MI depth:

The depth of the MI was determined by measuring the distance

(in millimeters) from the specified point on the line from the

second measurement to the profoundest endocardial point of

the MI.

Depths ≤2 mm characterized the MI as linear, whereas depths

>2 mm designated the MI as curved, based on clinical observation

and anatomical experience (Figure 1).

A ridge-shaped MI is identified when the endocardial contour

prominently extends along a vertical line, forming a slender band

on the surface. Conversely, the pouch-shaped morphology

comprises the vestibule and the pouch, enhancing the granularity

of the anatomical characterization of the MI, as depicted

in Figure 2.

The spatial measurements of the MI were meticulously

captured using the post-processing techniques of multiplanar

reformation and volume rendering facilitated by CT, aiming to

assess its proximity to the surrounding esophagus. The

measurements were systematically recorded at three strategic

locations: the intersection of the upper end of the MI and the

LIPV (Level 1), the midpoint of the MI (Level 2), and the level

of the mitral annulus (Level 3) (Figure 3). Cross-sectional and
FIGURE 1

Linear and curved MI: (A) On the left is an illustration of a linear-shaped M
annotations are as follows: Ao, aorta; LA, left atrium; LIPV, left inferior p
length of MI; blue straight line, depth of MI.
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sagittal images, as illustrated in Figure 4, were utilized to

accurately determine the proximity of the MI to the esophagus at

these levels, providing a detailed assessment of their

spatial relationship.

The measurements were made to ascertain the minimal spatial

distances between the esophagus and the LIPV. Based on these

measurements, patients were stratified into two risk groups

according to the proximity of the esophagus to the LIPV: a high-

risk group (distance from the esophagus to the LIPV < 5 mm)

and a low-risk group (distance from the esophagus to the

LIPV≥ 5 mm). To further analyze the impact of age, patients

were also stratified into two subgroups based on age: age ≤65
years and age >65 years.
2.3 Statistical analysis

IBM SPSS Statistics 25.0 was utilized for statistical analyses.

Continuous variables underwent normality assessment using the

Kolmogorov–Smirnov test. Data adhering to normal distribution

were presented as mean ± standard deviation (x ± S), with group

comparisons via independent-sample or Welch’s t tests. Non-

normal continuous data were expressed as median[M (P25, P75)],

analyzed using the Mann–Whitney U test. Categorical data,

reported as frequencies or proportions, were evaluated using chi-

square, corrected chi-square, or Fisher’s exact tests. Pearson’s

coefficient analyzed correlations in normally distributed bivariate

data, while Spearman’s coefficient was applied to non-normal

variables. A p value <0.05 was considered statistically significant.

Both inter-observer and intra-observer reproducibility were

evaluated using the intraclass correlation coefficient (ICC), with
I, whereas (B) on the right is a depiction of a curved-shaped MI. The
ulmonary vein; S, spine; red curve, distance of MI; black straight line,
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FIGURE 2

Ridge-shaped and pouch-shaped MI: (A) The left image depicts a ridge-shaped MI, whereas (B) the right image illustrates a pouch-shaped MI. The
annotations are as follows: Ao, aorta; LA, left atrium; LIPV, left inferior pulmonary vein; S, spine; red curve, distance of MI.

FIGURE 3

Spatial measurements of MI and its proximity to the esophagus. The measurements were taken at three key locations: Level 1 (intersection of the
upper end of MI and LIPV) in image D, Level 2 (midpoint of MI) in image C, and Level 3 (level of the mitral annulus) in image B. The annotations
are as follows: Ao, aorta; LA, left atrium; LIPV, left inferior pulmonary vein; RIPV, right inferior pulmonary vein; S, spine; black solid line, MI distance
measurement; yellow solid line, distance from the three levels to the esophagus.
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FIGURE 4

Spatial relationship between MI and esophagus. The cross-sectional (A) and sagittal (B) images show direct contact between the bottom of the left
lower pulmonary vein and the esophagus (indicated by red lines). Right image: As the esophagus descends, the spatial distance between it and MI
gradually increases. Ao, Aorta; LA, left atrium; LIPV, Left lower pulmonary vein; LSPV, Left superior pulmonary vein; S, spine.

TABLE 1 Comparison of general information between two groups
of patients.

Pan et al. 10.3389/fcvm.2025.1461744
ICC values ≥0.75 indicating good agreement between

the observers.
AF group Control group P
n 200 100 –

Age (year) 62.63 ± 10.22 61.20 ± 14.24 0.370

Sex (men, %) 125 (62.5) 52 (52.0) 0.081

Smoking (cases, %) 60 (30.0) 32 (32.0) 0.723

Alcohol consumption (cases, %) 33 (16.5) 11 (11.0) 0.204

Hypertension (cases, %) 86 (43.0) 54 (54.0) 0.072

Diabetes (cases, %) 32 (16.0) 16 (16.0) >0.999

Coronary heart disease (cases, %) 92 (46.0) 57 (57.0) 0.072

TG (mmol/L) 1.31 (0.97–1.78) 1.36 (1.06–2.44) 0.097

TC (mmol/L) 4.42 (3.62–5.16) 4.40 (3.75–5.26) 0.659

LDL-C (mmol/L) 2.56 (1.95–3.28) 2.69 (2.09–3.28) 0.345
3 Results

3.1 Patient characteristics

The study included 300 participants divided into 2 groups: 200

in the AF group and 100 in the control group. A comparison

between the AF and control groups revealed no statistically

significant differences in demographic and clinical characteristics

such as age, sex distribution, history of smoking, alcohol

consumption, hypertension, diabetes, and coronary artery disease

(p > 0.05 for all variables). Likewise, laboratory parameters such

as triglycerides (TG), total cholesterol (TC), and low-density

lipoprotein cholesterol (LDL-C) exhibited no statistically

significant differences between the two groups (p > 0.05 for all

parameters) (Table 1).
3.2 Reproducibility testing

The ICC analysis revealed that the intra-observer ICC values

for the MI-related anatomical measurements and the three

esophageal distance measurements ranged from 0.943 to 0.995,

while the inter-observer ICC values ranged from 0.937 to

0.981 (Table 2).
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3.3 Imaging results

3.3.1 Comparison of Mi structure and morphology
between the two groups

Both the length and distance of the MI were significantly

greater in the AF group than in the control group (length:

42.17 ± 9.52 mm vs. 36.45 ± 8.28 mm, p < 0.001; distance:

39.20 ± 8.40 mm vs. 34.06 ± 7.35 mm, p < 0.001). However, the

depths of the MI in both groups did not exhibit a significant

difference [3.91 (1.95–6.20) mm in the AF group and 4.25 (2.57–

7.14) mm in the control group, p = 0.105].

