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Editorial on the Research Topic
Novel approaches in cardiac imaging
Over the past decade, advancements in cardiovascular imaging (1–3) have coincided with

significant progress in diagnosing and treating various cardiac conditions (4–8). The

implementation of speckle-tracking echocardiography now enables early detection of

cardiac pathology while simultaneously reducing assessment variability between operators.

Cardiac magnetic resonance has emerged as the gold-standard technique for non-

invasively assessing biventricular dimensions, function, and myocardial tissue

characteristics. Moreover, coronary computed tomography provides crucial information

on plaque characteristics through non-invasive assessment of coronary arteries. Hybrid

cardiac imaging combines various techniques and offers supplementary diagnostic and

prognostic information. Last but not least, integrating artificial intelligence into modern

cardiac imaging analysis promises a new frontier in diagnostic potential. Future

technological advancements are expected to further emphasize the role of cardiovascular

imaging in evaluating underlying pathophysiologic processes, thereby integrating

pathophysiology, molecular medicine, and cardiovascular imaging.

This Special Issue delves into these significant aspects through 16 original research

articles, an updated literature review, a systematic review and meta-analysis, and a case

report. Here is a brief overview of these articles.

Chen et al. suggested a novel pipeline for labeling and imaging myocardial and vascular

structures, which could be implemented in cardiac studies for examining heart structures at

the single-cell level.

Guo et al. introduced a pioneering technology that combines diagnostic ultrasound with

cyclic Arg-Gly-Asp-modified microbubbles targeting GP IIb/IIIa receptors. This approach

can rapidly identify advanced atherosclerotic plaques and concurrently provide targeted

therapy by dissolving activated and aggregated platelets.

El-Saadi et al. conducted a head-to-head comparison of myocardial strain using fast-

strain encoding and feature tracking imaging in acute myocardial infarction. Both

techniques exhibit acceptable agreement with two-dimensional echocardiography for

longitudinal strain, with fast-strain encoding demonstrating higher sensitivity and

specificity for detecting infarcted segments.

Zhang et al. evaluated left ventricular function in hypertrophic cardiomyopathy patients

with preserved ejection fraction using left ventricular strain patterns derived by cardiac
01 frontiersin.org6
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magnetic resonance feature tracking. The results suggest that left

ventricular strain patterns are more sensitive than conventional

ejection fraction for detecting subclinical cardiac dysfunction in

hypertrophic cardiomyopathy. Also, strain patterns correlate with

cardiac biomarkers, such as cardiac troponin and N-terminal

prohormone of the brain natriuretic peptide.

Vattay et al. investigated the relationship between quantitative

plaque metrics from coronary computed tomography angiography

and segmental myocardial ischemia assessed using dynamic

perfusion. Their findings suggest that total plaque volume is

independently associated with myocardial blood flow but not

with the severity of coronary stenosis.

Tang et al. explored the additional effects of mitral

regurgitation on left ventricular strain impairment in patients

with essential hypertension. Results showed that global peak

strain was significantly more impaired in hypertensives with

mitral regurgitation than in those without valvular insufficiency.

Interestingly, the degree of mitral regurgitation was

independently correlated with left ventricular global radial peak

strain, circumferential peak strain, and global longitudinal peak

strain.

Yu et al. assessed the diagnostic capability of real-time four-

dimensional transesophageal echocardiography in detecting

implant-related thrombus in patients who have undergone

transcatheter left atrial appendage closure or have a cardiac

implantable electronic device. The novel technique demonstrated

a superior thrombus detection rate compared to conventional

two-dimensional echocardiography. Furthermore, this real-time

four-dimensional transesophageal echocardiography approach

revealed distinct imaging features between a thrombus on an

occluder and an electronic device.

Wang et al. investigated the utility of myocardial work

parameters derived from pressure-strain loops in assessing

cardiac function and predicting clinical prognosis in patients

with pulmonary hypertension. The technique yielded two novel

indices: right ventricular global constructive work and pulmonary

arterial systolic pressure estimate. Both were predictive of clinical

outcomes in patients with pulmonary hypertension.

Dejea et al. described the customization of an isolated, perfused

heart system compatible with synchrotron-based x-ray phase

contrast imaging. This innovative setup enables high-spatial

resolution studies of heart architecture throughout the cardiac

cycle, offering insights into the structural dynamics of the heart,

including the effects of pharmaceuticals and other agents on the

cardiac cycle.

Wang et al. compared longitudinal changes in color Tissue

Doppler Imaging curves between normal controls and individuals

at risk of future cardiac events. Noteworthy, they demonstrated

that this technique could reveal an accelerated aging process in

the hearts of individuals with cardiac risk factors. Consequently,

they proposed Tissue Doppler Imaging as a valuable tool for

identifying high-risk patients in a clinical setting.

Zhu et al. assessed fetal cardiovascular parameters using a two-

dimensional speckle tracking technique to distinguish the size and

systolic function differences in the left and right ventricles during

pregnancy. They discovered that fetal cardiovascular physiology
Frontiers in Cardiovascular Medicine 027
is characterized by a larger right ventricular volume (especially

after 32 weeks) and greater left ventricular outputs, as indicated by

higher ejection fraction, cardiac output, and stroke volume values.

Muraru et al. evaluated whether left ventricular volumes and

ejection fraction measurements obtained by three-dimensional

echocardiography offer any additional prognostic value over

those acquired by two-dimensional echocardiography. Notably, in

a total of 725 consecutive patients, left ventricular ejection

fraction and end-systolic volume derived from three-dimensional

echocardiography showed a stronger association with outcomes

than the corresponding two-dimensional parameters.

Chen et al. proposed a novel method for labeling and imaging

myocardial and vascular structures by using fluorescent dyes and

transgenic markers. This innovative technique elucidates the

three-dimensional morphology and spatial arrangement of

cardiomyocytes and highlights structural differences in

endothelial cells and capillaries. Overall, this new pipeline can

define the structures of the entire heart at the single-cell level.

Beyls et al. investigated whether right ventricular longitudinal

shortening fraction, a two-dimensional speckle tracking

parameter used to assess right ventricular systolic function, yields

consistent results regardless of whether it is assessed with

conventional transthoracic echocardiography or transesophageal

echocardiography. Crucially, the authors demonstrated that the

values of the right ventricular longitudinal shortening fraction

obtained with the two techniques are interchangeable.

Kusunose et al. applied a previously developed artificial

intelligence model to predict heart failure and calculate the

probability of elevated pulmonary artery wedge pressure. The

findings showed the potential for using an artificial intelligence

model on chest x-ray to predict pulmonary artery wedge pressure

and its capacity to supplement prognostic information from

other conventional clinical prognostic factors in heart failure.

According to the authors of the study, these findings could

enhance the accuracy of prediction models in heart failure,

potentially leading to more informed clinical decision-making.

Erevik et al. aimed to determine the left ventricular response to

increased exercise duration and intensity using novel

echocardiographic tools to evaluate myocardial work and fatigue.

They found that increased exercise intensity and duration during

a cardiopulmonary exercise test and a 91-km mountain bike

leisure race were associated with increased myocardial wasted

work post-exercise, without changes in left ventricular ejection

fraction and global longitudinal strain compared to baseline.

These findings suggest that markers of myocardial inefficiency

may precede a reduction in global left ventricular function, thus

serving as early indicators of myocardial fatigue.

Yao et al. critically reviewed the benefits and limitations of four

current ultrasound imaging modalities for assessing plaque

vulnerability, considering the biological characteristics of the

vulnerable plaque, and their value in clinical diagnosis, prognosis,

and treatment efficacy assessment.

Sharma et al. conducted a systematic review and meta-analysis of

the clinical application of longitudinal layer-specific strain as a

diagnostic and prognostic instrument in ischemic heart disease.

Their findings demonstrated that epicardial longitudinal layer-
frontiersin.org
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specific strain was the most significant diagnostic marker in patients

with stable angina pectoris, whereas endocardial longitudinal layer-

specific strain was the strongest diagnostic marker in patients with

acute coronary syndrome. Furthermore, endocardial circumferential

strain was a significant predictor of adverse outcomes in stable

patients, while epicardial longitudinal layer-specific strain was the

best predictor of outcomes in unstable patients.

Lin et al. presented a case of multiple biventricular aneurysms

in arrhythmogenic cardiomyopathy, emphasizing that the

pathological characteristics of arrhythmogenic cardiomyopathy

can be better visualized using high-frequency linear ultrasound,

with provides superior resolution.

In conclusion, future technological advancements, as discussed

in this Special Issue, are expected to underscore the role of

cardiovascular imaging in evaluating underlying pathophysiologic

processes, thereby bridging the gap between pathophysiology,

molecular medicine, and cardiovascular imaging (9, 10).

Accordingly, multimodality imaging holds the promise of

providing an unprecedented volume of diagnostic information,

including an accurate depiction of coronary anatomy,

atherosclerosis, myocardial ischemia, and tissue characterization.

Such comprehensive data could enhance the diagnostic work-up

and therapeutic options in real-world clinical practice.
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E�ects of diagnostic ultrasound
with cRGD-microbubbles on
simultaneous detection and
treatment of atherosclerotic
plaque in ApoE−/− mice

Shengcun Guo, Shengye Zhang, Kui Chen, Xi Chen and

Fudong Hu*

Department of Cardiology, The First A�liated Hospital of Zhengzhou University, Zhengzhou, China

Background: Atherosclerotic vulnerable plaque is the leading cause of acute

fatal cardiovascular events. Thus, early rapid identification and appropriate

treatment of atherosclerotic plaque maybe can prevent fatal cardiovascular

events. However, few non–invasive molecular imaging techniques are

currently available for the simultaneous detection and targeted treatment

of atherosclerotic plaques. We hypothesized that diagnostic ultrasound

(DU) combined with cyclic Arg-Gly-Asp-modified microbubbles (MBR) could

provide targeted imaging and dissolution of activated platelets to identify

advanced atherosclerotic plaques and improve plaque instability.

Methods: Three mouse models, apolipoprotein E-deficient mice on a

hypercholesterolemic diet (HCD) or normal chow diet and wild-type mice

on an HCD were used. The most appropriate ultrasonic mechanical index

(MI) was determined based on the expression of GP IIb/IIIa in sham, DU

alone and DUMBR-treated groups at MI values of 0.5, 1.5, and 1.9. The

video intensity (VI) values, activated platelets and plaque instability were

analyzed by ultrasound molecular imaging, scanning electron microscopy and

histopathological methods.

Results: We found that the VI values of ultrasound molecular imaging of MBR
were positively correlatedwith plaque GP IIb/IIIa expression, vulnerability index

and necrotic center / fiber cap ratio. 24 h after treatment at di�erent MIs,

compared with those of the other groups, both the VI values and GP IIb/IIIa

expression were significantly reduced in MI 1.5 and MI 1.9 DUMBR-treated

groups. The plaque vulnerability index and necrotic center / fiber cap ratio

were significantly decreased in MI 1.5-treated group, which may be due to

targeted dissolution of activated platelets, with a reduction in von Willebrand

factor expression.
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Conclusion: DUMBR targeting GP IIb/IIIa receptors could rapidly detect

advanced atherosclerotic plaques and simultaneously give targeted therapy by

dissolving activated and aggregated platelets. This technology may represent

a novel approach for the simultaneous identification and treatment of

atherosclerotic plaques.

KEYWORDS

atherosclerotic plaque, diagnostic ultrasound, microbubbles, activated platelets, GP

IIb/IIIa receptor

Introduction

Cardiovascular disease is the leading cause of morbidity and

mortality worldwide (1). The typical underlying pathology is

the sudden rupture or erosion of an atherosclerotic vulnerable

plaque, followed by platelet activation, aggregation and

subsequent thrombus formation (2). Accumulating evidence

suggests that activated platelets within plaques are significantly

correlated with plaque vulnerability (3, 4). Therefore, the

rapid identification and immediate therapy of activated and

aggregated platelets may be critical for the diagnosis and

treatment of atherosclerotic plaques. Currently, activated

platelets can be detected by imaging methods, but approaches

applied to stabilize vulnerable plaques are limited to the

application of antiplatelet drugs, such as aspirin, clopidogrel,

ticagrelor, GP IIb/IIIa receptor inhibitors and plasminogen

activators, in the clinic. These agents cannot reduce adverse

cardiovascular events and may have drug-associated adverse

effects after either systemic or oral administration, leading to

drug resistance in the long term (5–7). Therefore, it is vital

to develop a non–invasive imaging approach that allows the

simultaneous diagnosis and treatment of activated platelets, as

well as tracking of the therapeutic effect.

To date, a non–invasive molecular imaging method that

is capable of synchronous detection and targeted therapy

of high-risk plaques is not available. Among all imaging

modalities, ultrasound molecular imaging, also known as

diagnostic ultrasound (DU) combined with microbubbles (MB),

has the advantages of being non–invasive, free of radiation-

associated risk, available, inexpensive, and inherently real-

time, prompting us to use it for the development of a

specific theranostic approach (8). Recently, our previous study

successfully used DU + MB to target activated platelets to

Abbreviations: MBR, cyclic Arg-Gly-Asp (RGD)-modified microbubble;

ApoE−/−, apolipoprotein E-deficient; HCD, hypercholesterolemic diet;

DUMBR, diagnostic ultrasound combined with MBR; MI, mechanical

index; MBC, negative control MB; α-SMA, α-smooth muscle actin; SMCs,

smooth muscle cells; vWF, von Willebrand factor; TF, tissue factor;

MCP-1, monocyte chemotactic protein; VCAM-1, vascular cell adhesion

molecule-1; NC/FC, necrotic center/fiber cap.

identify high-risk plaques (4); however, whether the DU + MB

technology could be able to simultaneously detect and treat

atherosclerotic plaques by targeting activated and aggregated

platelets in chronic atherosclerotic plaques remains unknown.

Multiple studies demonstrated that DU + MB treatment can

significantly dissolve acute intravascular thrombi in large vessels

and microthrombi (platelet-rich) in microvasculature in models

of acute myocardial infarction (9–12), and whether DU in

combination with MB treatment could be applied in the chronic

atherosclerosis remains unclear.

The glycoprotein (GP) IIb/IIIa complex, known as αIIbβ3

integrin, is the major receptor expressed on the surface of

activated platelets, and mediates platelet bridging, subsequent

aggregation and thrombus formation via a high-affinity state

(13, 14). Our previous studies demonstrated that the GP

IIb/IIIa receptor of activated platelets is significantly correlated

with plaque vulnerability (4). These features render the GP

IIb/IIIa receptor an ideal target for both molecular imaging

of aggregated platelets and targeted therapy of atherosclerotic

plaques. We developed a cyclic Arg-Gly-Asp (RGD)-modified

MB (MBR) with 30-fold higher affinity and stability in binding

the GP IIb/IIIa complex than linear MB and used MBR for

the targeted detection of activated platelets and thrombi in

large arteries (4, 15), without facilitating platelet activation and

crosslinking, which might cause thrombosis (16). These targeted

MBR bind GP IIb/IIIa on activated platelets, allowing real-time

imaging and safe dissolution of aggregated platelets, thereby

stabilizing atherosclerotic plaques.

The current study examined whether DU combined with

MBR (DUMBR) is capable of simultaneous targeted imaging

and dissolution of aggregated platelets to detect advanced

atherosclerotic plaques and improve plaque instability.

Methods

Animal groups

The animal study protocols were approved by the

Institutional Animal Care and Use Committee of Zhengzhou

University. The present study conformed to the rules of the

Guide for the Care and Use of Laboratory Animals published by
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the U.S. National Institutes of Health (NIH 8th edition, 2011)

and the guidelines for experimental atherosclerosis studies

described in the American Heart Association (AHA) Statement.

Male wild-type C57BL/6 and apolipoprotein E-deficient

(ApoE−/−) mice were purchased from Vital River Laboratory

Animal Technology Co. Ltd. (Beijing, China). The following

groups were used: ApoE−/− mice fed a hypercholesterolemic

diet (ApoE−/− + HCD, n = 180), ApoE−/− mice fed a normal

laboratory diet (ApoE−/− + NLD, n = 12), and wild-type

C57BL/6 mice fed an HCD (C57BL/6 + HCD; n = 12). For

experiments, 6-week-old mice were had free access to their

respective diets (purchased from Medicience Biomedical Co.

Ltd.) and tap water for up to 30 weeks.

Experimental protocol

To observe the correlation between GP IIb/IIIa and plaque

instability, 6 mice per group were randomly selected for

the contrast enhanced ultrasound tested experiments and

another 6 mice for blockade experiments. The abdominal

aorta was collected, and hematoxylin and eosin (H & E) and

immunohistochemical staining were performed.