In terms of MI morphology, 27% of participants in the AF

group exhibited linear-type MIs and 73% showed curvilinear-

type MIs. In comparison, these proportions were 22% and 78%,

respectively, in the control group. The distribution of ridge- and
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TABLE 2 Reproducibility of MI anatomical measurements and
esophageal distances.

Measurement Intra-Observer
ICC

Inter-Observer
ICC

MI Endocardial length 0.976 0.975

MI Linear length 0.973 0.981

MI Depth 0.992 0.978

Level 1 0.995 0.947

Level 2 0.982 0.980

Level 3 0.943 0.937

TABLE 3 Comparison of MI structure and morphology between the
two groups.

AF group Control group P
MI length (mm) 42.17 ± 9.52 36.45 ± 8.28 <0.001

MI distance (mm) 39.20 ± 8.40 34.06 ± 7.35 <0.001

MI depth (mm) 3.91 (1.95,6.20) 4.25 (2.57,7.14) 0.105

Linear-type MI (cases, %) 50 (25.0) 22 (22.0) 0.566

Curved-type MI (cases, %) 150 (75.0) 78 (78.0)

Ridge-shaped MI (cases, %) 44 (22.0) 18 (18.0) 0.420

Pouch-shaped MI (cases, %) 156 (78.0) 82 (82.0)

Pan et al. 10.3389/fcvm.2025.1461744
pouch-type MIs also did not differ significantly between the two

groups, with p > 0.05 in all comparisons (Table 3).
3.3.2 Comparison of MI and esophagus spatial
distance based on LIPV distance and age

In this study, patients were divided into high-risk and low-risk

groups based on the proximity of the esophagus to the LIPV. Each

group was further stratified by age (≤65 years and >65 years).

In the high-risk group, patients aged ≤65 years had a

significantly greater minimal spatial distance between the MI and

the esophagus at Level 1 in the AF group compared to the

control group [AF group: 3.82 (2.46, 4.31) mm vs. control group:

2.67 (1.82, 3.70) mm, p = 0.018]. However, no significant

differences were observed at Level 2 and Level 3 [Level 2: 21.15

(18.38, 24.84) mm vs. 19.49 (17.55, 23.24) mm, p = 0.277; Level

3: 34.20 ± 6.31 mm vs. 31.99 ± 5.76 mm, p = 0.132]. In patients

aged >65 years, no significant differences were found between the
TABLE 4 Comparison of spatial distance between esophagus and LIPV across

Group Age Measurement level
High-risk ≤65 Level 1

Level 2

Level 3

>65 Level 1

Level 2

Level 3

Low-risk ≤65 Level 1

Level 2

Level 3

>65 Level 1

Level 2

Level 3
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AF group and control group at any of the levels [Level 1: AF

group: 3.10 ± 1.02 mm vs. control group: 3.29 ± 1.09 mm,

p = 0.555; Level 2: 22.13 ± 6.60 mm vs. 23.02 ± 6.10 mm,

p = 0.610; Level 3: 34.87 ± 8.07 mm vs. 35.65 ± 5.52 mm, p = 0.682].

In the low-risk group, patients aged ≤65 years showed no

significant differences in the minimal spatial distance between

the MI and the esophagus at Level 1 [AF group: 10.36 (6.71,

14.43) mm vs. control group: 7.61 (5.96, 11.95) mm,

p = 0.103], Level 2 [AF group: 26.1 (22.33, 31.10) mm vs.

control group: 24.78 (21.44, 31.22) mm, p = 0.559], or Level 3

[AF group: 37.92 ± 8.44 mm vs. control group: 37.16 ±

7.95 mm, p = 0.658]. For patients aged >65 years, the AF group

had a smaller minimal spatial distance at Level 1 compared to

the control group, but this difference was not statistically

significant [AF group: 7.92 (5.79, 13.23) mm vs. control group:

10.74 (7.67, 13.71) mm, p = 0.225]. No significant differences

were found at Level 2 [AF group: 27.43 ± 7.89 mm vs. control

group: 28.58 ± 7.79 mm, p = 0.578] or Level 3 [AF group:

40.29 ± 9.84 mm vs. control group: 38.21 ± 6.59 mm, p = 0.311]

(Table 4).
4 Discussion

This study aimed to explore the anatomical characteristics of

the MI and its spatial relationship with the esophagus in patients

undergoing AF ablation using cardiovascular CTA. The main

findings of this study were as follows: (1) Patients with AF

exhibited a significantly longer MI length and greater MI

distance compared to controls, which could increase

procedural complexity during ablation; (2) A notable

proportion of patients had a minimal spatial distance of less

than 5 mm between the MI and the esophagus, particularly in

the high-risk group, emphasizing the importance of pre-

procedural imaging; (3) Younger patients (≤65 years) in the

high-risk group demonstrated a significantly greater distance

at Level 1 compared to controls, possibly influenced by

epicardial adipose tissue (EAT). These findings are further

elaborated and discussed below.
different age groups and measurement levels in AF and control patients.

AF group Control group P
3.82 (2.46,4.31) 2.67 (1.82,3.70) 0.018

21.15 (18.38,24.84) 19.49 (17.55,23.24) 0.277

34.20 ± 6.31 31.99 ± 5.76 0.132

3.10 ± 1.02 3.29 ± 1.09 0.555

22.13 ± 6.60 23.02 ± 6.10 0.610

34.87 ± 8.07 35.65 ± 5.52 0.682

10.36 (6.71,14.43) 7.61 (5.96,11.95) 0.103

26.1 (22.33,31.10) 24.78 (21.44,31.22) 0.559

37.92 ± 8.44 37.16 ± 7.95 0.658

7.92 (5.79,13.23) 10.74 (7.67,13.71) 0.225

27.43 ± 7.89 28.58 ± 7.79 0.578

40.29 ± 9.84 38.21 ± 6.59 0.311
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4.1 Analysis of the characteristics of MI
structure and morphology

This study assessed the endocardial length of the MI in two

distinct groups: the AF and control groups, yielding a mean

length of 42.17 ± 9.52 mm and 36.45 ± 8.28 mm, respectively. The

linear distance of the MI was determined to be 39.20 ± 8.40 mm

in the AF group and 34.06 ± 7.35 mm in the control group,

aligning closely with the findings of Wittkampf et al. (13), who

reported an analogous MI length of 35 ± 7 mm in a cadaveric

anatomical study. In the present study, the AF group

demonstrated an enhanced MI length and linear distance

compared with the control group. Complementary observations

of Scherr et al. (14) suggested that the MI length acted as a

determinant independent risk factor, obstructing the attainment

of a definitive bidirectional conduction block amid ablation

procedures. This indicated that patients with AF possessing

extended MI segments might experience protracted ablation

periods and an escalation in procedural intricacies, necessitating

thoughtful strategic planning and execution.

A significant finding of this study based on the measurements

of MI depth was as follows: a modest proportion of MIs was linear

type, irrespective of the presence of AF, whereas a substantial

majority (>75%) exhibited curvilinear configurations. The

prevalence of curvilinear MIs was due to their non-flat

endocardial surfaces, complicating the attainment of optimal

catheter–target contact during ablation. Furthermore, most

patients (>78%) displayed a pouch-like morphology, contrasting

with a ridge-like structure. Pouch-like configurations, forming

concave atrial vestibules and recesses, posed potential hindrances

to effective catheter–tissue contact during ablation, escalating the

risk of catheter entrapment. Yokokawa et al. (15) confirmed

these findings, illustrating increased challenges in achieving a

complete bidirectional block when the pouch-like MI depth

exceeded 10 mm. These observations underscored the critical

influence of the distinct anatomical features of the MI on

procedural complexity and success.
4.2 Analysis of the spatial relationship
between the MI and the esophagus

In a detailed comparative analysis of patients in the high-risk

group, those aged <65 years exhibited a significantly greater

minimal spatial distance between the upper border of the MI and

the LIPV junction (Level 1) compared to the control group. This

finding suggests that for younger patients in the high-risk group,

the proximity of the esophagus to the LIPV may be notably

altered in patients with AF, potentially contributing to a greater

distance at Level 1. A conceivable explanation for the extended

distance at Level 1 in patients with AF is the presence of EAT.

Previous studies, including those by Le Jemtel et al. (16)and Ahn

et al. (17), have highlighted EAT volume as a significant intrinsic

risk factor for AF, with pronounced left atrial (LA) and EAT

volumes identified in patients with AF.
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The accumulation of EAT in AF patients may create additional

mechanical separation between the MI and the esophagus, resulting

in a greater distance at Level 1 compared to those without AF. This

phenomenon is less pronounced at Level 2 and Level 3, where the

inherent distances between the MI and the esophagus are greater,

making it less likely for EAT to cause a notable effect. Although

this hypothesis provides a plausible explanation for the observed

findings, further research is necessary to explore the complex

relationship between AF and EAT. More comprehensive studies

could help clarify whether EAT directly contributes to the altered

spatial relationships observed in the high-risk AF patients,

particularly those under the age of 65.

In some patients, the MI measurement points near the upper

border of the LIPV were found to be less than 5 mm from the

esophagus, placing these tissues at high risk of thermal injury

during ablation. Given this close anatomical proximity, careful

consideration of tailored ablation strategies is essential to

minimize complications and enhance procedural safety.

Several practical approaches can be employed to enhance

procedural safety in these cases. Modifying ablation parameters

is essential, as studies suggest that reducing ablation power

(<25–30 W) and shortening lesion duration (<20 s) can significantly

lower the risk of esophageal injury (18, 19). Alternatively, high-

power short-duration protocols (e.g., 40–50 W for 5–15 s) produce

more controlled and superficial lesions, reducing thermal

penetration (19). Recent advancements in esophageal protection

techniques also highlight the potential of thermal control devices.

For instance, the IMPACT study demonstrated that using the

ensoETM thermal control device during ablation procedures

significantly reduced the incidence of esophageal thermal injuries

without affecting procedural efficacy or duration (20). This finding

underscores the importance of incorporating esophageal protection

measures, such as active cooling, into procedural planning to

minimize complications and improve patient outcomes. Alternative

energy modalities, such as cryoablation and pulsed-field ablation

(PFA), also show promise in reducing esophageal complications (21,

22). PFA, in particular, uses non-thermal mechanisms to induce

tissue necrosis and has been shown to be safer for the esophagus in

both preclinical and early clinical studies (23). Additionally,

intraoperative esophageal temperature monitoring with probes

provides real-time feedback to adjust energy delivery when

necessary, while esophageal cooling systems can help maintain the

esophageal wall temperature below the injury threshold (24, 25).

Despite these benefits, challenges such as probe positioning or

potential mechanical injury must also be considered (26).

Integrating these strategies with individualized planning and

patient selection can minimize esophageal injury risks and

improve outcomes in high-risk patients. This study translates

anatomical findings into actionable guidance for interventional

cardiologists managing complex ablation cases.
5 Limitations

This study had certain limitations. First, the retrospective

design of the study may limit the generalizability of the results
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and the applicability of the findings to clinical practice. Second, due