To establish an appropriate DU mechanical index (MI), 36

HCD-fed ApoE−/− mice were randomly divided into a sham

group and five treatment groups (n = 6 per group). The sham

group was subjected to the DU transducer in the “off” setting

and injected with MBR. The five treated groups were divided

into three DUMBR-treated groups, a DU-only-treated group

and a DU+negative control microbubble (DUMBC) treatment

group. The DUMBR-treated groups were insonated with

different MI values (0.5, 1.5, and 1.9) and injected with MBR,

while the DU-only-treated group was insonated with an MI of

1.9 in the absence of any microbubbles, and DUMBC-treated

group was insonated with an MI of 1.9 and received an injection

of MBC. The mice were subjected to targeted ultrasound

molecular imaging before and 24 h after the treatment. Then,

the mice were sacrificed 24 h after treatment and the abdominal

aortas were collected for immunohistochemistry. In addition,

another 12 HCD-fed ApoE−/− mice were randomly divided

into DUMBR-treated groups with an MI of 1.5 or 1.9. At

24 h after treatment, the abdominal aortas were collected for

scanning electron microscopy.

To evaluate the influence of DUMBR treatment on

surrounding normal tissue surrounding the abdominal aorta,

samples of the abdominal skin and mesentery from the different

groups were obtained for H & E staining. In addition, to assess

the bleeding time of DUMBR, 5mm of the mouse tail was cut off

from the tip and immersed in saline at 37◦C. The bleeding time

was determined by the time required to stop visible blood flow

for at least 1 min.

To explore the mechanism by which plaque instability was

reversed, 72 HCD-fed ApoE−/− mice were randomly selected

to receive the DUMBR treatment with an appropriate MI that

was previously determined. The abdominal aortas were collected

before and 0 h, 24 h and 8 weeks after DUMBR treatment for

H&E, immunohistochemistry, histoimmunofluorescence and

scanning electron microscopy.

To evaluate the therapeutic effect of DUMBR treatment on

plaques, 48 HCD-fed ApoE−/− mice were randomly divided

into DUMBR treatment (n = 12), DUMBC treatment (n =

12), DU only (n = 12) and control (n = 12) groups; the mice

were continued to be fed a laboratory diet for 12 weeks after

receiving the respective interventions. Plaque instability was

assessed by H & E/Masson’s trichrome staining and IHC at

12 weeks after treatment. The number of activated platelets

aggregated on abdominal aortic plaque was counted by scanning

electron microscopy. The animal grouping and experimental

protocol are illustrated in Figure 1.

Microbubble preparation and
characterization

The generation of GP IIb/IIIa-targeted and negative control

MBs (MBR andMBC, respectively) and validation of the binding

characteristics were performed as previously described (15). The

concentration, and particle size distribution of the two types

of MBs were characterized with a Coulter counter (Beckman

Coulter Inc., Brea, CA, United States).

Ultrasound molecular imaging of
atherosclerotic plaques

The mice underwent ultrasound molecular imaging

performed with a Sequoia ultrasound system using a linear-

array probe (15L7; MI: 0–1.9; frequency: 7–15 MHz; Siemens

Medical Systems) with Cadence contrast pulse sequencing

as previously described (4). Briefly, imaging was performed

at a centerline frequency of 7.0 MHz and MI of 0.18 in the

longitudinal axis view. Real-time images were obtained for 6min

after an intravenous injection with a bolus of microbubbles.

Then, the MI was transiently increased to 1.0 for 3 s to destroy

adhered MBs, and subsequent post-destruction images were

acquired at an index of 0.18 to obtain the background images

of residual bubbles present in the bloodstream. The averaged

post-destruction contrast frames were digitally subtracted

from the averaged pre-destruction frames at 6min to identify

the signal attributable to retained microbubbles using Yabko

MCE2.7 image analysis software (University of Virginia,

Charlottesville, VA, United States) and then color-coded; the

background-subtracted video intensity was measured from the

abdominal aorta (4, 17). To confirm the correlation of video

intensity value of UMI with plaque GP IIb/IIIa or vulnerability,
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FIGURE 1

Illustration of the experimental protocol.

contrast enhanced ultrasound was performed in C57BL/6 +

HCD, ApoE−/− + NLD and ApoE−/− + HCD mice (n = 6

each), with an intravenous injection of 1× 106 MBR or negative

control MB (MBC) in a total volume of 0.1ml in a random

order. To demonstrate the high affinity of MBR for the GP

IIb/IIIa receptor in vivo, a competitive GP IIb/IIIa antagonist,
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Eptifibatide (integrilin), was injected at a dose of 1.8µg/g to

saturate integrins, followed by an injection of MBR or MBC and

contrast enhanced ultrasound. To determine the appropriate

MI, mice from the sham or DUMB/DU groups were observed by

contrast enhanced ultrasound before treatment and continued

feeding until 24 h after treatment; contrast enhanced ultrasound

was performed again with an injection of a bolus of 1 × 106

MBR as described above (4, 18).

DUMBR treatment of atherosclerotic
plaques

A Siemens Acuson Sequoia with a 15L7 linear-array

transducer (frequency range, 7–15 MHz; elevation plane, 5mm)

and contrast pulse sequencing (Siemens Medical Systems) was

employed as the ultrasonic therapy device. The mice in the sham

group were not subjected to the DU treatment, while the mice

in the DUMBR, DU only and DUMBC groups were treated

with DU. The transducer was fixed on a steel stand with a scale

and held 0.5 cm over the abdominal skin with ultrasound gel.

In the DUMBR/DUMBC-treated groups, during the infusion of

microbubbles (0.008 mL/min) via a tail vein catheter, contrast

pulse sequencing was utilized to visualize the abdominal aortic

longitudinal axis at an MI of 0.18 until evidence of contrast

filling with the whole abdominal aorta was observed. TheMI was

increased to high MIs (0.5, 1.5, and 1.9) for 30 s while scanning

the whole abdominal aorta. Then, the MI was decreased to 0.18,

and real-time imaging was repeated until the evidence as above

was observed again. High-MI impulses were repeated for 30 s.

This sequence of high- and low-MI imaging was repeated for

30min (10, 19). The sound beam was aimed to expose the whole

abdominal aorta by manually swinging the probe.

Detection of activated platelets by
scanning electron microscopy

Abdominal aorta tissue samples were fixed with 2.5%

glutaraldehyde and prepared for scanning electron microscopy

following a standard procedure. Activated platelets adhered and

aggregated on the surface of the vessel lumen were observed by

SEM (S-3000N; Hitachi, Tokyo, Japan) at 20 kV. The number

of platelets was counted per field (25.2 × 25.2mm) in 10

optical fields.

Fluorescence staining

Histoimmunofluorescence was performed as described

previously (20). Briefly, 3µm sections were permeabilized,

blocked and then incubated with rabbit polyclonal antibody

against mouse CD31 (Abcam, Cambridge, MA, United States)

to detect endotheliocytes. An Alexa Fluor 488-conjugated

secondary antibody (Invitrogen) was used. Cell nuclei were

counterstained with DAPI. Sections were imaged using a

fluorescence microscope (Olympus, Tokyo, Japan). The number

of angiogenesis was calculated in 10 randomly selected 400 ×

high-power fields from 6 separate sections per sample.

Histology and immunohistochemistry

The samples of the abdominal aorta used for

the histopathologic examination were fixed in 4%

paraformaldehyde, dehydrated, paraffin-embedded, and

sectioned at 3µm. Five representative serial sections were

selected in each site in the proximal, intermediate, and distal

ends of the abdominal aortas of each animal. H&E staining,

Masson’s trichrome staining and immunostaining were

performed as previously described (4). Images were observed

under an optical microscope.

The fiber lipid deposition and collagen fiber were assessed

by H&E and Masson’s trichrome staining (MST-8003; Matxin

Labs Pvt., Ltd., Bangalore, India). For immunohistochemistry

staining, the primary antibodies included rabbit anti-mouse

polyclonal antibodies specific for α-smooth muscle actin (α-

SMA) (ab5694), CD68 (ab125212), GP IIb integrin (ab63983),

von Willebrand factor (vWF) (ab9378), tissue factor (TF)

(ab104513), monocyte chemotactic protein (MCP-1) (ab25124)

and vascular cell adhesion molecule-1 (VCAM-1) (monoclonal

antibody; ab134047, all from Abcam), and a rat anti-

mouse monoclonal antibody specific for TER-119 (550565,

BD Biosciences). The secondary antibodies were peroxidase-

conjugated anti-rabbit or rat IgG. Incubation without primary

antibodies and/or with isotype-matched immunoglobulins was

used as a negative control for all immunostaining. To determine

the specificity of platelet staining, the primary antibody was

substituted with the GP IIb/IIIa antigen-antibody complex as a

pre–absorption negative control.

Plaque quantification of histopathologic
indicators

The necrotic center/fiber cap (NC/FC) ratio was calculated

by the area of lipid deposition and collagen fiber which were

measured by planimetry. The areas of positive staining for SMCs

and macrophages were quantified as percentages of positive

staining within the total plaque area using Image-Pro Plus

(IPP, Media Cybernetics, Rockville, MD, United States). The

plaque vulnerability index was calculated using the following

formula: vulnerability index = (macrophages % + lipids %) /

(SMCs % + collagen %) (4, 21). The content of GP IIb/IIIa was

measured by the following two methods as previously described:

the percentage of GP IIb/IIIa expression in the plaque and
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the percentage of GP IIb/IIIa coverage in the endothelium (4).

The extravasation of erythrocytes in plaques was quantified by

counting the average number of erythrocytes in 10 randomly

selected 400 × high-power fields from 6 separate sections

per sample. The vWF content in plaques was measured by

counting the average number of vWF-positive endothelial cells.

In addition, the areas of positive immunoreactivity for other

factors, such as TF, VCAM-1 and MCP-1, in plaques were

quantified as described above for SMCs.

The histopathologic indicators were quantified at the

three selected sites and averaged per section per site. All

measurements and analyses of the ultrasound molecular

imaging, scanning electron microscopy, histology, and

immunolabeling data were performed by two individuals who

were blinded to the experimental design.

Western blot analysis

Proteins were obtained from whole abdominal aorta

homogenates. Immunoblotting was performed to assess the

expression of TF, VCAM-1 and MCP-1. The immunoreactive

bands were visualized by Odyssey Software (version 1.2;

LI-COR, Lincoln, NE, United States), and quantified using

Image J (NIH, Bethesda, MD, United States) as previously

described (22).

Statistical analysis

Data were analyzed using SPSS v.13.0 (SPSS, Inc., Chicago,

IL, United States) and are presented as the mean ± standard

deviation. The normal distributions of continuous variables

were confirmed by the Kolmogorov-Smirnov test. For the

variables with normal distributions, 2-tailed Student’s t-test

(for comparisons between two groups) or one-way analysis of

variance (for comparisons among three or more groups or

time points), followed by Bonferroni (for comparisons with

equal variance) or Dunnett’s T3 (for comparisons without equal

variance) post-hoc tests were used for the statistical analysis. For

the variables with non–normal distributions, theMann-Whitney

rank sum test was used. Spearman’s rank correlation was used

to assess the linear correlation between selected variables. A P

value<0.05 was considered statistically significant.

Results

MB characterization

The two types of MBs used in this study had a

mean diameter of approximately 2.55µm, and the mean

concentrations were approximately 1.15 × 109 MB per ml.

Supplementary Table 1 summarizes the parameters of MBC and

MBR. There were no significant differences in themean diameter

or concentration between the two types of MB (P > 0.05).

The particle size distribution of MBC and MBR was shown by

Supplementary Figures 3A,B.

The correlation among GP IIb/IIIa
expression, plaque vulnerability and
video intensity of ultrasound molecular
imaging

To explore the relationship between GP IIb/IIIa expression

and plaque vulnerability, GP IIb/IIIa expression in abdominal

aortic plaques was detected in three experimental mouse groups

(Figure 2A); H & E and Masson’s trichrome staining, as well

as CD68 and α-SMA immunolabeling were used to assess the

plaque vulnerability index and the NC/FC ratio (Figure 2A); the

quantitative results showed that both GP IIb/IIIa expression in

plaques and coverage of the endothelium were highest in the

ApoE−/− + HCD group, followed by ApoE−/− + NLD and

C57BL/6+HCD groups (P< 0.05; Figure 2B). Interestingly, GP

IIb/IIIa expression in plaques were correlated with GP IIb/IIIa

coverage of the endothelium (Figure 2C); GP IIb/IIIa expression

in whole plaques and the coverage of the endothelium was

also correlated with plaque vulnerability index and NC/FC ratio

(Figures 2D–G).

In addition, the background-subtracted video intensity

(Figure 3A) of MBR and MBC were comparable in both the

tested and blocked groups of C57BL/6 + HCD mice, but the

video intensity of MBR were significantly higher than those

of MBC in the other two tested groups. The video intensity

of MBR in the tested group was highest in the ApoE−/− +

HCD group, followed by ApoE−/− + NLD and C57BL/6 +

HCD groups (P < 0.05; Figure 3B), with the similar trend as

GP IIb/IIIa expression. The treatment with the GP IIb/IIIa

antagonist decreased the video intensity to the level of MBC in

these groups (P < 0.05; Figure 3B), indicating that the binding

between MBR and GP IIb/IIIa receptor was mostly inhibited

by Eptifibatide. Notably, the video intensity of MBR in the

tested group was correlated with GP IIb/IIIa coverage of the

endothelium and expression in plaques (Figures 3C,D), and the

plaque vulnerability index and NC/FC ratio (Figures 3E,F).

The e�ects of DUMBR treatment on
plaques, skin and mesentery: Results of
various ultrasonic MI values

Ultrasound molecular imaging was used to reveal the

video intensity of MBR or MBC in the abdominal aorta in

different treatment mouse groups before and 24 h after DUMBR
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FIGURE 2

Correlations between GP IIb/IIIa expression and the plaque vulnerability indicators. (A) Representative images of aortic tissue visualized by H & E

and Masson’s trichrome staining or labeling with antibodies against GP IIb/IIIa, α-SMA and CD68 are shown. The primary antibody was

substituted with the GP IIb/IIIa antigen-antibody complex as a preabsorption negative control. (B) The GP IIb/IIIa content in total plaque and

coverage of the endothelium were quantified. Correlations between GP IIb/IIIa expression in plaques and (C) GP IIb/IIIa coverage of the

endothelium, (D) plaque vulnerability index and (E) NC/FC ratio; and between GP IIb/IIIa coverage of the endothelium and (F) plaque

vulnerability index and (G) NC/FC ratio were determined. n = 6 per group. Data represent the mean ± standard deviation. *P < 0.05 vs. C57BL/6

+ HCD, #P < 0.05 vs. ApoE −/− + NLD. α-SMA: α-smooth muscle actin; NC/FC: necrotic center/fiber cap.
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FIGURE 3

Correlations between video intensity of ultrasound molecular imaging and GP IIb/IIIa expression, and the plaque vulnerability indicators. (A)

Background-subtracted, color-coded images were obtained after injection of MBR or negative control (MBC). (B) Video intensity of MBR and MBC

in the tested mice and their inhibited groups were quantified (n = 6 per group). Correlations between the video intensity of MBR in tested group

and (C) GP IIb/IIIa coverage of the endothelium, (D) GP IIb/IIIa expression in plaques, (E) the plaque vulnerability index, and (F) the NC/FC ratio

are shown. n = 6 per group. Data represent the mean ± standard deviation. *P < 0.05 vs. C57BL/6 + HCD, #P<0.05 vs. ApoE −/− + NLD, &P <

0.05, MBC vs. MBR,
$P < 0.05, MBR vs. MBR-inhibited. MBR: cyclic Arg-Gly-Asp (RGD)-modified microbubble; NC/FC: necrotic center/fiber cap.

treatment (Figure 4A). Before treatment, the video intensity

were comparable among the six different treatment mouse

groups, indicating equivalent plaque vulnerability in these mice

(P > 0.05; Figure 4D). 24 h after treatment, the video intensity

were comparable in the sham group, MI 0.5 DUMBR-treated

group and DU-only group and were slightly higher than those

in the DUMBC-treated group, while the video intensity in the

MI 1.5 and MI 1.9 DUMBR treatment groups were significantly

decreased compared with those in the other four groups (P <

0.05; Figure 4D).