to the lack of detailed intraoperative data, such as ablation power

and duration, and patient outcome data, the clinical implications

of these findings, particularly in terms of risk stratification or the

practical application of CTA-based measurements before

pulmonary vein ablation, remain unclear. Future research will

integrate these data to better understand the relationship between

mitral isthmus characteristics and ablation difficulty and assess

whether these findings can contribute to improving procedural

safety and efficacy. Third, potential confounders in the CTA-

based measurements, such as variations in esophageal distension,

vertebral changes, and anatomical differences, could have

introduced biases. Finally, CTA has limitations in accurately

measuring very thin structures like the myocardial thickness of

the mitral isthmus, and we plan to explore this further using

Cardiovascular Magnetic Resonance in future studies.
6 Conclusions

Cardiovascular CTA has equipped interventional physicians

with a detailed understanding of the anatomical characteristics of

MI ablation lines in patients with AF and their spatial

relationship with the adjacent esophagus, before beginning

ablation procedures. This invaluable insight has facilitated the

meticulous selection of personalized ablation protocols and

energy parameters, consequently reducing the potential risks and

complications associated with esophageal injuries.
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Impact of self-reported
SARS-CoV-2 antibody positivity
on cardiac structure and
function: findings from UK
Biobank CMR cohort
Chang Liu1, Yao Ma1, Shiyuan Qiao1, Kexin Li1, Mengyao Qi1,
Chunyu Gu1,2, Lanxin Zhang1,2, Jia Wei1 and Dengfeng Gao1*
1Department of Cardiology, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China,
2Department of Radiology, Affiliated Hospital of Shaanxi University of Chinese Medicine, Xianyang,
China
Background: SARS-CoV-2 antibody positivity, whether due to natural infection
or vaccination, is known to be associated with specific cardiac and vascular
damage, yet its impact on cardiac structure and function in prospective
cohorts remains incompletely understood.
Objective:We aimed to assess cardiac changes in the UK Biobank cohort among
individuals with self-reported seropositive results for SARS-CoV-2 antibodies.
Methods: UK Biobank participants with self-reported serological results for
SARS-CoV-2 antibodies, who underwent their first cardiac magnetic
resonance (CMR) scan after 2019 were included. Cardiac changes potentially
associated with SARS-CoV-2 antibody positivity were assessed, with
measurements of left ventricular (LV) parameters, including volume,
dimensions, wall thickness, myocardial mass, cardiac output (CO), and cardiac
index (CI), manually extracted from the CMR images. Propensity score
matching (PSM) was used to pair seropositive and seronegative individuals.
Native T1 was used to assess the within-subject changes in seropositive
individuals. Logistic regression was performed to assess the association
between SARS-CoV-2 antibody status and the incidence of LV hypertrophy.
Results: A total of 720 participants were included, with 453 individuals self-
reporting as SARS-CoV-2 antibody positive. After PSM, 261 participants
remained in each group. Over an average follow-up period of 110 days,
significant decreases in CO and CI were observed in the paired participants.
Additionally, native T1 values appeared to be elevated in seropositive
participants (852.77 ± 53.55 ms vs. 860.01 ± 47.81 ms, P= 0.012). Logistic
regression analysis in the overall cohort indicated an association between
SARS-CoV-2 antibody positivity and an increased risk of LV hypertrophy, with
an adjusted odds ratio of 3.257 [95% CI (1.036–10.239), P= 0.043].
Conclusions: Our findings suggest subtle cardiac changes associated with
SARS-CoV-2 antibody positivity within approximately hundred days. SARS-
CoV-2 antibody positivity appeared to be associated with an increased risk of
LV hypertrophy. However, these results are exploratory, and further
longitudinal studies with extended follow-up are needed to better understand
the long-term cardiac impact of SARS-CoV-2 antibody positivity.

KEYWORDS

UK Biobank, COVID-19, cardiovascular magnetic resonance cohort, native T1, left
ventricular hypertrophy
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1 Introduction

As the Coronavirus disease 2019 (COVID-19) pandemic persists

worldwide, Severe Acute Respiratory Syndrome Coronavirus 2

(SARS-CoV-2) not only targets the respiratory system through the

angiotensin-converting enzyme 2 receptor (1), but also inflicts

damage on cardiovascular system, leading to myocardial injury (2).

Concurrently, the numerous sequelae of SARS-CoV-2 infection

have led to a significant increase in cardiovascular adverse events,

highlighting the crucial need for ongoing monitoring and

management of cardiovascular health in patients recovering from

COVID-19 (3–7). Moreover, there have been reports of cardiac

side effects following COVID-19 vaccination, including

myocarditis and pericarditis, particularly in younger individuals.

These adverse events further highlight the importance of

monitoring cardiac health not only in those infected with SARS-

CoV-2 but also in vaccinated individuals (8, 9).

Cardiovascular magnetic resonance (CMR) examination serves

as an essential and valuable tool for assessing myocardial structure

and cardiac function. Advanced CMR techniques such as native T1

mapping, extracellular volume (ECV) fraction, and late gadolinium

enhancement (LGE) enable the detection of subtle changes in

myocardial tissue. The American College of Cardiology, the

European Society of Cardiology, and the Society for

Cardiovascular Magnetic Resonance have collectively

acknowledged the value of CMR in evaluating the structural and

functional repercussions of SARS-CoV-2 infection (10, 11).

Long COVID, characterized by persistent symptoms and long-

term complications following acute SARS-CoV-2 infection, has

also been associated with significant cardiovascular issues (12).

The UK Biobank conducted a monthly follow-up survey for

COVID-19 patients within its cohort. From May to November

2020, among the 10,878 COVID-19 patients surveyed, a subset

exhibited symptoms suggestive of cardiovascular involvement,

including shortness of breath (4.30%), wheezing (2.21%), chest

pain (1.84%), nausea (1.93%), and increased fatigue (10.08%). Of

these patients, 3.37% required medical intervention for COVID-

19-related symptoms, and 0.21% required hospitalization.

A cross-sectional study of CMR parameters in SARS-CoV-2

seropositive patients from the UK Biobank cohort revealed that,

beyond traditional cardiovascular risk factors, pre-existing

adverse CMR phenotypes may be associated with susceptibility to

COVID-19 (13). With the gradual release of subsequent CMR

examinations conducted after 2019 for repeat imaging visits by

the UK Biobank, we are now able to investigate whether there

are any subtle changes in CMR parameters among participants

with self-reported positive SARS-CoV-2 antibody test results.
2 Methods

2.1 Study design and participants

The UK Biobank established a population-based cohort study,

recruiting 502,357 participants aged 39 to 70 years at baseline from

2006 to 2010. Among these, 69,902 participants underwent at least
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one long axis heart CMR scan(data field 20208), while a total of

5,154 participants completed a first repeat CMR scan, and 811 of

these participants had their initial CMR scan after January 1,

2019. Participants for this study were selected based on having

both initial and follow-up CMR scans and at least one SARS-

CoV-2 antibody test result.

To ensure representative and unbiased results, we selected

participants who had completed their first CMR scan after

January 1, 2019, and whose antibody test results were available

between the initial and follow-up scans. The participant selection

process is illustrated in Figure 1. This selection process ensured

that the study cohort included individuals who had both pre-

and post-SARS-CoV-2 antibody test result data.

Additionally, 201,890 participants had at least one self-reported

SARS-CoV-2 antibody test result (data field 27,981), of which 720

participants’ first antibody test result was obtained between the

initial and follow-up CMR scans.

Among the 453 seropositive participants, 392 had experimental

shortened Modified Look-Locker Inversion Recovery (shMOLLI)

sequence images (data field 20,214). After performing 1:1

propensity score matching (PSM), 261 participants were retained

in both the SARS-CoV-2 antibody positive and negative groups.

A list of International Classification of Disease (ICD) codes

used to define baseline diseases is provided in Supplementary

Table S1 (data field 41,270).
2.2 SARS-CoV-2 antibody test

Participants were initially categorized as positive or negative

based on self-reported results using the Fortress Rapid Test kit or

AbC-19TM Rapid Test kit between February 2021 and July 2021.

These antibody results were collected over two rounds during

this six-month period. The data were subsequently compiled and

made available by the UK Biobank Participant Resource Centre.