GP IIb/IIIa immunostaining was used to assess the activated

and aggregated platelets in abdominal aortic plaques in different

treatment groups 24h after treatment (Figure 4B), the ratio of

GP IIb/IIIa coverage of the endothelium did not significantly

differ among the sham, MI 0.5 DUMBR-treated and DU-only

groups, but was slightly decreased in DUMBC-treated group,
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and further decreases were observed in the MI 1.5 and MI

1.9 DUMBR-treated groups compared with the sham, MI 0.5-

treated and DU-only groups (P < 0.05; Figure 4E). A similar

expression pattern was observed in plaques in these groups

(P < 0.05; Figure 4F). Notably, the plaque endothelium was

destroyed in the MI 1.9 DUMBR-treated group compared with

that in the other groups. in addition, we further used scanning

electron microscopy to observe the activated platelets adhered

FIGURE 4

Continued
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FIGURE 4

E�ects of DUMBR treatment on plaques: Results of various ultrasonic mechanical index (MI) values. (A) Background-subtracted, color-coded

images of ultrasound molecular imaging for MBR or MBC before and 24h after treatment. Representative images of immunohistochemical

(Continued)
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FIGURE 4

staining for (B) GP IIb/IIIa and (C) TER-119 in plaques are shown. (D) The video intensity of MBR or MBC in mice was quantified. Quantitative

analysis of the (E) GP IIb/IIIa coverage on the endothelium, (F) GP IIb/IIIa expression in plaques, and (G) the average number of red blood cells at

24h after treatment. (H) Bleeding times were assessed by surgical tail transection in the six treated mouse groups (P > 0.05). (I) Platelets (black

arrowheads) adhering to the site of atherosclerotic lesions were observed by scanning electron microscopy after the DUMBR treatment at an MI

of 1.5 or 1.9 groups. Panel b and its magnified images in panel d show that the endothelium was incomplete (red arrowheads). (J) Average

number of activated platelets was quantified. (K) Representative images of abdominal skin and mesentery stained with H & E. Red blood cells

were observed in complete vessels (black arrowheads). n = 6 per group. *P < 0.05 vs. sham, #P < 0.05 vs. MI 0.9, &P < 0.05 vs. DU only, $P < 0.05

vs. DUMBC,
§P < 0.05 vs. MI 1.9 DUMBR; DUMBR: diagnostic ultrasound combined with MBR. DUMBC, diagnostic ultrasound combined with MBC.

to the surface of the vessel lumen in the MI 1.5 and MI 1.9

DUMBR treatment groups. there was no significant difference

in the number of activated platelets between the two groups (P

> 0.05; Figures 4I,J), but the structures of plaque endothelium

were indeed incomplete in theMI 1.9 DUMBR Group compared

with those in the MI 1.5 DUMBR group (Figure 4I). In addition,

TER-119 immunostaining was used to reveal the extravasation

of erythrocytes within plaques in different treatment groups

24 h after treatment (Figure 4C). The number of exosmotic

erythrocytes was most significantly increased in the MI 1.9

DUMBR Group, followed by the DUMBC Group, MI 1.5 and 0.5

DUMBR Groups, the DU only group and sham group (P < 0.05;

Figure 4G). Moreover, Supplementary Figure 1 demonstrated

that expression of TER-119 was slightly increased at 24 h

after treatment, but significantly decreased at 8 Weeks and 12

Weeks after DUMBR treatment at an MI of 1.5 compared with

pretreatment (P < 0.05). These indicate that DUMBR treatment

did not further increase erythrocyte extravasation within plaques

and MI 1.5 may be a safer ultrasonic condition for DUMBR

treatment of atherosclerotic plaque.

H & E staining of abdominal skin and the mesentery

was used to evaluate the influence of DUMBR treatment

on surrounding normal tissue. No significant extravasated

erythrocytes or, degeneration or necrosis of cells was found in

the skin and mesentery after DUMBR treatment at different MI

values or after DU only treatment or DUMBC treatment groups

(Figure 4K). Furthermore, the bleeding time were assessed by

surgical tail transection, there were no differences in bleeding

times among the six treatment mouse groups (P > 0.05,

Figure 4H). Thus, DUMBR treatment at differentMI values does

not compromise normal tissue surrounding the abdominal aorta

and prolonging the bleeding time.

Targeted dissolution of activated
platelets aggregated on plaque

Immunohistochemistry of GP IIb/IIIa was performed at the

four time points to assess the activated platelets aggregated on

plaque (Figure 5A). Compared with pretreatment, GP IIb/IIIa

coverage of the endothelium was significantly decreased at 0 h,

24 h, and 8 weeks after DUMBR treatment (P < 0.05; Figure 5B),

and a similar expression trend was observed in plaques (P

< 0.05; Figure 5C). In addition, we further used scanning

electron microscopy to detect the activated platelets adhered

on the surface of plaques in the groups at four time points

(Figure 5D). The number of activated platelets aggregated on

the endothelium showed a trend similar to that of GP IIb/IIIa

expression (Figure 5E).

DUMBR treatment reduces the expression
of platelet adhesion promoters,
thrombogenic factors, adhesion
molecules, chemokines and
microvasculature in plaques

To explore the possible mechanism of plaque instability

improvement, the expression of vWF, TF, VCAM-1 and

MCP-1 in the plaques is shown by immunohistochemistry

in Figure 6A. No significant difference in the expression of

the platelet adhesion promoter (represented by vWF) was

observed immediately after DUMBR treatment compared with

pretreatment; however, at 24 h and 8 weeks after treatment,

the expression of vWF was significantly decreased (P < 0.05;

Figures 6A,B). Similar patterns were observed in the expression

of thrombogenic factors, endothelial adhesion molecules and

macrophage chemokines (P < 0.05; Figures 6A,C); consistently,

the expression of TF, VCAM-1 and MCP-1 by western-

blotting also presented similar expression trends (P < 0.05;

Figures 6D,E). In addition, plaque microvasculature (marked by

CD31) were dramatically decreased at 24 h, and 8 weeks after

treatment (P < 0.05; Supplementary Figures 2A,B).

DUMBR treatment improves plaque
instability

Twelve weeks after DUMBR treatment, H & E and

Masson’s trichrome staining, as well as CD68, α-SMA and

GP IIb/IIIa immunolabeling of abdominal aortic plaques

(Figure 7A), revealed that both GP IIb/IIIa expression in

plaques and coverage of the endothelium were markedly

reduced in the DUMBR treatment group, followed by

DUMBC treatment, DU only and control groups. Similar

trends were observed in the abundance of macrophages,
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FIGURE 5

E�ects of DUMBR treatment at an MI of 1.5 on activated platelets in plaques. (A) Representative images of GP IIb/IIIa labeling in plaques and the

endothelium (arrows) of the aorta are shown. Quantifications of (B) GP IIb/IIIa coverage of the endothelium and (C) total plaque GP IIb/IIIa

content are shown. (D) Platelets (black arrowheads) adhering to the endothelium of atherosclerotic lesions were observed by scanning electron

microscopy. (E) Quantitative analysis of the average number of activated platelets. n = 6 per group. *P < 0.05 vs. pretreatment, #P < 0.05 vs.

Post-0 h, &P < 0.05 vs. Post-24h.

the vulnerability index and NC/FC ratio (P < 0.05;

Figures 7B–D,F,G). In contrast, the expression of SMCs

showed the opposite trend (Figure 7E). Additionally, the results

of scanning electron microscopy also indicated that at 12

weeks after DUMBR treatment, compared to the DUMBC
treatment and other two groups, fewer activated platelets
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FIGURE 6

DUMBR treatment reduces the expression of platelet adhesion promoters, thrombogenic factors, adhesion molecules and chemokines. (A)

Representative images of Immunohistochemistry for von Willebrand factor (vWF), tissue factor (TF), vascular cell adhesion molecule-1 (VCAM-1)

and monocyte chemotactic protein (MCP-1) before treatment and at 0 h, 24h and 8 weeks after treatment with DUMBR at an MI of 1.5.

Quantification of (B) vWF, (C) TF, VCAM-1 and MCP-1 at di�erent time points is shown. (D) Representative immunoprecipitation images of TF,

VCAM-1 and MCP-1 in plaques before treatment and at 0 h, 24h, and 8w after treatment with DUMBR at an MI of 1.5. (E) Quantification of the

immunoblot strip. n = 6 per group. *P < 0.05 vs. pretreatment. #P < 0.05 vs. Post-0 h, &P < 0.05 vs. Post-24h, n = 6 per group.

adhered and aggregated on the endothelium (Figures 7H,I),

which is consistent with the expression of GP IIb/IIIa

described above. In summary, DUMBR could identify

unstable plaques and simultaneously improve their stability

by specifically dissolving activated platelets as illustrated in

Figure 7J.
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FIGURE 7

E�ect of DUMBR treatment on plaque instability. (A) Representative images of H & E and Masson’s trichrome staining and immunolabeling with

antibodies against α-SMA, CD68 and GP IIb/IIIa. Quantitative analyses of (B) GP IIb/IIIa coverage of the endothelium, (C) total plaque GP IIb/IIIa

content, (D) plaque macrophage and (E) SMC content were shown. (F) The plaque NC/FC ratio and (G) vulnerability index were calculated. (H)

Representative scanning electron microscopy images of activated platelets (black arrowheads). (I) Average number of activated platelets was

quantified. (J) Illustration of DUMBR identifying unstable plaques and simultaneously improving their stability by specifically dissolving activated

platelets. n = 6 per group. *P < 0.05 vs. control, #P < 0.05 vs. DU, &P < 0.05 vs. DUMBC. DUMBR, diagnostic ultrasound combined with MBR;

DUMBC, diagnostic ultrasound combined with MBC.
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Discussion

The present study demonstrated that DUMBR targeting GP

IIb/IIIa receptors could simultaneously and specifically diagnose

and treat atherosclerotic plaques and evaluate the treatment

effect. The underlying mechanism of stabilizing atherosclerotic

plaques may be due to the targeted dissolution of activated and

aggregated platelets, with a reduction in vWF expression, which

further reduces the thrombogenic risk, vascular inflammation,

and macrophage recruitment, and ultimately enhances plaque

stability. This theranostic approach combining diagnostic and

therapeutic capabilities in a single type of targeted MB with high

specificity and affinity may represent a novel application for

the detection and stabilization of atherosclerotic plaques while

avoiding systemic adverse effects.

A key contributor to thrombosis, activated platelets could

be considered a critical factor leading to plaque instability and

rupture, and the GP IIb/IIIa receptor of activated platelets

has been regarded as a target for the diagnosis of high-risk

plaques (3, 4). This was supported by our finding that GP

IIb/IIIa coverage of the endothelium or expression in plaques

was correlated with both plaque vulnerability index, the ratio of

NC/FC and video intensity of ultrasound molecular imaging for

MBR on plaques. Moreover, our results also revealed that the

video intensity of MBR in plaques was comparable at baseline,

while a significant reduction was observed in the MI 1.5 and 1.9

DUMBR-treated groups, which was mainly due to the platelet

aggregated clot disruption caused by ultrasound-MBR cavitation

effect. This indicates that DUMBR could detect the consistency

of the plaque features before treatment and reliably evaluating

the therapeutic efficacy after treatment, which is consistent with

previous reports (4, 11).

As a critical biomarker of plaque instability, GP IIb/IIIa

receptor on activated platelets in plaques has also been proposed

as a key target for the treatment of advanced atherosclerotic

plaques (14). Accumulating evidence suggests that effective

antiplatelet drug therapy, affecting the process of platelet

activation, adhesion or aggregation can stabilize atherosclerotic

plaques but yields a limited reduction in fatal acute events

and an increased risk of bleeding complications after systemic

administration (6, 17, 23). Additionally, pioneering groups have

demonstrated that DU+MB can dissolve acute intravascular

thrombi in large vessels and platelet-rich microthrombi in

small vessels or microvessels both in vitro and in vivo (9, 10).

However, the application of such modalities to atherosclerotic

plaques is still limited, and to date, the effect of DUMBR

treatment on plaque instability and the underlying mechanism

have not been explored. In the present study, the particle

size distribution of MBs results show that the MBs contain

not only micron-sized MBs but also a large number of nano-

sized MBs, which could penetrate into the neovascular wall

through the microvascular space (24), allowing more MBs

to enter the atherosclerotic plaque and reach the activated

platelets in the plaque. Hence, DUMBR can effectively dissolve

activated and aggregated platelets in atherosclerotic plaques.

The results of immunohistochemistry and scanning electron

microscopy illustrate that DUMBR at an ultrasound MI of

1.5 significantly reduced GP IIb/IIIa expression coverage on

endothelia and within plaques and the number of activated

platelets on endothelia. This phenomenon could be explained by

the dissolution of aggregated platelets by ultrasound-medicated

destruction of MBR. More importantly, our results also indicate

that dissolving aggregated platelets by DUMBR significantly

improved plaque instability. After treatment with DUMBR at

an MI of 1.5, the SMC content in the plaques was obviously

increased, while the macrophage content, the corresponding

vulnerability index and the NC/FC ratio were significantly

decreased, thereby improving plaque instability. Therefore,

DUMBR targeting GP IIb/IIIa receptors can effectively dissolve

activated and aggregated platelets in plaques and improve the

instability of atherosclerotic plaques.

It is widely believed that DUMBR at an appropriate MI

can confer excellent antiplatelet efficacy and has minor side

effects. Ultrasonic MI is one of the most important parameters

that determine the conditions of ultrasound molecular imaging

or targeted therapy (25). To determine the most suitable MI

parameters, a series of factors, such as the video intensity

of ultrasound molecular imaging of MBR, activated platelets

and erythrocyte extravasation in plaque, were observed at four

different levels of ultrasonic MI with or without MBR. Our

results indicate that the video intensity of the abdominal aorta

gradually decreased as the ultrasonic MI increased, reaching

a plateau at 1.5 and did not further decrease even when the

MI was increased to 1.9 with MBR or MBC. This finding

was further supported by the GP IIb/IIIa immunostaining

and scanning electron microscopy results. Nonetheless, the

endothelium of the plaque was destroyed in the group treated

with DUMBR at an MI of 1.9 compared with that in the other

treatment groups as observed by GP IIb/IIIa immunostaining.

Additionally, the scanning electron microscopy results also

showed that the structure of the plaque endothelium was

incomplete in the MI 1.9 DUMBR group compared with that

in the MI 1.5 DUMBR group. This finding indicates that the

DUMBR treatment at an MI of 1.5 did not increase the risk

of endothelial damage but had a therapeutic effect similar

to that of the MI 1.9 group, which is consistent with the

observation of a positive relationship between MB-mediated

ultrasound cavitation intensity and vascular endothelial damage

(26). In addition, our TER-119 immunostaining results revealed

that the extravasation of erythrocytes within plaques was more

significantly increased in the MI 1.9 DUMBR group compared

to that in the DUMBC and MI 1.5 DUMBR groups and

the other groups. This finding indirectly indicated that DU

at higher MI values with MBR may induce the fibrous cap

rupture or intraplaque hemorrhage resulting from capillary

damage in high-risk atherosclerotic plaques (20), which requires
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careful attention. Previous studies demonstrated that both MB

destruction and the number of microvascular ruptures were

proportional to the applied MI, which just confirmed our

findings (20, 26, 27). Notably, our supplementary results show

that immunostaining for TER-119 did not further increase after

DUMBR treatment at an MI of 1.5 and continued to decrease

over time. In this study, we also found that the DUMBR at

an MI of 1.5 did not prolong the bleeding time. Therefore,

these above indicate that DUMBR treatment at an MI of

1.5 is more appropriate and safer for targeted dissolution of

activated and aggregated platelets and has fewer adverse effects

on normal tissues.

Once an atherosclerotic vulnerable plaque suddenly disrupts

or erodes, the subendothelial matter is exposed to circulating

blood components, leading to platelet activation and subsequent

thrombus formation; endotheliogenic vWF first initiates platelet

adhesion onto the endothelium via an interaction its A1

domain and the GP Ib-V-IX receptor in the initial phase;

then induces the activation of platelet GP IIb/IIIa receptor

through an “inside-out” conformational change that switches

to a high-affinity state and finally permits the activation of

TF in the subsequent enlarged stage (14, 28, 29). Thereafter,

TF binds activated coagulation factor VII and recruits the

circulating platelets and inflammatory cells, resulting in a vicious

cycle of “platelet activation-thrombogenesis” (29, 30). Hence,

dissolution of aggregated platelets by DUMBR, which reduces

the number of activated platelets and the levels of related

mediators, may interrupt this cycle and reduce platelet activation

and thrombus formation. Our current immunohistochemical

results show that the expression of vWF at 24 h and 8 weeks

after DUMBR treatment was significantly reduced compared

with that in the pretreatment group. Moreover, the levels of

TF were markedly decreased, indicating that DUMBR could

decrease the risk of thrombus formation. In addition, the

content of adhesion molecules and macrophage infiltration,

which could aggravate the inflammatory response, causing

plaque instability or rupture, was also significantly decreased.

The same phenomenon was reflected in the western blotting

data. In addition, in our study, both plaque vulnerability

and atherosclerotic lesion areas were markedly decreased

after the treatment with DUMBR.These finding indicate that

DUMBR treatment could reduce vWF expression, which

further reduces the thrombogenic risk, vascular inflammation,

and macrophage recruitment, and ultimately improve plaque

instability. Furthermore, our supplementary results show that

plaque microvasculature declined over time after the DUMBR

treatment which may further enhances plaque stability. In

summary, the DUMBR strategy in current study could

specifically identify, target, and dissolve aggregated platelets

and then evaluate the therapeutic efficacy in real time after

treatment. It is exciting that a strategy combining DU with MB

has been applied to the dissolution of acute platelet-rich thrombi

in mouse, rat and canine models (10, 11, 31), highlighting the

potential for future application in atherosclerotic plaques in

humans but needed to be investigated by further clinical trials.

Therefore, the DUMBR approaches used in the current study,

which could provide targeted identification and dissolution of

aggregated platelets in plaques to avoid systemic side effects,

may provide a novel strategy for detecting and stabilizing

atherosclerotic plaques.

There are several limitations of our study. First, the

amount of GP IIb/IIIa on activated platelets is much greater

than that of other integrins, such as αvβ3, αvβ1, and αvβ6.

However, these integrins can also bind MBR similar to GP

IIb/IIIa, contributing to an enhanced ultrasound signal forMBR,

which is weaker in the presence of a GP IIb/IIIa inhibitor;

thus, we can assume that the signal of MBR was mainly

derived from GP IIb/IIIa of activated platelets on plaques.

An alternative approach could make apply MB with a GP

IIb/IIIa-specific antibody, but immunogenicity may limit its

clinical applications (4, 15, 32). Second, we did not observe

in real-time whether the platelet aggregates returned at other

time points within 12 weeks or longer after a single DUMBR

treatment. However, GP IIb/IIIa expression and the number

of platelets aggregates were indeed significantly decreased

at 24 h, 8 weeks and 12 weeks after treatment, and the

DUMBR treatment group was more stable than the other

groups at 12 weeks, which was consistent with previous studies

(20). Third, similar to previous studies (33), only a small

fraction of the atherosclerotic plaques that were generated

could be defined as vulnerable plaques, which could cause

severe cardiovascular events; however, plaque vulnerability

was observed in many mice, especially those fed an HCD,

as evidenced by the atherosclerotic vulnerable indicators.

Moreover, the technology has never been applied for the

intracranial plaques, but multiple studies have proved that

certain intensity of ultrasound could achieve the penetration

of the skull and application on intracranial microthrombi (10,

34), which would provide a potential adjunct to therapy of

intracranial plaques. Furthermore, our study was performed in

a mouse model, which may not completely reflect all aspects

of atherosclerotic plaques in humans, although the ultrasonic

parameters used in the present study have potential value for

clinical applications, further studies verifying the results in larger

animals or humans could rapidly promote the translation of this

novel theranostic method to clinical application, which is the

goal of our future research.

Conclusion

In conclusion, the data in this study indicate that

DU combined with MBR targeting GP IIb/IIIa receptors

could simultaneously and selectively identify and stabilize

atherosclerotic plaques by imaging and dissolving aggregated

platelets. Therefore, DUMBR technology combining diagnostic
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and therapeutic capabilities using a single type of targeted MB

may represent a novel application for the simultaneous detection

and therapy of atherosclerotic plaque.
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Linköping University, Linköping, Sweden

Background: Myocardial infarction (MI) is a major cause of heart failure.

Left ventricular adverse remodeling is common post-MI. Several studies

have demonstrated a correlation between reduced myocardial strain and

the development of adverse remodeling. Cardiac magnetic resonance (CMR)

with fast-strain encoding (fast-SENC) or feature tracking (FT) enables rapid

assessment of myocardial deformation. The aim of this study was to

establish a head-to-head comparison of fast-SENC and FT in post-ST-elevated

myocardial infarction (STEMI) patients, with clinical 2D speckle tracking

echocardiography (2DEcho) as a reference.

Methods: Thirty patients treated with primary percutaneous coronary

intervention for STEMI were investigated. All participants underwent CMR

examination with late gadolinium enhancement, cine-loop steady-state free

precession, and fast-SENC imaging using a 1.5T scanner as well as a 2DEcho.

Global longitudinal strain (GLS), segmental longitudinal strain (SLS), global

circumferential strain (GCS), and segmental circumferential strain (SCS) were

assessed along with the MI scar extent.

Results: The GCSmeasurements from fast-SENC and FT were nearly identical:

themean di�erencewas 0.01 (2.5)% (95%CI – 0.92 to 0.95). For GLS, fast-SENC

values were higher than FT, with a mean di�erence of 1.8 (1.4)% (95% CI

1.31–2.35). Tests of significance for GLS did not show any di�erences between

the MR methods and 2DEcho. Average strain in the infarct-related artery (IRA)

segments compared to the remote myocardium was significantly lower for

the left anterior descending artery and right coronary artery culprits but not

for the left circumflex artery culprits. Fast-SENC displayed a higher area under

the curve for detecting infarcted segments than FT for both SCS and SLS.
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Conclusion: GLS and GCS did not significantly di�er between fast-SENC

and FT. Both showed acceptable agreement with 2DEcho for longitudinal

strain. Segments perfused by the IRA showed significantly reduced strain

values compared to the remote myocardium. Fast-SENC presented a higher

sensitivity and specificity for detecting infarcted segments than FT.

KEYWORDS

cine magnetic resonance imaging, myocardial ischemia, ST elevation myocardial

infarction, myocardial stunning, left ventricular dysfunction, left ventricular

remodeling

Introduction

Coronary artery disease is a major cause of heart failure

worldwide, as more patients now survive myocardial infarction

(MI) due to improvements in prevention as well as in the

availability of primary percutaneous coronary intervention

FIGURE 1

Flowchart of study design.

(pPCI) in the case of ST-elevation MI (STEMI) (1–4). Left

ventricular (LV) adverse remodeling, which may develop post-

MI, is a complex process, initiated by scarring, which results

in myocardial functional and anatomical deterioration (1, 2,

4). A myocardial scar is characterized by wall thinning and

abnormal wall motion. On a global level, increased LV volumes,
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partial bulging of the LV wall, and reduced left ventricular

ejection fraction (LVEF) are typical characteristics of remodeling

(4, 5). Beyond LV volumes and LVEF, measurements of

myocardial deformation, frequently denominated “strain,” can

add information on the reduction in myocardial performance

not yet visible in the gold standard LVEF (6). Two-dimensional

echocardiography (2DEcho) studies have demonstrated that

strain may predict adverse remodeling (4, 7). 2DEcho is a time

and cost-effective standard procedure in post-MI care but is

limited by the skills of the operator and problems evaluating

segments due to artifacts and pulmonary shadowing (8). Cardiac

magnetic resonance (CMR) is considered the reference method

for the assessment of LV anatomy and function but has

some drawbacks, such as being time-consuming, unsuitable

for claustrophobic patients, and often requiring the use of

gadolinium contrast, which is contraindicated in renal failure

(9–12). Late gadolinium enhancement (LGE) is the method

of choice for detecting myocardial necrosis and scarring (2,

9, 13, 14). LGE imaging is commonly performed about 10–

20min after contrast injection to detect injured myocytes,

infarct scar area, and its transmural extent, features that are

TABLE 1 Patient characteristic.

Patient demographics (n = 30) Mean (SD)

Men/women 22/8

Age (years) 69 (10)

Height (cm) 173 (11)

Weight (kg) 81 (16)

BMI (kg/m2) 27 (5)

eGFR (ml/min) 79 (24)

Cardiovascular risk profile

Family history of cardiovascular disease 4

Diabetes 9

Hyperlipidemia 17

Hypertension 21

History of MI 10

Previously treated PCI 8

Culprit artery

LAD 13

LCX 6

RCA 11

Cardiac magnetic resonance imaging characteristics

Left ventricular morphology

LVEDV (ml) 159 (43)

LVESV (ml) 84 (36)

LVSV (ml) 75 (19)

LV Mass (g) 124 (27)

LVEF % 48 (9)

MI scar % 15 (9)

Means with standard deviation (SD) in parentheses. For abbreviations, please see text.

not available with other imaging methods (2, 9, 13). Strain

assessment by feature tracking (FT) or fast-strain encoding

(fast-SENC) CMR may add to the evaluation of patients with

acute MI by identifying individuals who could be at risk of

developing adverse remodeling (10, 15, 16). Both techniques can

assess strain in the longitudinal and circumferential directions,

which has been shown to predict adverse remodeling of the

LV (16–19). The techniques used in FT and fast-SENC are

discussed in Amzulescu et al. (6). FT is computed on cine-

loops which are part of the standard balanced steady-state free

precession (bSSFP) CMR examination (8, 16). These segmented

2D cine-loops are acquired over the entire heart cycle, usually

“averaged” from 5 to 10 heartbeats, which makes deformation

measurement possible for each time step (6, 16, 20). Feature

tracking (FT) uses either optical flow technology or non-rigid

elastic registration (21). Fast-SENC utilizes parallel tags and

needs only a single heartbeat for image acquisition, and post-

processing can be completed in <2min. This may eliminate the

need for breath-holding, which is especially valuable in patients

with respiratory diseases. In patients with cardiac arrhythmia,

a single heartbeat image acquisition will also result in fewer

artifacts (22).

The aim of this study was to establish a head-to-

head comparison of myocardial strain assessment, in

both longitudinal and circumferential directions between

fast-SENC and FT in STEMI patients immediately post-

pPCI using echocardiographic speckle-tracking strain as

the reference.

Materials and methods

Study population

Patients with STEMI, treated with pPCI were offered CMR

and 2DEcho within 2 days, while still in the hospital, between 4

November 2019 and 16November 2020. In this time span, a total

TABLE 2 Global circumferential and longitudinal strain.

Myocardial

strain direction

Mean % (SD) 95% CI for mean

GCS

Fast-SENC −13.6 (3.7) −14.9 to−12.2

FT −13.6 (3.7) −15.0 to−12.2

GLS

Fast-SENC −14.8 (2.9) −15.9 to−13.7

FT −13.0 (2.8) −14.0 to−11.9

2DEcho −13.3 (3.7) −14.7 to−11.9

Global circumferential strain (GCS) and global longitudinal strain (GLS) derived from

fast-SENC, FT and 2DEcho. Means and standard deviation (SD) in parenthesis with 95%

confidence intervals are presented.
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of 250 patients were treated with pPCI for STEMI at our hospital.

Forty-two patients were asked to participate, 12 declined, and 30

were finally enrolled in the study after giving written and oral

consent, see Figure 1. The study complied with the Declaration

of Helsinki and with agreements on Good Clinical Practice. The

study protocol was approved by the Swedish Ethical Review

Authority in Uppsala, registration number 2019-00480.

CMR acquisition and post-processing

CMR including cine bSSFP, LGE, and fast-SENC was

acquired on a 1.5T scanner (Achieva d-Stream, Philips

Healthcare, Best, the Netherlands). The fast-SENC acquisition

had a voxel size of 4.0× 4.0× 10 mm3, which was reconstructed

to 1.0 × 1.0 × 10 mm3. The acquisition length was one

FIGURE 2

Boxplot of mean GCS derived from fast-SENC and FT (A) and mean GLS derived from fast-SENC, FT, and 2DEcho (B).
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FIGURE 3

Bull’s eye of mean longitudinal strain (long) and global circumferential strain (circ) of fast-SENC and FT with myocardial injury detected with late

gadolinium enhancement (LGE).

cardiac cycle for each cardiac view, requiring a 1-s breath hold

at a heart rate of 60 beats per minute, enabling the images

to be reconstructed into 22 phases. The following acquisition

parameters were used for fast-SENC: repetition time (TR)

= 11ms, echo time (TE) = 0.7ms, flip angle = 30◦. Fast-

SENC strain analysis was performed in the MyoStrain software

(Myocardial Solutions Inc. v 5.1.4, Morrisville, NC, USA), the

technique utilizes tags parallel to the acquired image and is

an adaptation of SENC, enabling the acquisition of cardiac

deformation in a single heartbeat. Longitudinal strain (LS) was

derived from three different short-axis (SA) views, covering

the left ventricle at the basal, midventricular, and apical level.

Circumferential strain (CS) was derived from two-, three- and

four-chamber long axis (LA) views. The LV 17-segmentmodel of

the American Heart Association (AHA) was used, excluding the

SA apical segment (23). The time required for performing post-

processing was recorded, and the time span of the acquisitions

was obtained from the DICOM header of the stored images. For

FT, bSSFP images were acquired with a spatial resolution of 1.2

× 1.2 × 8 mm3 and reconstructed into 30 cardiac phases. The

FT algorithm is based on non-elastic registration of segmented

endo- and epicardial surfaces with the deformation field being

tracked over time. The following FT acquisition parameters

were used: TR = 3.3ms, TE = 1.6ms, and flip angle = 60◦.

The typical breath-hold duration was 9 s for each view, at a

heart rate of 60 beats per minute. Three different LA (two-

, three-, and four-chamber) and SA (at basal, midventricular,

and apical levels) images were obtained, excluding the SA

apical segment. CS was derived from the SA segments and LS

from the LA image segments according to the AHA model

(23). The images were segmented for volume, left ventricular

mass (LVM), and MI scar in the Segment software (v 2.2

R7056, Medviso AB, Lund, Sweden), which also included a

module that was used for FT strain analysis (non-rigid elastic

registration). LGE was acquired in the same views as the cine

images, using the PSIR-technique with a resolution of 1.5 ×

1.5 × 10 mm3 with a typical breath-hold duration of 12 s for

each image. All strain values were evaluated at end-systole,

which was determined from aortic valve closure. One observer

performed segmentation for FT strain, LV volume, and MI

scar analysis. A “scar” segment was defined if the LGE-positive

area was >1%. The processing time for FT and fast-SENC

was recorded for 10 randomly selected patients. For analysis of

intraobserver and interobserver reproducibility, patients were

re-analyzed twice by one CMR operator and once by another

CMR operator, both experienced in the field. Operators were

certified for the acquisition and analysis of fast-SENC by

the vendor.
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Echocardiography

Standard transthoracic 2DEcho was recorded for clinical

routine evaluation by clinically experienced technicians with the

patient in the left lateral decubitus position. Speckle tracking

2DEcho allows for the evaluation of myocardial deformation

by assessing the movements of small natural acoustic markers

during a heart cycle. A Vivid E-95 Ultrasound System (GE

Vingmed Ultrasound; Horten, Norway) equipped with a 4Vc-

probe was used for assessment of myocardial function and

structure via the parasternal long axis, the apical two-,

three-, and four-chamber views and when necessary also the

subcostal views. End-systolic global longitudinal strain (GLS)

was analyzed offline using the 2DS tool in EchoPAC PC

Integrated version 203.74 (GE Ultrasound, Horten, Norway), by

an echocardiographic specialist experienced in speckle tracking.

TABLE 3 Correlation chart of global strain.

Correlation variables r (df) p

GCS

Fast-SENC vs. FT 0.77 (28) <0.01

GLS

Fast-SENC vs. FT 0.88 (28) <0.01

2DEcho vs. fast-SENC 0.65 (27) <0.01

2DEcho vs. FT 0.75 (27) <0.01

GCS vs. MI scar

Fast-SENC 0.65 (28) <0.01

FT 0.54 (28) <0.01

GLS vs. MI scar

Fast-SENC 0.41 (28) 0.02

FT 0.47 (28) <0.01

2DEcho 0.53 (27) <0.01

GCS vs. LVEF

Fast-SENC −0.32 (28) 0.09

FT −0.22 (28) 0.25

GLS vs. LVEF

Fast-SENC −0.19 (28) 0.31

FT −0.30 (28) 0.11

2DEcho −0.35 (27) 0.06

GCS vs. LVEDV

Fast-SENC 0.33 (28) 0.08

FT 0.31 (28) 0.09

GLS vs. LVEDV

Fast-SENC 0.09 (28) 0.63

FT 0.18 (28) 0.34

2DEcho 0.09 (27) 0.64

Pearson correlation coefficients (r) with degrees of freedom (df = n-2), for global

circumferential strain (GCS) and global longitudinal strain (GLS) correlated to

myocardial infarction (MI) scar, left ventricular ejection fraction (LVEF), and left

ventricular end-diastolic volume (LVEDV).

Comparison methodology

Global circumferential strain (GCS) and global longitudinal

strain (GLS) derived from FT and fast-SENC were compared

head-to-head. Speckle tracking end-systolic GLS from the

2DEcho gray scale was calculated for reference. All strains

were correlated to LVEFCMR, MI scar, and its segmental extent

(“transmurality”). The diagnostic performance of segmental

circumferential strain (SCS) and segmental longitudinal

strain (SLS) was based on individual segments and the

regional strain was calculated by assigning myocardial

segments to the three major coronary artery perfusion

territories according to Cerqueira et al. (23). Strain in

segments belonging to the infarct-related artery (IRA)

was compared to remote myocardial segments. The

detection of scar segments based on strain results was

presented as the area under the curve (AUC) from receiver

operating characteristics curve (ROC) analysis. Sensitivity

was calculated at a specificity of 80% for the detection

of any infarcted segment as well as for segments with

transmurality >50%.