For the analysis, the first available result for each participant was

used to determine whether they tested positive for SARS-CoV-2

antibodies. The antibody results obtained in this manner were

collected at least one year after the initial CMR scan of the

imaging follow-up cohort included in the study.
2.3 CMR scanning protocol and cardiac
parameters

The UK Biobank plans to recall approximately 100,000

participants for a comprehensive CMR examination as part of their

multi-organ, multi-modality imaging visit (14). The CMR protocol

was previously described in detail, and in summary, all steady-state

free precession cine imaging of CMR long axis images were

conducted using a 1.5 Tesla scanner, with no MR-contrast

enhancement for safety reasons (15). CMR image analysis was

performed by two radiologists specializing in MRI and one

cardiovascular specialist using cvi42 image post-processing software

(Version 5.11, Circle Cardiovascular Imaging Inc., Calgary, Canada).

Manual contouring was employed to extract left ventricular
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FIGURE 1

Flow chart of participant selection and experimental procedures.
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volumes, myocardial mass, and dimensions during both end-diastolic

and end-systolic phases from the long axis images. LV myocardial

native T1 was manually extracted from the experimental shMOLLI

sequence on a mid-ventricular short-axis image.

Our focus was on various LV parameters, including left

ventricular end-diastolic volume (LVEDV), end-systolic volume

(LVESV), stroke volume (LVSV), ejection fraction (LVEF),

cardiac output, cardiac index, left ventricular mass (LVM), end-

diastolic dimension (Dd), end-systolic dimension (Ds), posterior

wall thickness (PWT), relative wall thickness (RWT), left

ventricular mass index (LVMi), left ventricular global function

index (LVGFi), left ventricular mass volume ratio (LVMVR) on

long axis heart images, and myocardial native T1 on short axis

shMOLLI sequence images. LV hypertrophy was defined as

LVMi greater than 115 g/m2 (for men) and 95 g/m2 (for women).

For the imaging analysis, CMR parameters were extracted from

the first and repeat CMR tests for all 5,154 participants in a single

batch. Analysts were blinded to participants’ SARS-CoV-2

antibody status and personal information to prevent bias. To

ensure consistency, an intra-class correlation coefficient (ICC)

analysis was conducted between the three observers on the first
Frontiers in Cardiovascular Medicine 0395
2,000 cases, demonstrating excellent internal consistency with all

ICC values exceeding 0.75. The results for the remaining cases

were obtained through consensus among the three observers,

with the final analysis completed by the cardiovascular specialist.
2.4 Statistics analysis

Statistical analysis was conducted using Python 3.9.13.

Continuous variables were presented as mean (standard

deviation) or median (interquartile range), while categorical

variables were expressed as percentages. The normality

distribution was assessed using the Kolmogorov–Smirnov test.

Baseline characteristics and CMR parameters were compared

using the two-sample t-test for normally distributed variables or

the Wilcoxon rank-sum test for non-normally distributed

variables, and the chi-square test for categorical variables.

We employed PSM to randomly select a matched control

participant for each seropositive participant. The PSM caliper

value was set at 0.05. The PSM considered factors including age,

sex, ethnity, TDI (Townsend Deprivation Index), height, weight,
frontiersin.org
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BMI (Body Mass Index), BSA (Body Surface Area), SBP (Systolic

Blood Pressure), DBP (Diastolic Blood Pressure), current

smoking, current drinking, self-reported history of hypertension,

hyperlipidemia, diabetes, asthma, and other cardiovascular

diseases. Paired t-tests were performed after PSM.

Logistic regression analysis was performed to evaluate the

association between SARS-CoV-2 antibody status and the

incidence of LV hypertrophy in the overall study population, with

adjustment for relevant covariates. Participants with LV

hypertrophy detected in their initial CMR scan were excluded

from further analysis. Model 1 comprised a univariate analysis,

Model 2 incorporated adjustments for age, sex, ethnity, TDI,

height, weight, BMI, BSA, SBP, DBP. Model 3 was further adjusted

for a history of hypertension, cardiovascular disease, and diabetes.

A P-value < 0.05 was considered statistically significant.
3 Results

3.1 Characteristics of study participants

With the gradual release of subsequent CMR examinations

conducted after 2019 for repeat imaging visit by the UK Biobank,
TABLE 1 Baseline characteristics of study participants.

Baseline
characteristics

SARS-CoV-2
antibody
positive
n= 453

SARS-CoV-2
antibody
negative
n = 267

P
value

Age (year) 52 (11) 50 (12) 0.001b

Male (%) 49.4 45.9 0.361c

TDI −1.97 (4.60) −1.95 (4.27) 0.629b

Weight (kg) 77.69 (13.55) 77.76 (14.88) 0.944a

Height (cm) 170.81 (9.39) 171.55 (9.20) 0.307a

BMI (kg/m2) 1.88 (0.21) 1.89 (0.23) 0.744a

BSA (m2) 1.9 (0.2) 1.9 (0.2) 0.782a

SBP (mmHg) 139 (18) 139 (20) 0.491b

DBP (mmHg) 78 (11) 78 (11) 0.716b

Days interval (day) 128 (109) 120 (108) 0.553b

Vaccinated (%) 81.8 61.7 <0.001c

Ethnity
White (%) 92.5 90.3 0.311c

Other ethnicities (%) 7.5 9.7 –

Life-style
Current Smoking (%) 39.1 40.1 0.790c

Current drinking (%) 94.9 94.0 0.600c

Self-reported diseases
Hypertension (%) 13.7 12.4 0.611c

High Cholesterol (%) 7.7 6.4 0.496c

Diabetes mellitus (%) 5.3 5.2 0.975c

Asthma (%) 6.0 6.0 0.986c

Cardiac diseases (%) 6.8 8.6 0.384c

Continuous variables were summarized using means and standard deviations or medians

and interquartile ranges, categorical variables were summarized using percentages.
Ab, antibody; TDI, townsend deprivation score; BMI, body mass index; BSA, body surface

area; SBP, systolic blood pressure; DBP, diastolic blood pressure.
aTwo-sample T-test.
bWilcoxon rank sum test.
cchi square test.
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we are now able to investigate the variations in CMR parameters

among participants with different SARS-CoV-2 antibody status.

A total of 720 participants were included, of which 453 self-

reported as SARS-CoV-2 seropositive. All participants underwent

their initial CMR imaging after 2019, followed by subsequent CMR

examinations after the detection of SARS-CoV-2 antibody results.