Statistical analysis

Analysis was performed using SPSS 27 (IBM Inc, Armonk,

New York, USA). Continuous variables were presented as mean

with SD (in parenthesis). Differences in continuous variables

were tested with the analysis of variance non-parametric

Friedman’s Chi square test, where the level of significance

was set to p < 0.01. Pearson correlation coefficients (ρ, df)

where df= N−2, were calculated to express the degree of linear

association between the variables. The correlation hypothesis

tested was that ρ = 0 vs. ρ 6= 0 with a significance level

set to p < 0.01. The intraclass correlation coefficient (ICC) was

calculated, scatterplot graphs were drawn to depict the linear

relationship between the variables and boxplots were created to

illustrate the distribution of myocardial strain. Bland–Altman

difference plots were presented to evaluate the agreement

between the CMR methods.

Results

Scar and ejection fraction

The subjects were enrolled and treated with pPCI after

identification of the culprit artery in each case. The cohort

displayed a median door-to-balloon time of 67min. Average

scar size was 15 (9) % of LVM with a median Troponin-

T of 1,640 ng/l, equivalent to 164 × upper level of normal.

LGE revealed scar in 240 out of 510 segments (47%) with

122 segments having scar transmurality < 25%, 78 segments

between 25 and 49%, and only 40 segments had a transmurality
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≥ 50%. In 13 patients the LVEFCMR was little affected,

LVEFCMR ≥ 50%. Patients with maintained LVEFCMR had

smaller scar size 10 (5) % than those with depressed LVEFCMR

< 50% whose scar size was 19 (10) %, (p < 0.01). Patient

demographics and CMR imaging characteristics are presented

in Table 1.

Myocardial strain

Strain comparisons are given in terms of “higher” when

more negative, and “lower” when less negative, according to

Voigt et al. (24). The GCS measurements from fast-SENC

and FT were nearly identical, with a mean difference of 0.01

FIGURE 4

Linear correlation (r) between fast-SENC and FT for GCS (A) and GLS (B).
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(2.5)% (95% CI−0.92 to 0.95). For GLS, fast-SENC values were

higher than FT with a mean difference of 1.8 (1.4)% (95%

CI 1.31–2.35), Table 2 and Figures 2, 3. Statistical testing for

GLS did not show significant differences between fast-SENC

or FT and 2DEcho (p > 0.01). The correlations between GCS

or GLS from the two myocardial deformation techniques and

MI scar, LVEDVCMR and LVEFCMR are shown together with

Bland–Altman graphs in Table 3 and partly in Figures 4, 5.

Average strain in the IRA segments compared to the remote

myocardium was significantly (p < 0.001) lower for left anterior

descending artery (LAD) and right coronary artery culprits but

not for left circumflex artery culprits, Table 4 and Figure 6. The

average SCS from fast-SENC showed a higher correlation to

MI scar than the average SCS for FT for each IRA segment

distribution (p < 0.001). The highest correlation factor was

computed for the average SCS and scar in the LAD region (ρ

= 0.65, p < 0.001). In general, correlations were higher for fast-

SENC in both strain directions compared to FT and 2DEcho,

except for SLS vs. scar in LAD segments, Table 5. Figure 7

shows a two-chamber view example of an extensive anterior

FIGURE 5

Bland-Altman plots with limits of agreement (1.96 SD) for fast-SENC and FT for GCS (A) and GLS (B).
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TABLE 4 Strain in culprit versus remote segments.

IRA (segments) Strain direction % Remote segments Culprit segments p

LAD (1, 2, 7, 8, 13, 14) n = 130 n = 78

SCS

Fast-SENC −15 (7) −8 (6) <0.01

FT −13 (8) −9 (9) <0.01

SLS

Fast-SENC −17 (7) −9 (6) <0.01

FT SLS −14 (11) −9 (6) <0.01

LCX (5, 6, 11, 12, 16) n = 66 n = 30

SCS

Fast-SENC −16 (5) −15 (6) 0.41

FT −16 (8) −13 (7) 0.04

SLS

Fast-SENC −15 (6) −15 (5) 0.23

FT −13 (8) −16 (9) 0.37

RCA (3, 4, 9, 10, 15) n = 121 n = 55

SCS

Fast-SENC −18 (6) −11 (6) <0.01

FT −17 (7) −11 (9) <0.01

SLS

Fast-SENC −17 (5) −14 (6) 0.01

FT −15 (7) −13 (8) <0.01

Segmental strains for infarcted related artery (IRA) and remote segments with means, standard deviation (SD) in parenthesis with p-values are presented. The 17-segment model of the

American Heart Association, excluding the apical cap (segment 17) was used for left anterior descending artery (LAD), left circumflex artery (LCX) and right coronary artery (RCA).

FIGURE 6

Mean strain of culprit artery segments and remote myocardium for left anterior descending artery (A), left circumflex artery (B), and right

coronary artery (C). Segmental circumferential strain (SCS) and segmental longitudinal strain (SLS) are presented for each infarcted related artery.
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TABLE 5 Correlations of segmental strain.

IRA Correlation variables r (df) p

LAD segments (n = 180)

Segments: 1, 2, 7, 8, 13, 14 SCS vs. MI scar

Fast-SENC 0.65 (178) <0.01

FT 0.59 (178) <0.01

SLS vs. MI scar

Fast-SENC 0.48 (178) <0.01

FT SLS 0.40 (178) <0.01

2DEcho 0.54 (178) <0.01

LCX segments (n = 150)

Segments: 5, 6, 11, 12, 16 SCS vs. MI scar

Fast-SENC 0.44 (148) <0.01

FT 0.24 (148) <0.01

SLS vs. MI scar

Fast-SENC 0.33 (148) <0.01

FT 0.20 (148) 0.01

2DEcho 0.29 (148) <0.01

RCA segments (n= 150)

Segments: 3, 4, 9, 10, 15 SCS vs. MI scar

Fast-SENC 0.50 (148) <0.01

FT 0.25 (148) <0.01

SLS vs. MI scar

Fast-SENC 0.40 (148) <0.01

FT 0.25 (148) <0.01

2Decho 0.32 (148) <0.01

Segmental strain for infarcted related artery (IRA) with Pearson correlation coefficient r

(df= N-2) to myocardial infarction transmurality (MI scar) with p-values are presented.

The 17-segment model of the American Heart Association was used, excluding the apical

cap (segment 17), for each coronary artery.

infarction with LGE, fast-SENCCMR, and speckle tracking strain

from 2DEcho.

Receiver operating characteristics
analysis

Fast-SENC had a higher AUC for detecting infarcted

segments than FT for both SCS and SLS. SCS derived from

fast-SENC detected segments with scar transmurality >50%,

with the highest sensitivity (73%) at a specificity of 80% andAUC

(0.88). SLS derived from 2DEcho detected scar transmurality

>50%, with the sensitivity of 73% at specificity of 80%, and AUC

of 0.83, Figure 8.

Acquisition and reproducibility

All patients had good image quality for fast-SENC, cine

bSSFP, LGE, and 2DEcho. The end-systolic phase was captured

at 304 (SD 33ms) ms after the R-wave for cine images, and

at 303 (SD 34ms) ms for the fast-SENC mages. The fast-

SENC acquisition took 120 (SD 30 s) s and its post-processing

213 (SD 17 s) s, Table 6. The acquisition of the FT took 180

(60 s) s, and the post-processing took 150 (30 s). The fast-SENC

interobserver reproducibility for GCS and GLS had an ICC of

0.98 (CI 0.97–0.99) and 1.00 (CI 0.99–1.00), and intraobserver

reproducibility of ICC 0.98 (CI 0.95–0.99) and 1.00 (CI 0.99–

1.00) for GCS and GLS respectively, Table 6. The interobserver

reproducibility for FTGCS andGLSwas ICC 0.96 (CI 0.89–0.99)

and 0.98 (CI 0.94–1.0), Table 6.

Discussion

We performed a head-to-head comparison of myocardial

strain assessment between fast-SENC and FT in post-STEMI

patients. We were able to demonstrate good interobserver

reproducibility and high correlations between the MR

techniques with minor differences comparing GLSCMR to

GLS of 2DEcho. This is in line with Bucius et al. who found

high global strain correlations between fast-SENC, FT and

myocardial tagging but who also presented a considerably

greater bias between the methods than shown in our study.

Furthermore, Obokata et al. also demonstrated high correlation

and fairly wide limits of agreement between FT and speckle

tracking echocardiography (25, 26).

The assessment of LV contractile dysfunction after a STEMI

has important prognostic relevance (11). Although LVEF is

an important parameter post-MI, it may not be sufficiently

sensitive for detecting subtle changes (6). The myocardial strain

has been found to decline earlier than LVEF, which makes

it an important complementing method for the evaluation of

the LV (25). Many of the segments in our study had a scar

transmurality <25%, so only subtle wall motion abnormalities

should be expected. Still, we were able to detect significant

differences in strain between IRA segments compared to the

remote myocardium. This illustrates that strain measurement

after myocardial infarction (MI) could possibly be useful for risk

stratification of patients.

We were also able to demonstrate high correlations, with

slightly higher absolute values for fast-SENC compared to FT

and 2DEcho, in the detection of scar segments in the three

perfusion territories. Few gadolinium-free alternatives exist for

the detection of infarcted myocardial regions, but GCS has been

proposed for this task (14). In our study, we could confirm

this correlation between GCS and infarcted segments at a level

similar to that in previous studies (14).

Both MR deformation methods provide a rapid and

objective assessment of myocardial function, which makes them

viable alternatives to other time-consuming MR procedures.

Additional larger studies with patient follow-up could further
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FIGURE 7

2-chamber view of an extensive anterior infarction with the transmural extent of late gadolinium enhancement and zones of no-reflow in the

superior viewport, distinctly positive circumferential strain by fast-SENC in the scar area (yellow, middle viewport) and the corresponding

speckle tracking longitudinal strain from 2DEcho (pale pink, lower viewport).
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FIGURE 8

Receiver operator characteristics analysis of all infarcted segments (A) and segments with the transmurality >50% for fast-SENC, FT, and 2DEcho

are presented with circumferential strain (-c), segmental longitudinal strain (-l), and area under the curve (AUC) (B).
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TABLE 6 Time spent in data collection and post-processing.

Acquisition

time (s)

Post

processing

time (s)

Interobserver

reproducibility

GCS GLS

Fast-SENC 120 (30) 213 (17) 0.98 (CI 0.97–0.99)

1.00 (CI 0.99–1.00)

FT 180 (60) 150 (30) 0.96 (CI 0.89–0.99)

0.98 (CI 0.94–1.00)

Acquisition and post processing time with means and standard deviation (SD) in

parenthesis. Interobserver reproducibility for global circumferential strain (GCS) and

global longitudinal strain (GLS) with 95% confidence intervals are shown.

identify conditions related to the development of adverse

remodeling in subjects with reduced strain values.

Conclusion

Fast-strain encoding showed higher sensitivity and

specificity for detecting infarcted segments than FT. Segmental

strain calculated for the perfusion territory of the infarct-related

artery showed significantly lower strain values compared

to the remote myocardium and this correlated with infarct

transmurality. This study was not designed to explore the

reproducibility of segmental strain values, but for global strain

measurement, excellent reproducibility was detected. The GLS

and GCS did not differ significantly between the two methods.

Both MR methods showed acceptable clinical agreement with

speckle tracking GLS obtained from echocardiography. The

acquisition time of fast-SENC was very short, facilitating the

investigation of patients with respiratory compromise.

Limitations

This was a study of STEMI patients early after the pPCI

and the results may not be applicable in all situations of

reduced systolic LV function. Most infarcted segments had

MI transmurality <25% which may result in a very subtle

lowering of strain. The relatively low number of participants

also limits the conclusions. The participating patients were

somewhat younger and the male proportion was larger than

average for STEMI patients in our catchment area. The presence

of risk factors was typical, but the reporting of a family

history of cardiac disease in first-degree relatives was probably

underrepresented or forgotten by the patients. Adding tagging

or displacement encoding with stimulated echoes would have

complemented the assessment of deformation measurements

using CMR. The present study was limited to the acute phase

of STEMI treatment and did not include patient follow-up.

We have used the standard AHA definition of perfusion

territories, but variation between left- and right-dominated

coronary vessel anatomies may especially affect the partition of

segments between the LCX and RCA territories, which could

have weakened the associations in our evaluation.
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Obtaining various structures of the entire mature heart at single-cell resolution

is highly desired in cardiac studies; however, e�ective methodologies are still

lacking. Here, we propose a pipeline for labeling and imaging myocardial and

vascular structures. In this pipeline, the myocardium is counterstained using

fluorescent dyes and the cardiovasculature is labeled using transgenicmarkers.

High-definition dual-color fluorescencemicro-optical sectioning tomography

is used to perform heart-wide tissue imaging, enabling the acquisition of

whole-heart data at a voxel resolution of 0.32 × 0.32 × 1 µm3. Obtained

structural data demonstrated the superiority of the pipeline. In particular,

the three-dimensional morphology and spatial arrangement of reconstructed

cardiomyocytes were revealed, and high-resolution vascular data helped

determine di�erences in the features of endothelial cells and complex coiled

capillaries. Our pipeline can be used in cardiac studies for examining the

structures of the entire heart at the single-cell level.

KEYWORDS
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Introduction

The heart is the key organ in the circulatory system responsible for pumping

blood throughout the body. Myocardial and cardiovascular tissues are the main

components of the heart and assist the heart in functioning properly. In particular,

the cardiac vasculature is the main venue for the exchange of oxygen and carbon

dioxide in the blood as well as nutrients and waste. Moreover, through the contraction,

cardiomyocytes provide pressure for blood pumping. Thus, abnormalities in myocardial

and vascular structures may affect the functions of the heart, causing cardiomyopathies
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and cardiovascular diseases (1). Atherosclerosis is a

cardiovascular disease with high incidence and is characterized

by thickening of the arterial wall (2). Previous studies have

mainly focused on arterial abnormalities. However, less

attention has been paid to capillaries that are involved in

microcirculation and are critical in the cardiovascular system

(3). Hence, the complete vasculature network should be

visualized at the capillary level in cardiovascular disease studies.

Hypertrophic cardiomyopathy has a typical pathology of

myocyte disarray; however, the heart-wide distribution of such

structural abnormalities is not completely clear (4). Therefore,

imaging of the entire myocardium at the single-cell resolution

can help locate lesions. Moreover, because both myocardial and

vascular abnormalities are involved in some microcirculatory

diseases, the interaction between the myocardium and

intramyocardial vessels affects blood flow (5, 6). Thus, the

simultaneous acquisition of myocardial and vascular images can

reveal their spatial correlation (7). Heart-wide fine structures,

especially the myocardium at the single-cell scale and the

cardiac vasculature at the capillary level, must be examined in

research on cardiac mechanisms and diseases.

Substantial efforts have been made to visualize the heart-

wide structure. Microcomputed tomography and magnetic

resonance imaging have been mostly used in traditional

cardiac imaging and provide a basis for gross structural

studies and clinical disease diagnoses (8, 9). However, because

these technologies are limited by an intrinsic resolution of

approximately 10µm, they fail to reveal the fine structure

of cardiomyocytes and capillaries. An optical microscope

with submicron spatial resolution is a suitable tool for

measurement. However, an optical microscope fails to cover the

entire heart because of high optical scattering caused by the

complex refractive index of biological tissues. Therefore, optical

scattering is the main obstacle that must be overcome. Various

optical clearing technologies have been used to make heart

tissue transparent (10, 11). After optical clearing, a light-sheet

microscope can be used for imaging the entire heart at micron-

scale spatial resolution. However, optical clearing cannot

fundamentally solve the problem of compositional differences

among heart tissues, resulting in poorer images at greater

imaging depths (12). To date, methods for the three-dimensional

(3D) imaging of cardiomyocytes and cardiovasculature in the

intact mature heart at submicron resolution are not available.

Mechanical sectioning of tissues, which is widely used in

histological studies, is another strategy for overcoming optical

scattering (13, 14). The tissue is embedded and cut using a

microtome into slices with a thickness of several microns.

Subsequently, an optical microscope can be used for the imaging

of sectioned tissues without interference from optical scattering.

However, this method provides only two-dimensional (2D)

information on the tissue. In the last decade, several strategies

combining a microtome and block-face imaging have been

proposed for obtaining 3D structural information on the entire

organ (15–18), including fluorescence micro-optical sectioning

tomography (fMOST). Scholars have successfully used fMOST

to examine the comprehensive anatomy of the brain, including

the cell architecture, neural circuits, and vascular networks (19–

21). Although this promising technology can be applied in

cardiac imaging, some challenges still need to be addressed. First,

the heart should be properly labeled and embedded to ensure

optical contrast and adequate hardness, respectively. Second,

the optical microscope and microtome should be well aligned

to ensure high imaging quality. Third, the acquired images of

cardiomyocytes and cardiovasculature should be processed for

further analysis.

In this study, we established a technical pipeline for labeling

and imaging cardiac architecture and networks within a given

mouse heart. We labeled cardiomyocytes and cardiovasculature

by using a fluorescent dye and transgenic marker, respectively.

Subsequently, we acquired the images of these two structures at

a voxel resolution of 0.32 × 0.32 × 1 µm3 through the latest

fMOST approach, namely high-definition dual-color fMOST

(HD-dfMOST). We present these two structures individually

to reveal the myocardial configuration and vascular network.

In addition, we show these two structures simultaneously to

display their spatial correlation. Furthermore, we visualized

curvature changes in the vascular wall by using 3D traced

and reconstructed vascular data. The results demonstrated the

feasibility of our pipeline and the superiority of the single-cell

resolved 3D cardiac data set.

Materials and methods

Overview of the pipeline for 3D imaging
of the whole heart at single-cell
resolution

We developed a three-step pipeline for tissue preparation,

heart-wide imaging, and data processing, respectively (Figure 1).

Briefly, in Step 1, the heart tissue was labeled with fluorescent

proteins and embedded in resin to prepare it for imaging and

cutting. In Step 2, the heart tissue was sequentially imaged and

cut under the guidance of HD-dfMOST until data for the whole

heart had been acquired. In Step 3, the myocardial and vascular

data were processed and observed at single-cell resolution.

In Step 1, we prepared the heart tissue for subsequent

fluorescence imaging and tissue cutting (Figure 1A). To

genetically label blood vessels, we crossed Tek-Cre mice with

Ai47 mice (Tek-Cre:Ai47 mice), wherein we labeled endothelial

cells present on the microvascular wall with green fluorescent

protein [GFP; (22)]. We used the fluorescent dye propidium

iodide (PI) for the real-time staining of myocardial architecture

during imaging (17). Furthermore, we embedded the heart tissue

intoHM20, a stiff resin, for thin tissue sectioning and fluorescent

protein expression imaging (23).
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FIGURE 1

Single-cell-level heart-wide data acquisition pipeline. (A) Whole-heart sample preparation. We produced vascular fluorescent-labeled

transgenic mice (Tek-cre*Ai47) by crossing two transgenic mice (Tek-cre and Ai47), obtained their fresh heart tissues, and embedded them into

HM20, a sti� resin. (B) System setup of HD-dfMOST. The system is composed of a line-illumination modulation (LiMo) microscope and a

microtome. (Obj, objective lens; sCMOS, scientific complementary metal oxide semiconductors). (C) Cardiac fMOST data were processed and

are shown in 2D and 3D.

In Step 2, we performed heart-wide in-situ imaging through

HD-dfMOST (Figure 1B). Details of the HD-dfMOST system

were reported in our previous study (18). The system comprised

a line-illumination modulation (LiMo) microscope and a

custom-built microtome. In the LiMo microscope, two lasers

with wavelengths of 488 and 561 nm, respectively, were coupled

and modulated as a line beam through a cylindrical lens and

then focused on the sample surface through an objective lens to

excite the GFP and PI. Fluorescence signals were collected by the

objective lens and a tube lens and subsequently detected by two

scientific complementary metal oxide semiconductor (sCMOS)

cameras (i.e., channels 1 and 2). The microtome consisted of

a fixed diamond knife and a three-axis linear motorized stage

to cut the stiff resin into thin sections with a high degree of

flatness. Specifically, every time, a shallow layer of a 2-µm-thick

tissue was imaged using the LiMo microscope, in which a 660-

µm-wide and 1-µm-thick strip stack was imaged through line

scanning back and forth. Subsequently, the tissue was aligned

with andmoved toward themicrotome at a feed speed of 5mm/s

to remove the imaged surface, exposing the new block face for

myocardial architecture staining. The sample was then lifted for

the next round of tissue imaging and cutting. These steps were

repeated until the whole heart had been imaged. We obtained

the 3D data set of the entire heart at a consistent voxel resolution

of 0.32× 0.32× 1 µm3.

In Step 3, we processed the acquired data and obtained

2D and 3D high-resolution heart-wide myocardial and vascular

images (Figure 1C). The data acquired using the LiMo

microscope were in the form of strip images. We stitched

these strips and removed their neighboring overlap to obtain

complete section images. The original imaging data had a voxel

size of 0.32 × 0.32 × 1 µm3. To facilitate the subsequent

processing and analysis of terabyte-scale whole-heart volumetric

images, the original data sets were reformatted from TIFF to

TDat at multilevel resolution (24). For 2D images, myocardial

and vascular structures were colored in fuchsia and green,

respectively, in ImageJ software (version 1.51, National Institutes

of Health, Bethesda, MD, USA). Typically, the myocardial image

is displayed with a thickness of 1µm to present the details

of cardiomyocytes, whereas the vascular image is displayed

with a thickness of hundreds of microns to demonstrate the

connectivity of the network. Morphological parameters, such as

nucleus size and vessel diameter, were quantitatively analyzed

using ImageJ software. In the detailed operation, we defined

the distance of each pixel in the set scale and the start and

end points of specific features and measured the feature size.

The depth coding of a partial capillary network (Figure 3D) was

generated using a depth coding algorithm and processed using

Matlab software (version R2017a, The MathWorks Inc., Natick,

MA, USA). Two structures were simultaneously displayed using

ImageJ software bymerging two-channel images. For 3D images,

the whole heart was reconstructed three dimensionally by

stacking sequential 2D images in Amira software (version 6.11,

FEI, Mérignac Cedex, France). The data were down-sampled

to a voxel size of 10 × 10 × 10 µm3 for displaying the whole

heart because the original whole-heart data set had a size of

approximately 7 TB. Thus, the existing computer memory and

image software were unable to process such a large amount
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of data directly. Partial raw data from the regions of interest

were rebuilt using Amira software with a voxel size of 0.32 ×

0.32 × 1 µm3. Furthermore, a partial vascular network was

traced using the down-sampled vascular data with a voxel size

of 10 × 10 × 10 µm3 in Amira software (Figures 4F, 5). First,

we located the aorta on the basis of the original axial image

(Figure 3A). The aorta could be easily identified because it had

an obvious hollow shape and was located in the middle of the

axial image. Next, we continuously traced the vascular branch by

using consecutive sequential images. We segmented the outline

of blood vessels in 2D mode by using the segmentation editor in

Amira software. In particular, we set the segmentation threshold

to automatically obtain the foreground of blood vessels and

then examined automatically segmented images one by one and

manually labeled inaccurate segmentation. After the completion

of segmentation, we used the SurfaceGen module of Amira

software to automatically extract the surface model of the vessel

contour and perform smoothing of the 3D model in Amira.

Furthermore, we used the GetCurvature function in Amira to

visualize the curvature of blood vessels (Figure 5).

Animals

Tek-Cremice were obtained from Jackson Laboratory (Stock

No. 008863, Bar Harbor, ME, USA). Ai47 mice were kindly

donated by Dr. Hongkui Zeng. Ai47 mice were crossed with

Tek-Cre mice, and a double-positive mouse (8 weeks old) was

used in the present study. Because the Ai47 mouse expresses

only GFP and the Tek mouse expresses no fluorescent reporter,

the crossed mouse expresses only GFP (19). All mice were kept

under a 12-h light/dark cycle with food and water provided

ad libitum.

Tissue preparation

Mice were deeply anesthetized with 1% sodium

pentobarbital solution (1% wt/vol) and subsequently perfused

with 0.01M phosphate-buffered saline (PBS, Sigma-Aldrich

Inc., St Louis, MO, USA) to flush blood vessels, followed by

perfusion with 4% (1% wt/vol) paraformaldehyde (Sigma-

Aldrich Inc.) and 2.5% sucrose in 0.01M PBS for fixation. The

hearts were excised and fixed in 4% paraformaldehyde at 4◦C

for 24 h. After fixation, the intact hearts were rinsed overnight

at 4◦C in 0.01M PBS solution.

Embedding method

To embed a whole mouse heart, the intact heart was

dehydrated in graded ethanol series (50, 75, and 95% ethanol,

changing from one concentration to the next in 1, 2, and

2 h, respectively; then, the samples were incubated in 100%

ethanol for 1, 2, and 2 h each time, respectively, and the ethanol

solution was changed three times). Subsequently, the sample was

infiltrated in a Lowicryl HM20 resin kit (Electron Microscopy

Sciences, Hatfield, PA): 50% and 75% for 2 h each and 100% for 2,

24, and 24 h, respectively. Finally, the whole heart was embedded

in a gelatin capsule filled with HM20 and polymerized at 38◦C

for 24 h, at 45◦C for 8 h, and at 52◦C for 6 h.

Mouse heart imaging

To obtain vascular and myocardial information on the

mouse heart, the sample was placed on the HD-dfMOST system

for sectioning and imaging. The whole sample was immersed in

a water sink containing PI solution for real-time staining of the

myocardial architecture.Whole-heart imaging was performed in

a water bath. In our experiment, the sample was imaged at a

voxel resolution of 0.32 × 0.32 × 1.0 µm3. The heart sample

colabeled with myocardial architecture and blood vessels was

imaged through two channels (GFP and PI, respectively).

The following devices were used in the HD-dfMOST

system (Figure 1B): lasers (488 and 561 nm, Cobolt, Sweden),

lenses (L1, AC050-008-A-ML, f 7.5mm; L2, AC254-250-A, f

250mm; L3, TL, AC254-125-A-ML, f 125mm, Thorlabs, USA),

a cylindrical lens (ACY254-100-A, f 100mm, Thorlabs, USA), an

objective lens (XLUMPLFLN 20XW, 1.0 NA, Olympus, Japan),

dichroic mirrors (ZT488/561rpc ChromaUSA), excitation filters

(ZET488/561m, Chroma, USA), sCOMS cameras (ORCA-

flash4.0 V3, Hamamatsu, Japan), and an XYZ linear stage (x-axis

XML210, y-axis XMS100, z-axis GTS30V, Newport, USA).

Depth-coding algorithm

The algorithm for capillaries depth-coding is as follows:

Input: Image numbers k, Binarization threshold

Output: Depth-coded images

for n= 1 to k do

repeat

Image binarization

Linearize the color bar according to the number of images

Assign a single color to each image according to the order of the

color bar and the order of images correspondingly

Stack these colored images sequentially

until all the images have been proceed

end for

Results

Display of heart-wide myocardial
structures at single-cell resolution

Figure 2 presents myocardial data collected through HD-

dfMOST. The myocardial fluorescent signal was excited by

a 561-nm laser, and 9,972 sagittal sections were collected
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FIGURE 2

Images of heart-wide myocardial architecture at single-cell resolution. (A) Sagittal section view of reconstructed whole-heart myocardial data.

LA, left atrium; LV, left ventricle; RV, right ventricle; PM, papillary muscle. Scale bar: 1µm. (B) Original image of an axial section of the heart.

(B1–B3) display the cardiac muscle cells of the ventricular wall from the outside layer (epicardium), middle layer (myocardium), and inside layer

(endocardium). Scale bars: 500 and 10µm, respectively. (C) Enlarged view of the corresponding rectangle in (B). ID, intercalated disc. Scale bar:

10µm. (D) A reconstructed myocardial data block with a single resolvable myocyte.

with a data size of 6.09 TB and colored in fuchsia. Figure 2A

presents the 3D rendering of the half heart in a coronal view.

The chambers of the heart are displayed, including the left

ventricle (LV), right ventricle (RV), and left atrium (LA). The

ventricular wall of the LV was thicker than that of the RV,

which is consistent with the gross anatomy (25). In particular,

papillary muscle was observed in the LV, indicating that resin

embedding provides adequate physical support to the hollow

organ. Even the dangling PM tissue was well preserved after

ultrathin tissue cutting. Figure 2B presents the raw data of an

axial image with a voxel resolution of 0.32× 0.32× 1.0µm3, and

Figure 2A indicates the position of the section. Figures 2B1–B3

show regions located on the epicardium, myocardium, and

endocardium of the ventricular wall, respectively (Figure 2B).

The cardiomyocytes were differently oriented in these images.

The subepicardial muscle fibers were oriented vertically

downward, the medial muscle fibers were horizontally arranged

in a ring, and the subendocardial muscle fibers were vertically

oriented. These findings indicated that the arrangement of

ventricular myocardial fibers was divided into three layers,

which is consistent with the results of a previous study (26).

Fine structures of cardiomyocytes are presented in the enlarged

Figure 2C, corresponding to the white rectangle in Figure 2B.

The nuclei were located in the middle of cardiomyocytes. The

measured nucleus had an elliptical shape with a major axis of

15.5µm and a minor axis of 3.5µm. Moreover, intercalated

discs (IDs) connecting cardiomyocytes were identified; they

are indicated by white arrows. The IDs appear dark because

PI mainly binds to genetic molecules such as DNA and RNA

and the IDs contain no genetic molecules. These cell junctions

normally have a jagged shape and own a feature size at the

submicron level (27); the high resolution enabled us to identify

them. Figure 2D presents a 3D reconstruction of cardiomyocytes

from 65 raw images corresponding to the selected area

in Figure 2B. This image allows us to three-dimensionally

visualize the morphology and orientation of cardiomyocytes.

Each cardiomyocyte appeared cylindrical in the 3D image.

In addition, the spatial arrangement of cardiomyocytes was

displayed; the local group of cardiac muscle cells had a similar

trend, which is consistent with the traditional anatomical

model diagram (28). Supplementary Video 1 presents rendered

myocardial data, more intuitively showing the morphology and

orientation of myocardial assemble. The results indicate that

the proposed pipeline can be used to microscopically identify
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FIGURE 3

Images of the whole-heart vascular network at the capillary

level. (A) The 3D rendering of whole-heart vascular data (top

right) and the MIP generated from raw axial vascular images with

a thickness of 300µm. V, vein; RCA, right coronary artery; Ao,

aorta; PA, pulmonary artery. Scale bar: 500µm. (B,C) Scaled

images corresponding to the white rectangles in (A), with an MIP

of 100-µm-thick raw images, displaying endothelial cells in the

vein and RCA, respectively. Scale bars: 10µm. (D) An enlarged

view of the area indicating a depth-coded 100-µm-thick MIP

image (A), showing a partial capillary network with depth

information. Scale bar: 10µm.

cardiomyocytes at the single-cell level and visualize them three

dimensionally in combination with PI counterstaining and HD-

dfMOST imaging.

Exhibition of the whole-heart
comprehensive vascular network at the
capillary level

Figure 3 presents cardiovascular data imaged through HD-

dfMOST. The vascular signal was excited using a 488-nm laser,

and the data had a size of 0.96 TB. The 3D rendering of

the whole-heart vascular network is shown in the top right

rectangular area of Figure 3A. The 3D contour of the heart was

observed as a cone shape through the background signal. The

maximum intensity projection (MIP) of 300 selected raw axial

images is shown in Figure 3A, and the location of the images is

indicated by an orange arrow. The right coronary artery (RCA)

FIGURE 4

Myocardial and vascular data of the entire heart within a given

mouse. (A) The 3D rendering of heart-wide myocardial and

vascular data. The myocardial structure is in fuchsia and the

vascular structure in green. (B) A selected axial section in the

middle of the heart. LV, left ventricle; RV, right ventricle. Scale

bar: 500µm. (C,D) Enlarged views of corresponding white boxes

in (B) revealing the spatial correlation between cardiomyocytes

and capillaries. Scale bars: 10µm. (E,F) Enlarged image of the

white square in (B). Scale bar: 100µm.

extending from the aorta (Ao) and crossing the vein (V) was

observed in the MIP image. The endothelial cells of the vein

and the RCA are shown in the enlarged Figures 3B,C through

the stacking of 10 and 100 raw images, respectively. Every

endothelial cell, even their nuclei, could be observed due to the

submicron imaging resolution of HD-dfMOST. The endothelial

cells of the vein appeared in polygons with spherical nuclei

located in the middle (Figure 3B). The cells of the RCA appeared

in fusiform with nuclei of similar shape (Figure 3C). The

morphological heterogeneity of endothelial cells was reported in

a previous study (29) but has rarely been studied through in-

situ 3D optical imaging. Partially complicated capillaries closed

to the pulmonary artery are shown in the enlarged Figure 3D,

which was obtained by stacking 100 raw images and corresponds

to the white rectangle in Figure 3A. Multiple winding branches

in this 100-µm-thick section were noted. Here, we coded the

depth information of capillaries into different colors, which

helped us visualize their connectivity and spatial relationship.

In addition, by using HD-dfMOST, we could resolve capillaries
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with a diameter of at least 2µm. In particular, the nuclei of the

capillaries appeared as long bright stripes, demonstrating the

high resolution of the imaging system. Supplementary Video 2

further presents rendered cardiovascular data, intuitively

showing the cardiovascular network and the complex three-

dimensional spatial winding of capillaries. These results confirm

that the proposed pipeline is capable of labeling and imaging

whole-heart vessels at the capillary level.