Table 1 presents the clinical characteristics of the study

participants. Significant differences in age were observed between

the two groups. After 1:1 PSM, 261 participants remained in each

group. The clinical characteristics post-matching, stratified by

SARS-CoV-2 antibody results, are presented in Table 2. Following

PSM, no significant differences were observed between the groups

in terms of other baseline characteristics, except for vaccination

status. The median interval between the date of SARS-CoV-2

antibody testing and the follow-up CMR examination was 109 days

for the seropositive group and 112 days for the seronegative group.
3.2 Cardiac parameters of initial and follow-
up CMR cohort

After 1:1 PSM, seropositive participants exhibited lower

LVEDV, LVESV, LVEDVi, LVESVi, Dd, and Ds during the
TABLE 2 Baseline characteristics of study participants after 1:1 propensity
score matched with SARS-CoV-2 antibody test result.

Baseline
characteristics

SARS-CoV-2
antibody
positive
n= 261

SARS-CoV-2
antibody
negative
n = 261

P-value

Age (year) 51 (11.5) 50 (12) 0.628b

Male (%) 47.5 49.0 0.726c

TDI −2.20 (4.68) −1.95 (4.23) 0.972b

Weight (kg) 77.67 (13.73) 77.70 (14.85) 0.986a

Height (cm) 170.84 (9.41) 171.43 (9.22) 0.471a

BMI (kg/m2) 1.88 (0.21) 1.89 (0.23) 0.843a

BSA (m2) 1.9 (0.2) 1.9 (0.2) 0.782a

SBP (mmHg) 139 (18) 139 (19) 0.608b

DBP (mmHg) 78 (11) 78 (11) 0.614b

Days interval (day) 109 (115) 120 (107) 0.522b

Vaccinated (%) 77.3 62.4 <0.001c

Ethnity
White (%) 92.0 92.3 0.871c

Other ethnicities (%) 8.0 7.7 –

Life-style
Current Smoking (%) 37.9 39.5 0.719c

Current drinking (%) 93.9 94.3 0.853c

Self-reported diseases
Hypertension (%) 11.9 11.9 1.000c

High Cholesterol (%) 5.7 5.7 1.000c

Diabetes Mellitus (%) 4.2 5.4 0.539c

Asthma (%) 5.7 6.1 0.853c

Cardiac diseases (%) 8.0 7.3 0.742c

Continuous variables were summarized using means and standard deviations or medians and

interquartile ranges, categorical variables were summarized using percentages.

Abbreviations as in Table 1.
aPaired T-test.
bWilcoxon rank sum test.
cChi square test.
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initial CMR scan compared to the negative group. These

differences persisted during the subsequent CMR test, with

seropositive participants still showing lower LVEDV, LVESV,

LVEDVi, and LVESVi (Table 3).

In all seropositive participants, significant reductions were

observed in LV parameters, including CO and CI following the

onset of antibody positivity (mean ± SD: CO 5.38 ± 1.30 L/min

vs. 5.09 ± 1.24 L/min, P < 0.001; CI 2.85 ± 0.58 L/min/m2 vs.

2.60 ± 0.66 L/min/m2, P < 0.001, see Table 3 and Figure 2).

However, a similar declining trend was evident in the negative

group (median (IQR): CO 5.33 (1.74) L/min vs. 4.92 (1.60) L/

min, P = 0.002; CI 2.83 (0.81) L/min/m2 vs. 2.65 (0.67) L/min/m2,

P = 0.003).

Additionally, in overall seropositive participants (n = 392),

myocardial native T1 was found to be increased after antibody

positivity (mean ± SD: 852.77 ± 53.55 ms vs. 860.01 ± 47.81 ms,

P = 0.012, Supplementary Table S2, Figure 3).
3.3 Variation of cardiac parameters over the
interval period

Our investigation aimed to determine whether there were

significant changes in cardiac structure and function between

SARS-CoV-2 seropositive and seronegative groups over time. We

analyzed cardiac parameters from consecutive CMR examinations

and calculated the rate of change by dividing the difference

between the two CMR measurements by the initial CMR

measurement, and expressed as a percentage. We then calculated
TABLE 3 Comparison of LV parameters in initial and subsequent follow-up CM
and negative groups.

LV
parameters

Group A
(Initial,
positive)

Group B
(Subsequent,

positive)

Group C
(Initial,

negative)

Group
(Subsequ
negativ

LVEDV (ml) 116.94 (26.67) 116.45 (29.03) 122.95 (38.69) 117.95 (39

LVESV (ml) 30.11 (11.21) 31.08 (13.45) 32.30 (16.83) 31.41 (18.

LVEDVi (ml/m2) 61.99 (11.83) 61.84 (13.22) 65.47 (12.33) 64.73 (13.

LVESVi (ml/m2) 16.01 (5.66) 16.52 (6.78) 17.30 (8.29) 17.16 (8.6

LVSV (ml) 86.83 (20.16) 85.49 (20.36) 88.82 (27.68) 87.25 (26.

LVEF (%) 74.46 (6.87) 73.98 (7.20) 73.51 (7.44) 73.09 (9.5

CO (l/min) 5.38 (1.30) 5.09 (1.24) 5.33 (1.74) 4.92 (1.6

CI (l/min/m2) 2.85 (0.58) 2.60 (0.66) 2.83 (0.81) 2.65 (0.6

LVM (g) 150.82 (53.45) 145.29 (56.64) 153.35 (55.81) 152.03 (60

Dd (mm) 50.87 (5.24) 50.96 (5.43) 52.18 (5.21) 51.68 (5.3

Ds (mm) 28.34 (4.38) 28.40 (4.56) 29.23 (4.66) 29.22 (4.6

PWT (mm) 10.23 (1.98) 10.41 (1.97) 10.36 (3.06) 10.11 (2.4

RWT 0.39 (0.10) 0.40 (0.13) 0.39 (0.13) 0.39 (0.1

LVMi (g/m2) 78.91 (19.08) 79.85 (19.46) 82.24 (20.61) 81.35 (21.

LVGFi 0.40 (0.06) 0.39 (0.06) 0.40 (0.06) 0.39 (0.0

LVMVR 1.30 (0.32) 1.29 (0.39) 1.26 (0.31) 1.23 (0.3

Group A—Initial batch of SARS-CoV-2 antibody positive participants; Group B—Subsequent ba

antibody negative participants; Group D—Subsequent batch of SARS-CoV-2 antibody negative pa

and interquartile range.
LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV,

cardiac index; Dd, end-diastolic dimension; Ds, end-systolic dimension; PWT, posterior wall thick

function index; LVMVR, left ventricular mass-volume ratio.

*Indicates results from the Wilcoxon test.
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the interval between the two scans, ultimately deriving the

annualized rate of change for the CMR parameters, enabling

standardized comparisons.