Simultaneous presentation of myocardial
and vascular structures in a given heart

On the basis of the dual-structural labeling and dual-color

imaging achieved using the proposed pipeline, we present

myocardial and vascular data of a heart colocalized in one

coordinate. The 3D rendering of the myocardial and vascular

structures of the whole heart is shown in Figure 4A, where

the myocardial structures are colored fuchsia and the vascular

structures green. The heart is a muscular organ that mainly

consists of myocardial tissues, as indicated by the image mainly

appearing fuchsia in color. The blood vessels were continuously

labeled and completely observed in the image. An original axial

image located in the middle of the heart at a resolution of 0.32

× 0.32 × 1.0 µm3 is displayed in Figure 4B. Capillaries were

distributed between cardiomyocytes, as shown in the enlarged

Figure 4C, corresponding to the white rectangle in Figure 4B.

Small vessels were located right in the gaps in the myocardium,

indicating that the two-channel data were co-located. The

capillaries and cardiomyocytes had the same orientation.

The observations are consistent with the cardiac mechanism

indicating that capillaries supply nutrients and oxygen to

cardiomyocytes (30). Both cardiomyocytes and capillaries

appeared as quasi-circular cross-sections with a staggered

arrangement (Figure 4D), indicating that these two structures

were spatially close. This means that cardiomyocytes can

provide pressure for pumping blood throughmuscle contraction

(30). Supplementary Video 3 further presents rendered co-

localizedmyocardial and vascular data stereo showing the spatial

distribution of myocardial and vascular structures. Three hollow

elliptical structures were distributed on the outer edge of the

ventricular wall (Figure 4E), indicating that three blood vessels

may travel through the ventricular wall. We reconstructed the

vascular data three dimensionally and observed that an artery

was divided into three branches passing through the three

cavities (Figure 4F), confirming our assumption. This example

indicates that the pipeline can be used to examine the spatial

correlation between cardiomyocytes and vessels in 2D or 3D.

3D display of the continuous blood vessel
network

We reconstructed a partial cardiovascular network in 3D,

starting from the aorta (Figure 5A). The aorta divided into two

branches, namely the left coronary artery (LCA) and RCA, as

shown in the reconstructed result (Figure 5A). The RCA divided

into two equal dominated branches, whereas the LCA diverged

after some distance, which is consistent with the findings of

a previous study (25). Here, we mainly traced the branches

of the LCA. At least five branches were identified along the

trunk from the aorta to the apex of the heart (as indicated

by blue arrows). In addition, we obtained the curvature of

vessels in accordance with labeled contours. The difference in

curvature of the vessels is qualitatively represented using colors

in Figure 5A. As indicated by the color bar, the maximum

curvature is presented in red, whereas the minimum curvature is

presented in blue. The overall trend of the curvature of the outer

contour was a gradual decrease with increasing distance of the

branch from the aorta. In addition, we visualized these vessels in

an endoscopic view, observing detailed curvature changes from

the inner wall of the blood vessel. The inner walls of branches 1–

4 are presented in Figures 5B–E, respectively. The inner wall of

the LCA had larger curvature because the wall mostly appeared

in red (Figure 5B). However, the junction of the aorta and LCA

appeared in blue, as indicated by the white arrow, indicating

smaller curvature. The smaller curvature may be due to such a

shape providing a smooth transition between vascular branches,

avoiding sudden and considerable blood flow pressure at these

locations. Similar morphological characteristics are presented

in Figures 5C–E. We observed that the small curvature area

became larger with a decrease in the vessel diameter, as

indicated by white arrows in Figures 5C,E. This trend was

possibly caused by a decrease in blood pressure with a decrease

in the vessel size (31). In summary, the proposed pipeline

provided multiple views of 3D cardiac microstructures and

thus can be used for comprehensively studying these structures

and functions.

Discussion

Whole-heart 3D data set at the
single-cell scale

Previous studies have performed 3D imaging of the whole

mouse heart at single-cell resolution. However, because of the

limited imaging range, most of these studies have performed

imaging of the embryonic heart to study its development process

because the heart is the first-derived functional embryonic

organ (32). To the best of our knowledge, only a few complete

mature mouse heart data sets have been presented—those

imaged through optical imaging techniques, as summarized

in Table 1. Knife-edge scanning microscopy (KESM) applied

light microscopy to image microtome sectioned tissue on the

surface of the knife, achieving a voxel resolution of 0.5 × 0.5

× 5 µm3 (33). KESM could locate the spatial distribution of

intrinsic cardiac neurons because neurons were stained with

cresyl violet and imaged based on structural contrast. However,
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FIGURE 5

Color-coded vascular network based on the curvature of the vascular wall. (A) The 3D rendering of the reconstructed vascular network. Blue

arrows point out five branches along the LCA. Ao, aorta; LCA, left coronary artery; RCA, right coronary artery. (B–E) Endoscopic perspective of

corresponding branches 1–4 in (A) with colors representing the curvature di�erence. (B) is the division of the Ao and LCA.

TABLE 1 Comparison of whole heart optical imaging techniques.

Imaging techniques KESM TPTC c-LSFM HD-dfMOST

Imaging resolution (µm3) 0.5× 0.5× 5 0.78× 0.78× 2.0 4.5× 4.5× 18.0 0.32× 0.32× 1.0

Fluorescence compatibility N Y Y Y

Observing structures Cardiac neurons Cell nuclei and vasculature Myocardial fiber Cardiomyocytes and vasculature

Reference (33) (34) (35) This study

KESM obtains nonfluorescent labeled structural data, failing

to reveal multi-structural spatial relationships. Two-photon

tissue cytometry (TPTC) combines two-photon microscopy

to perform deep tissue imaging and a milling machine to

perform sequential tissue cutting, achieving a voxel resolution

of 0.78 × 0.78 × 2.0 µm3 (34). TPTC was capable of

simultaneously imaging fluorescently labeled cell nuclei and

vasculature. However, the point scanning scheme slows down

the speed of data acquisition, and the paraffin embedding

of the samples prevents labeling with fluorescence proteins.

Cardiac light sheet fluorescence microscopy (c-LSFM) owned

the advantage of high-speed whole heart imaging through tissue

clearing and light-sheet microscope (35). But to cover the whole

organ, a long working distance objective with low numerical

aperture (0.13) was used, resulting in a low resolution of 4.5 ×

4.5× 18.0 µm3.

This is the first study to present a set of fluorescently labeled

myocardial and vascular heart-wide 3D data for a given mature

mouse. We presented individual fine cardiac structures at a

single myocyte and capillary level at a submicron voxel imaging

resolution of 0.32× 0.32× 1.0µm3 (Figures 2, 3). Moreover, we

visualized these structures simultaneously to reveal their spatial

correlation or locate one structure through the other (Figure 4).

Moreover, we analyzed detailed geometric features in both outer

and inner views through subsequent 3D data reconstruction

(Figure 5).
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Biomedical perspectives

The pipeline established in this study can be used for

examining heart-wide 3D fine structures. A global heart-

specific coordinate system is required to define the location

and orientation of specific structures (29). Here, for the system

to be specific to the heart, the coordinate system should be

built on the basis of the cardiac anatomy, and the characteristic

anatomy of the whole heart should be considered for global

imaging. Our pipeline can build such a coordinate system.

By using a proper structural labeling method, we can set one

channel to image architectural data, such as cardiomyocytes,

and build a coordinate system based on three non-coplanar

feature points, namely the apex of the heart, centroids of

the aorta, and centroids of the descending aorta. In addition,

we can set other channels to image target structures such as

vessels and neurons. Similar methods have been developed to

depict brain-wide connections, including the vascular network

and neural connection, through a brain-wide positioning

system (19, 21). Thus, a similar approach can be used in

heart studies.

The single-cell-resolution heart-wide data set obtained

using this pipeline can serve as the basis for heart disease

research. For instance, by comparing the structural difference

between the normal and diseased heart at the single-cell

level, lesions in the whole heart can be precisely located

(36). Furthermore, examining the data sets of diseased

hearts in different stages of a disease may help understand

lesion development in the disease (37). A combination of

knowledge derived from these data sets and clinical imaging

findings may guide the selection of medication and surgical

treatment (38).

Limitations

We aimed to demonstrate the feasibility and effectiveness

of the proposed pipeline; thus, only two cardiac structures,

namely the cardiovascular and myocardium, are presented.

However, multicolor imaging is not technically difficult. By

using proper specific labeling techniques, additional types of

cardiac structures, such as collagen and cardiac neurons, can

be imaged within a given mouse heart, enabling the study

of the whole cardiac structure and heart-wide multistructural

linkages. Here we imaged a cardiac slice stained by PI and

DAPI solutions under a commercial microscope (Zeiss Axio

Observer A1; Zeiss, Germany), and the result is shown in

Supplementary Figure 1. This result help demonstrates that

multi-color options are feasible. Moreover, only a mature mouse

model was used in this study. However, this pipeline can be

used for imaging the primate and human heart after appropriate

modifications (39).

In this study, we did not perform a large-scale quantitative

analysis of cardiac data because cardiac structures are

considerably different from brain structures in terms

of geometrical dimensions and structural features. For

example, neural cells are approximately spherical, whereas

cardiomyocytes are approximately cylindrical. Because of

this difference, the previously established automated analysis

methods, such as 3D BrainCV and NeuroGPS-Tree, could not

be fully used in this work (40, 41). Most of the 3D reconstruction

results obtained in this study were based on semiautomatic

image segmentation, resulting in a considerable workload.

To demonstrate the potential of the single-cell-resolution

heart-wide data for cell measurement, we segmented a

myocardial fiber and five nuclei from Figure 2D, and the result

is shown in Supplementary Figure 2. The quantitative statistics

of the five nuclei volume is 87.2 ± 6.1µm. In the future, we

will be focusing on developing automated cardiac quantitative

analysis tools.
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SUPPLEMENTARY FIGURE 1

Image of a cardiac slice stained by PI and DAPI fluorescent dyes. Scale

bars: 50 µm.

SUPPLEMENTARY FIGURE 2

Segment a myocardial fiber and five nuclei from Figure 2D and quantify

the volume of these cardiomyocyte nuclei.

SUPPLEMENTARY VIDEO 1

Rendered myocardial data shows the morphology and orientation of

myocardial assembly.

SUPPLEMENTARY VIDEO 2

Rendered cardiovascular data shows the complex three-dimensional

spatial winding of capillaries.

SUPPLEMENTARY VIDEO 3

Rendered co-localized myocardial and vascular data shows spatial

distribution of myocardial and vascular structures.
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Association between coronary
plaque volume and myocardial
ischemia detected by dynamic
perfusion CT imaging
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Introduction: We aimed to evaluate the relationship between quantitative

plaque metrics derived from coronary CT angiography (CTA) and segmental

myocardial ischemia using dynamic perfusion CT (DPCT).

Methods: In a prospective single-center study, patients with > 30% stenosis

on rest CTA underwent regadenoson stress DPCT. 480 myocardium segments

of 30 patients were analyzed. Quantitative plaque assessment included total

plaque volume (PV), area stenosis, and remodeling index (RI). High-risk plaque

(HRP) was defined as low-attenuation plaque burden > 4% or RI > 1.1.

Absolute myocardial blood flow (MBF) and relative MBF (MBFi: MBF/75th

percentile of all MBF values) were quantified. Linear and logistic mixed

models correcting for intra-patient clustering and clinical factors were used

to evaluate the association between total PV, area stenosis, HRP and MBF or

myocardial ischemia (MBF < 101 ml/100 g/min).

Results: Median MBF and MBFi were 111 ml/100 g/min and 0.94, respectively.

The number of ischemic segments were 164/480 (34.2%). Total PV of all

feeding vessels of a given myocardial territory differed significantly between

ischemic and non-ischemic myocardial segments (p = 0.001). Area stenosis

and HRP features were not linked to MBF or MBFi (all p > 0.05). Increase

in PV led to reduced MBF and MBFi after adjusting for risk factors including

hypertension, diabetes, and statin use (per 10 mm3; β = −0.035, p < 0.01 for

MBF; β = −0.0002, p < 0.01 for MBFi). Similarly, using multivariate logistic

regression total PV was associated with ischemia (OR = 1.01, p = 0.033; per

10 mm3) after adjustments for clinical risk factors, area stenosis and HRP.

Conclusion: Total PV was independently associated with myocardial ischemia

based on MBF, while area stenosis and HRP were not.

KEYWORDS

dynamic perfusion CT, myocardial blood flow, coronary computed tomography,
coronary plaque volume, quantitative plaque analysis
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Introduction

Currently luminal stenosis is the most dominant factor
in the management of coronary artery disease (CAD)
(1). Quantitative plaque assessment and adverse plaque
characteristics may further improve cardiovascular risk
prediction and patient management (2). Furthermore,
anatomical and functional assessment of CAD could also
improve clinical outcomes (3), however, the link between
stenosis severity and myocardial ischemia is controversial (4).

CT angiography (CTA) is a uniquely suited imaging
modality that can simultaneously evaluate plaque morphology
and ischemia (5). Also, CTA allows accurate characterization
and quantification of coronary plaques over stenosis assessment.
Moreover, myocardial dynamic perfusion CT (DPCT) provides
functional data and can quantitatively assess myocardial
perfusion during pharmacological stress (6).

Former observational studies evaluated the link between
coronary plaque burden and global myocardial ischemia using
qualitative/visual assessment by either static CT perfusion
(CTP) (7), stress echocardiography (8) or SPECT (9). Based
on these studies, whether stenosis severity, adverse plaque
features or coronary plaque burden is predictive for ischemia
remains uncertain. Also, it is unknown whether quantitative
plaque characterization can predict segmental ischemia as
assessed by quantitative DPCT imaging. Previous studies
exclusively reported vessel-based data, however, we applied a
novel segment-based analysis considering only coronary lesions
corresponding to myocardial territories.

Our aim was to elucidate the association between
quantitative atherosclerotic plaque metrics derived from
coronary CTA and segmental myocardial ischemia based on
myocardial blood flow (MBF) as detected by DPCT imaging.

Materials and methods

Study population and protocol

Patients with stable chest pain and > 30% coronary stenosis
detected on rest CTA were screened for our prospective, single-
center study. Inclusion criteria were at least 30% stenosis
in one of the main coronary arteries and excellent image
quality for the quantitative analysis of the whole coronary
tree. Exclusion criteria were prior myocardial infarction or
revascularization, heart transplantation, contraindication to
regadenoson or low image quality for quantitative assessment
of coronary lesions. Regadenoson stress DPCT was performed
at a separate appointment after written informed consent was
obtained from all patients. Subjects with low image quality for
the assessment of myocardial ischemia were excluded (n = 1).
Patients were enrolled in the analysis if found eligible based on

inclusion and exclusion criteria. Flow chart of the study is shown
in Figure 1.

The study was approved by the national ethical
committee (National Institute of Pharmacy and Nutrition—
OGYÉI/719/2017) and was performed in accordance with the
Helsinki declaration.

Demographic data and comorbidities were collected
by reviewing patients’ medical records. Hypertension
was determined as systolic blood pressure > 140 mmHg
and/or diastolic blood pressure > 90 mmHg based on office
measurements or the use of antihypertensive therapy. Diagnosis
of hyperlipidemia was based on total cholesterol level > 200
mg/dL or the administration of lipid-lowering medication.
Diabetes mellitus was defined as elevated plasma glucose levels
(fasting plasma glucose ≥ 126 mg/dL; HbA1C ≥ 6.5%) or the
use of antidiabetic medication or insulin therapy.

Coronary CT angiography protocol

Prospectively triggered CTA scan of the heart was
performed according to the guidelines of the Society of
Cardiovascular Computed Tomography (SCCT) with a 256-
slice multidetector row CT (Brilliance iCT, Philips Healthcare,
Cleveland, OH, United States) (10). Per os beta blocker was
administered 1 h prior examination if the heart rate (HR) was
above 65 beats/min. All patients received 0.8 mg of sublingual
nitroglycerine before CTA scanning if systolic blood pressure
was > 100 mmHg, and in case of HR > 60 beats per minute
intravenous beta blocker was additionally administered. Image
acquisition was performed at diastole (75–81% of the R–R
interval) or at systole (37–43% of the R–R interval) in case of
HR > 70 beats per minute despite premedication. The following
scan parameters were applied: 270 ms gantry rotation time,
128 × 0.625 mm collimation, tube voltage 100–120 kVp, and
tube current 200–300 mAs based on patient’s body mass index
(BMI). A four-phasic contrast injection protocol was used with
85–95 ml contrast agent at a flow rate of 4.5–5.5 ml/s. Axial
images were reconstructed with 0.6 mm slice thickness using
iterative reconstruction (iDose4 Level 5, Philips Healthcare,
Cleveland, OH, United States).