As shown in Table 4, both SARS-CoV-2 seropositive and

seronegative groups exhibited reductions in cardiac function

parameters such as LVEF, LVGFi, CO, and CI, as well as

increases in cardiac structural parameters such as PWT, RWT,

LVM, LVMI, and LVMVR. These results indicate significant

changes in these cardiac parameters over an average interval of

approximately one hundred days. However, despite similar trends

in both groups, the differences between them did not reach

statistical significance.
3.4 Association between SARS-CoV-2
antibody positivity and LV hypertrophy
incidence

Considering the observed increase in average myocardial native

T1 levels following the onset of antibody positivity, indicative of a

potential trend towards myocardial fibrosis, we utilized LVMi, a

direct indicator derived from CMR imaging, to assess the

occurrence of LV hypertrophy.

After excluding 34 participants (17 men and 17 women)

who demonstrated LV hypertrophy at their initial CMR

examination, logistic regression analysis revealed that SARS-

CoV-2 antibody positivity was associated with an increased

odds ratio (OR) for the incidence of new LV hypertrophy.

The univariate analysis showed an OR of 2.517 [95% CI:
R examinations between PSM-processed SARS-CoV-2 antibody positive

D
ent,
e)

P-value

A/B (Intra-
group)

C/D (Intra-
group)

A/C (Inter-
group)

B/D (Inter-
group)

.67) 0.680 0.313* 0.007 0.041

87) 0.133 0.853* 0.004 0.036

04) 0.802 0.508 0.001 0.011

3) 0.130 0.969* 0.002 0.027

06) 0.152 0.199* 0.068 0.145

1) 0.270 0.519* 0.106 0.110

0) <0.001 0.002* 0.746 0.787

7) <0.001 0.003* 0.667 0.558*

.09) 0.977* 0.778* 0.322 0.380*

5) 0.742 0.280 0.003 0.096

3) 0.769 0.974 0.012 0.052*

4) 0.105 0.461* 0.612 0.428

1) 0.522* 0.969* 0.257* 0.136

54) 0.978* 0.811* 0.156* 0.163*

8) 0.095 0.440* 0.780 0.704

3) 0.976 0.850* 0.082 0.146*

tch of SARS-CoV-2 antibody positive participants; Group C—Initial batch of SARS-CoV-2

rticipants. Independent variables was calculated as means and standard deviation or median

left ventricular stroke volume; LVEF, left ventricular ejection fraction; CO, cardiac output; CI,

ness; RWT, relative wall thickness; LVM, left ventricular mass; LVGFi, left ventricular global
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FIGURE 2

Distribution of CMR parameters in initial and subsequent batches for SARS-CoV-2 antibody positive participants. LVEDV, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVEF, left ventricular ejection fraction; CO, cardiac output; CI,
cardiac index; Dd, end-diastolic dimension; Ds, end-systolic dimension; PWT, posterior wall thickness; RWT, relative wall thickness; LVM, left
ventricular mass; LVGFi, left ventricular global function index; LVMVR, left ventricular mass-volume ratio.
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(0.838–7.566), P = 0.100]. Model 2 adjusting for confounders

resulted in an OR of 3.257 [95% CI: (1.036–10.239),

P = 0.043]. Further adjustment for baseline comorbidities

yielded an OR of 2.866 [95% CI: (0.907–9.057), P = 0.073].

Detailed results are provided in Table 5.
4 Discussion

4.1 Main findings

In this study, we investigated a cohort of participants who

underwent CMR examinations both before and after SARS-CoV-

2 antibody testing. Our findings revealed a decrease in CO and

CI among participants with positive SARS-CoV-2 antibody

status. Although a similar declining trend was observed in the

seronegative group, no significant differences were evident in the
Frontiers in Cardiovascular Medicine 0698
inter-group comparison of changes in CMR parameters over

time. After 1:1 PSM, we found no significant association between

SARS-CoV-2 antibody status and the status of LV structure or

pumping function. Despite finding subtle intra-group changes,

the annual change rates of all LV parameters did not show

significant differences between the SARS-CoV-2 seropositive and

seronegative groups. This suggests that within the average

interval of approximately one hundred days, SARS-CoV-2

antibody positivity might not induce substantial changes in LV

structure or function detectable through CMR.

Additionally, we observed an elevation in myocardial native T1

in seropositive participants, indicating a potential impact of SARS-

CoV-2 antibody positivity on myocardial fibrosis over a period of

approximately 110 days. Logistic regression analysis further

revealed that SARS-CoV-2 antibody positivity was associated

with an increased risk of LV hypertrophy, with an adjusted odds

ratio of 3.257.
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FIGURE 3

The average myocardial native T1 was calculated from a manually labeling region in a mid-ventricular short axis slice on the T1 mapping. (A) and (B)
illustrate a significant increase in myocardial native T1, particularly in the interventricular septum area (white arrows), in a healthy 53-year-old male
participant 185 days after SARS-CoV-2 antibody turned positive. (C) The violin plot shows the distribution of average myocardial native T1 in the
initial and subsequent CMR batches of SARS-CoV-2 antibody positive participants.
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4.2 Integration into the literature

Our findings align with previous studies reporting cardiovascular

sequelae following SARS-CoV-2 infection. For instance, a study

involving 148 COVID-19 patients with elevated troponin levels

found that 19% had myocardial infarction, with 66% of these cases

occurring in individuals without prior coronary disease (16).

Similarly, Huang et al. (17) reported elevated LV global T1 and

ECV in COVID-19 patients compared to healthy controls,

although no significant differences in LV structure or pumping

function were observed. These studies, however, were limited to

post-infection CMR examinations and primarily included
Frontiers in Cardiovascular Medicine 0799
participants with moderate to severe COVID-19, lacking self-

comparisons before and after infection.

Follow-up studies at three and six months post-infection have

shown gradual improvements in certain cardiopulmonary

indicators, such as right ventricular EDV, right ventricular EF,

T1, LGE, and peak VO2. However, symptoms like decreased

exercise tolerance and muscle fatigue persisted without significant

improvement (18). A multi-center prospective cohort study

involving 182 COVID-19 patients at three and twelve months

follow-ups reported no significant changes in left or right

ventricular structure and function, suggesting that cardiac

impairments may be reversible in some cases (19). Notably, these
frontiersin.org
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TABLE 4 Annual change rates on CMR parameters of the two groups.

LV parameters SARS-CoV-2
antibody
positive
n= 261

SARS-CoV-2
antibody
negative
n= 261

P-value

LVEDV (%) −0.795 (16.336) −1.005 (15.365) 0.801*

LVESV (%) 1.468 (45.363) 0.677 (47.174) 0.796*

LVEDVi (%) 0.007 (18.062) −1.035 (14.637) 0.472

LVESVi (%) −0.213 (9.962) −0.039 (11.252) 0.843

LVSV (%) 0.007 (18.062) −1.035 (14.637) 0.472

LVEF (%) −0.213 (9.962) −0.039 (11.252) 0.843

CO (%) −3.554 (19.193) −4.704 (17.560) 0.458

CI (%) −3.403 (19.237) −4.494 (17.130) 0.490

LVM (%) 1.067 (12.189) 0.317 (9.552） 0.423

Dd (%) 0.561 (9.421) −0.719 (7.089) 0.072

Ds (%) 0.984 (13.188) 0.638 (13.619) 0.766

PWT (%) 3.431 (18.345) 1.517 (18.867) 0.228

RWT (%) 4.100 (22.906) 3.059 (21.952) 0.586

LVMi (%) 1.178 (11.768) 0.596 (9.261) 0.512

LVGFi (%) −0.410 (16.940) −0.471 (15.848) 0.966

LVMVR (%) 3.219 (20.825) 2.607(17.140) 0.723

Abbreviations as in Table 3.

*Indicates results from the Wilcoxon test.

TABLE 5 Logistic regression analysis of the association between SARS-
CoV-2 antibody positivity and the incidence of new LV hypertrophy.

SARS-CoV2 antibody status OR (95% CI) P-value
Univariate 2.517 (0.838–7.566) 0.100

Adjusted for Confounders 3.257 (1.036–10.239) 0.043

Fully Adjusted 2.866 (0.907–9.057) 0.073

Confounders: age, sex, ethnity, TDI, height, weight, BMI, SBP, DBP.

Fully Adjusted: Confounders + baseline comorbidities including hypertension, cardiovascular
diseases and diabetes.
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studies did not find significant differences in LV parameters during

the observation period as well, with potential COVID-19-related

effects primarily observed on several right ventricular metrics (20).

In contrast to these studies, our research benefits from the

availability of baseline CMR data, allowing us to directly

compare cardiac parameters before and after SARS-CoV-2

antibody testing. This unique design minimizes confounding

effects and provides a clearer picture of the cardiac impacts

associated with SARS-CoV-2 antibody positivity. However, our

findings differ from some previous reports, possibly due to the

shorter follow-up period and the inclusion of both naturally

infected and vaccinated individuals in the seropositive group.

This heterogeneity may have diluted the observed differences in

cardiac structural and functional changes between seropositive

and seronegative individuals.

Given the limitation of the UK Biobank CMR protocol, native

T1 values represent one of the most precise indicators available for

assessing myocardial changes. A recent study from the UK Biobank

CMR cohort found that higher native myocardial T1 was associated

with various diseases, such as heart failure, nonischemic

cardiomyopathies, atrial fibrillation, stroke, and diabetes (21).

Our observation of elevated native T1 in seropositive participants

supports the hypothesis that SARS-CoV-2 antibody positivity

may contribute to myocardial fibrosis, although further studies
Frontiers in Cardiovascular Medicine 08100
using T2 STIR or LGE imaging are needed to exclude the

possibility of acute myocarditis-induced myocardial edema as

a confounding factor.

The CardioCOVID-Gemelli study investigated the relationship

between COVID-19 vaccination status and myocardial injury,

finding that vaccination had a protective effect against

myocardial injury in elderly individuals (OR: 0.57, 95% CI: 0.34–

0.94; P = 0.03) but was an independent risk factor in younger

individuals (OR: 4.44, 95% CI: 1.28–15.34, P = 0.02) (22). While

our study did not specifically differentiate between natural

infection and vaccination, the observed increase in LVMi

suggests that SARS-CoV-2 antibody positivity may accelerate

cardiac remodeling.

Unlike most observational COVID-19 studies, which lack

baseline cardiac data, our study is the first to utilize two sets of

CMR images, including examinations before and after SARS-

CoV-2 antibody test, from the UK Biobank cohort. Specifically,

we selected participants who underwent their initial CMR

examinations after 2019 but before their SARS-CoV-2 exposure

to minimize the confounding effects of other factors on cardiac

data. This approach allows us to explore the association between

SARS-CoV-2 antibody status and variations in LV structure and

function over an average interval of 110 days. By comparing

direct LV parameters across different serological immune states,

we provide a unique perspective on the cardiac impacts of SARS-

CoV-2 antibody positivity.

Furthermore, our findings showed reductions in cardiac

parameters such as LVEF, CO, and CI, as well as increases in

cardiac structural parameters like LVMi, LVESVi, Ds, PWT, and

LVMVR, in both SARS-CoV-2 antibody-positive and antibody-

negative groups. These changes may reflect the natural cardiac

remodeling process that occurs over time, particularly given the

approximately 100-day interval between the initial and follow-up

CMR scans. This suggests that both groups experienced

alterations in cardiac function and structure during this period,

regardless of antibody status. The observed reductions in cardiac

function and increases in structural measures could indicate early

signs of cardiac remodeling that may be independent of SARS-

CoV-2 exposure.
4.3 Limitation

Several limitations should be acknowledged. First, SARS-CoV-2

antibody positivity was determined using serological antibody tests,

but positive results could not differentiate between natural

infection and successful vaccination, which may have different

effects on cardiac structure and function. Similarly, negative

antibody results could not distinguish between uninfected

individuals and those with a non-responsive vaccination. Second,

our study required a second CMR scan to assess cardiac changes

after a clear positive or negative antibody test result, leading to

potential participant loss for those who only had baseline images

available. The average follow-up period of approximately 100

days may not be long enough to fully capture the long-term

cardiovascular effects of COVID-19.
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Additionally, due to safety and practical considerations, the UK

Biobank CMR protocol did not include enhanced CMR imaging,

such as T2 STIR sequences, LGE, and ECV analyses. As a result,

we could not exclude the possibility that myocardial edema

contributed to the observed Native T1 changes. Finally, since all

raw images were obtained from the UK Biobank, the CMR

follow-up examinations were part of a general survey, and

specific clinical indications for these examinations were

not available.

Furthermore, while an ICC analysis showed good consistency

between the three observers, the varying experience levels of the

observers could have introduced some bias. This potential

variability is acknowledged as a limitation.
5 Conclusion

Our findings suggest subtle cardiac changes associated with

SARS-CoV-2 antibody positivity over an approximately 100-day

period, including decreases in CO and CI, an increase in

myocardial native T1, and a potential risk of LV hypertrophy.

However, no significant differences were observed in LV

structure and function between the seropositive and seronegative

groups. These results are exploratory, and further studies with

longer follow-up are needed to clarify the long-term

cardiovascular effects of SARS-CoV-2 antibody positivity.
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