Dynamic perfusion CT protocol

Stress DPCT scan was performed after rest CTA at a
separate appointment with the same scanner. Hyperemia was
induced using single dose of 400 µg intravenous regadenoson
(Rapiscan R©, GE Healthcare) (11). Stress acquisition was
performed during a single breath-hold in inspiration, 1 min
after bolus regadenoson was administered during peak stress
covering 25–30 cardiac cycles (12). Patients’ HR, oxygen
saturation and blood pressure were monitored to confirm
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FIGURE 1

Flow-chart of the study. CAD, Coronary artery disease; CTA, CT angiography; DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow.

appropriate levels of stress for CTP imaging. Contrast
injection protocol included 50–60 ml contrast bolus at an
infusion rate of 5 ml/s, followed by 30 ml saline chaser.
Prospective electrocardiogram (ECG)-gated dynamic mode
(with 64 × 1.25 mm collimation, 360◦ reconstruction, 8 cm
coverage) was acquired in systolic phase (35% of the RR
interval), with tube voltage of 80–120 kVp and tube current
of 100–250 mAs based on patient’s BMI. Images were
reconstructed using hybrid iterative reconstruction (iDOSE4
level 5, Philips Healthcare, Cleveland, OH, United States) with
2.0 mm slice thickness and 2.0 mm increment.

Quantitative plaque analysis

Coronary artery segments were defined using an 18-
segment model as recommended by the SCCT guidelines (10).
CTA images were transferred into a dedicated software tool
(QAngioCT Research Edition v3.1; Medis Medical Imaging
Systems, Leiden, The Netherlands) for quantitative plaque
analysis. Images were analyzed by a single reader (BV, 3 years
of experience with cardiac CT) blinded to patient’s data and

perfusion parameters. The software automatically extracted the
coronary tree. All coronary vessels with a diameter > 1.5 mm
were evaluated. After automatic contouring of the lumen and
vessel wall, manual correction was performed—if needed—
in both longitudinal and cross-sectional views at 0.5 mm
increments. The proximal and distal borders of coronary
plaques were defined for quantification. Coronary plaque was
defined on the CTA based on former publications (13). Chronic
total occlusions were not present in current patient population.
Plaque composition was determined using fixed thresholds: low-
attenuation plaque (LAP): −100–30 HU; non-calcified plaque
(NCP): 31–350 HU; calcified plaque (CP): ≥ 351 HU. Volumes
of total plaque, LAP, NCP and CP were calculated. LAP
burden defined as the ratio of LAP volume and vessel volume
(LAP volume × 100%/vessel volume) was also determined.
Lumen area stenosis was defined at the site of the maximal
luminal stenosis of the coronary plaque. Remodeling index
(RI) was calculated as the ratio of the vessel wall area
at the site of the maximal luminal narrowing and the
reference vessel wall area. High-risk plaque (HRP) was defined
based on quantitative LAP burden > 4% or a RI > 1.1
(2, 14).
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FIGURE 2

Integration of coronary anatomy and myocardial territories. Vessel territories were defined based on the modified method after Cerci et al. for
LM, LAD, LCX, and RCA. The following categories were determined for myocardial segments: primary—most commonly supplied territories in
case of right dominance; secondary—might be supplied territories in case of normal variations; tertiary—usually not supplied territories. In
addition, coronary segment-based analysis was also used, taking lesion location into account. For that, basal segments were aligned with
proximal, mid segments with proximal and mid, and apical segments with proximal, mid and distal coronary segments. LAD, Left anterior
descending; LCX, Left circumflex; LM, Left main; RCA, Right coronary artery.

Myocardial perfusion analysis

DPCT images were analyzed using a dedicated software
(Intellispace Portal; Philips Healthcare, Cleveland, OH,
United States). Elastic registration and temporal filtering
were applied for motion artifact reduction. Time-attenuation
curves (TAC) created in the left ventricular outflow tract
were used as arterial input function for perfusion analysis.
Short-axis views were created for the assessment of the left
ventricular myocardial tissue. MBF was computed applying
a hybrid deconvolution method (12). The assessment
of MBF was obtained by two readers (B.V and S.B, 3
and 4 years of experience with cardiac CT) in random
order blinded to plaque data and patient characteristics.
A ROI > 0.5 cm2 was set in each myocardial segment
(intramural) using a 16-segment model excluding the apex
carefully avoiding any artifacts on short-axial images (15).
Segmental myocardial ischemia was defined as MBF < 101
ml/100 g/min based on Pontone et al. (16). In addition,
relative MBF (MBFi) for each segment was also calculated
as the ratio of absolute MBF to reference MBF, latter
defined as the 75th percentile of all MBF values of a given
patient (17).

Integration of coronary anatomy and
myocardial territories

Coronary lesions were assigned to the corresponding
myocardial segment based on the modified method after
Cerci et al. for the CORE320 (Coronary Artery Evaluation
Using 320-Row Multidetector CTA) trial (18). Former
studies performed vessel-based analysis for the alignment
of myocardial territories and supplying vessels. For our
segment-based approach, we defined all coronary artery
segments that supply a given myocardial segment of
the 16 analyzed segments based on dominance, segment
location in relation to basal, mid-ventricular or apical
regions (Figure 2).

After the adjudication was performed by B.S.,—with 8 years
of experience in cardiac imaging—volumes for total, NCP
and CP of all relevant supplying coronary segments were
summed for each myocardial segment. LAP burden was also
calculated from the summed LAP and vessel volume. If
LAP burden exceeded 4% of all plaque supplying a given
segment, or the highest RI of the corresponding lesions
was > 1.1, we marked as HRP. Summed plaque volumes
(PVs), the highest degree of lumen area stenosis and HRP
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(LAP burden > 4% or a RI > 1.1) of the supplying
coronary segments were analyzed for the corresponding
myocardial segment.

Statistical analysis

Continuous variables are presented as mean and standard
deviation, whereas categorical parameters are presented as
frequency with percentages. Independent t-test was used
to compare parameters describing coronary plaque burden
between ischemic and non-ischemic segments. Pearson
correlation was used to define the association between
total, NCP and CP volumes. Linear and logistic mixed
models correcting for intra-patient clustering and clinical
factors were used to assess the association between total
PV, maximal area stenosis, quantitative HRP features and
absolute MBF, MBFi or myocardial ischemia using 101 ml/100
g/min as cut-off value for MBF. Models were adjusted for
predefined clinical risk factors of CAD and possible modifiers
of ischemia including hypertension, diabetes mellitus and
statin therapy.

Intraclass correlation coefficient (ICC) of MBF was
calculated for 160 segments of 10 randomly selected patients
between two readers with 3 or more years of experience in
cardiac CT imaging (BV and SB). ICC values greater than
0.80 were considered good, values above 0.90 were considered
to have excellent reproducibility. Also, reproducibility of
quantitative plaque assessment was evaluated between two
independent readers based on 10 plaques of randomly selected
patients. All statistical analyses were performed using SPSS
(version 24.0) and R software (version 3.6.1). P < 0.05 was
defined as statistically significant.

Results

Patient characteristics

The baseline characteristics of the 30 analyzed patients
(mean age 60.9 ± 8.3 years, 26.7% female, mean BMI
28.9 ± 3.8 kg/m2) are summarized in Table 1. Common
comorbidities were hypertension (76.7%) and dyslipidemia
(76.7%).

On average, 13.0 ± 8.6 days have passed between the two
examinations. Mean effective radiation dose was 4.4 ± 1.1 mSv
for rest CTA and 8.9 ± 4.0 mSv for DPCT. A total of 496
coronary artery segments and 480 myocardial segments were
evaluated quantitatively. ICC between readers was 0.96 and 0.93
for MBF and total PV, respectively.

TABLE 1 Patient characteristics.

Patient population N = 30

Age, years 60.9± 8.3

Male gender, n (%) 22 (73.3)

BMI, kg/m2 28.9± 3.8

Hypertension, n (%) 23 (76.7)

Diabetes mellitus, n (%) 2 (6.7)

Dyslipidemia, n (%) 23 (76.7)

Smoking, n (%) 16 (53.3)

Cerebrovascular disease, n (%) 1 (3.3)

Peripheral artery disease, n (%) 3 (10.0)

Family history of premature CAD, n (%) 9 (30.0)

Oral anticoagulant therapy, n (%) 6 (20.0)

Statin therapy, n (%) 16 (53.3)

ACE-I/ARB therapy, n (%) 18 (60.0)

Beta-blocker therapy, n (%) 15 (50.0)

Continuous variables are described as mean ± SD, whereas categorical variables are
represented as frequencies and percentage.
ACE-I, Angiotensin-converting-enzyme inhibitor; ARB, Angiotensin receptor blocker;
BMI, Body mass index; CAD, Coronary artery disease.

Plaque characteristics and segmental
myocardial ischemia

Total PV, NCP volume, and CP volume differed significantly
between ischemic and non-ischemic myocardial segments,
120.5 ± 119.5 mm3 vs. 84.6 ± 82.2 mm3, p = 0.001;
62.3 ± 59.5 mm3 vs. 51.4 ± 54.9 mm3, p = 0.045;
58.3 ± 91.8 mm3 vs. 33.3 ± 50.6 mm3, p = 0.001;
respectively (Table 2). Median and interquartile range (IQR)
of PVs for ischemic and non-ischemic myocardial segments
were: total PV: 82.9 (31.1–179.6) vs. 68.7 (25.8–114.7) mm3;
NCP volume: 46.1 (24.3–93.7) vs. 31.6 (12.4–73.8) mm3; CP
volume: 15.9 (0.1–78.2) vs. 17.3 (2.2–46.1) mm3. Figure 3
demonstrates box plots of quantitative PVs in coronary
segments supplying ischemic and non-ischemic myocardial
segments. On a patient level, the average of maximal lumen
area stenosis of the worst lesion was 54.7 ± 15.9%. On a
segmental level, the average of the maximal lumen area stenosis
was 37.2 ± 22.7% for ischemic and 33.5 ± 20.7% for non-
ischemic myocardial segments (p = 0.072). HRP was present
in 21.3% in ischemic and 19.0% in non-ischemic territories
(p= 0.539).

Number of ischemic segments were 164/480 (34.2%).
Median MBF was 111 ml/100 g/min, while median MBFi
was 0.94.

Total PV strongly correlated with NCP volume (r = 0.73,
p < 0.001) and CP volume (r = 0.83, p < 0.001), we therefore
included total PV in the multivariate prediction models to avoid
multicollinearity.
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TABLE 2 Coronary plaque characteristics in ischemic and non-ischemic myocardial segments.

Ischemic myocardial
segments N = 164

Non-ischemic myocardial
segments N = 316

P

Total plaque volume, mm3 120.5± 119.5 84.6± 82.2 0.001

NCP volume, mm3 62.3± 59.5 51.4± 54.9 0.045

CP volume, mm3 58.3± 91.8 33.3± 50.6 0.001

High-risk plaque, n (%) 35 (21.3) 60 (19.0) 0.539

Lumen area stenosis,% 37.2± 22.7 33.5± 20.7 0.072

Myocardial ischemia was defined as MBF < 101 ml/100 g/min. Continuous variables are described as mean ± SD, whereas categorical variables are represented as frequencies and
percentage.
Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; MBF, Myocardial blood flow; NCP, Non-calcified plaque.

FIGURE 3

Box plots showing the distribution of total, non-calcified and calcified plaque volumes related to ischemic and non-ischemic myocardial
segments based on DPCT (MBF < 101 ml/100 g/min vs. ≥ 101 ml/100 g/min). DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow.

Predictors of absolute and relative
myocardial blood flow

Using linear mixed models, univariate analysis revealed
that total PV predicted both absolute and relative MBF
values (Table 3). Clinical risk factors (including hypertension,
diabetes mellitus, and statin use), HRP and stenosis severity
were not associated with impaired myocardial perfusion based
on MBF and MBFi.

On multivariate analysis, total PV increase led to reduced
absolute and relative MBF values even after adjusting for clinical
risk factors, lumen area stenosis and HRP features: per 10 mm3;
β = −0.035, p < 0.01 for MBF and β = −0.0002, p < 0.01
for MBFi. Notably, lumen area stenosis and quantitative HRP
features were not linked to absolute or relative MBF values (all
p > 0.05).

Predictors of myocardial ischemia
based on myocardial blood flow
threshold

On univariate logistic regression total PV and lumen area
stenosis were significant predictors of myocardial ischemia
based on MBF < 101 ml/100 g/min (Table 4). After adjusting
for predefined clinical risk factors, stenosis severity and

HRP, increase in total PV was independently associated with
myocardial ischemia: OR: 1.01, p = 0.033 (per 10 mm3).
However, on multivariate analysis HRP feature and lumen area
stenosis were not linked to ischemia (both p > 0.05).

Discussion

We used a novel approach to define the contribution of
coronary PV to limited flow (ischemia) of all feeding coronary
segments considering only coronary lesions prior to a given
myocardial territory. We established that total PV influenced
myocardial perfusion on a segmental level, independent from
stenosis severity, HRP and risk factors. Moreover, maximal
luminal area stenosis and the presence of HRP were not linked
to myocardial ischemia based on MBF. Reproducibility was
excellent for the evaluation of MBF or total PV.

While there are several alternative imaging modalities to
analyze the hemodynamic consequence of coronary plaques, CT
is the only non-invasive modality for the combined assessment
of morphology and function of CAD. CT can provide several
additional anatomical parameters that could be incremental
as compared with traditional evaluation focusing on luminal
stenosis or lesion length. In agreement with our findings,
total PV was linked to visual perfusion defects as assessed by
SPECT (9, 19). Liu et al. also reported that low-density PV
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TABLE 3 Univariate analysis of the predictors of absolute and relative myocardial blood flow (MBFi) detected by DPCT using linear mixed models.

Predictors Absolute MBF detected by DPCT Relative MBF detected by DPCT

Univariate model Univariate model

β 95% CI P β 95% CI P

Total plaque volume, per 10 mm3 -0.025 -0.043—0.007 0.006 -0.0002 -0.0003—0.0001 0.004

NCP volume, per 10 mm3
−0.025 −0.053–0.003 0.079 −0.0002 −0.0004–0.0000 0.077

CP volume, per 10 mm3 -0.046 -0.078—0.014 0.005 -0.0002 -0.0004—0.00006 0.008

Remodeling index 1.934 −2.427–6.295 0.384 0.003 −0.029–0.036 0.838

High-risk plaque 1.952 −1.767–5.672 0.303 0.018 −0.009–0.045 0.191

Lumen area stenosis −4.479 −12.008–3.050 0.243 −0.042 −0.093–0.009 0.108

Age, years −0.172 −1.208–0.864 0.736 0.0006 −0.001–0.002 0.463

BMI, kg/m2
−0.791 −3.037–1.455 0.477 0.004 0.0007–0.007 0.017

Hypertension −1.482 −21.491–18.527 0.881 0.010 −0.019–0.039 0.491

Diabetes mellitus 1.542 −32.393–35.478 0.926 0.018 −0.031–0.068 0.456

Smoking 1.536 −15.424–18.496 0.854 0.013 −0.011–0.038 0.274

Statin therapy −3.201 −20.127–13.724 0.701 −0.005 −0.030–0.020 0.658

Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; BMI, Body mass index; DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow; MBFi, Myocardial blood flow index; NCP, Non-calcified plaque.

TABLE 4 Univariate logistic regression analysis of the predictors of
myocardial ischemia detected by DPCT.

Myocardial ischemia
Predictors detected by DPCT

Univariate model

OR 95% CI P

Total plaque volume, per 10 mm3 1.01 1.002–1.012 0.003

NCP volume, per 10 mm3 1.01 1.004–1.018 0.002

CP volume, per 10 mm3 1.01 0.997–1.015 0.172

Remodeling index 1.14 0.422–3.059 0.801

High-risk plaque 0.79 0.333–1.890 0.601

Lumen area stenosis 8.05 1.340–48.333 0.023

Age, years 1.03 0.839–1.268 0.770

BMI, kg/m2 1.26 0.787–2.019 0.335

Hypertension 2.86 0.046–177.116 0.617

Diabetes mellitus 1.74 0.003–883.279 0.861

Smoking 0.96 0.031–29.434 0.982

Statin therapy 4.06 0.108–152.174 0.448

Myocardial ischemia was defined as MBF < 101 ml/100 g/min.
Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; BMI, Body mass index; DPCT, Dynamic perfusion CT; MBF,
Myocardial blood flow; NCP, Non-calcified plaque.

and diameter stenosis were also independently associated with
myocardial ischemia. Driessen et al. evaluated 208 patients
who underwent (15O) H2O PET-MPI and coronary CTA and
found that plaque length and volume were inversely associated
with MBF in a sub-study of the PACIFIC trial (20). Moreover,

this study suggested a link between decreased flow and NCP
volume or positive remodeling in a vessel-based analysis. The
multicenter CORE 320 study demonstrated that combined CTA
and CTP has excellent diagnostic performance to detect flow-
limiting lesions (more than 50%) by invasive angiography
and perfusion defects by SPECT. van Rosendael et al. utilized
static stress CTP in a total of 84 patients to evaluate the
relationship between morphological plaque features and visual
perfusion deficits (7). Interestingly, increasing stenosis severity
and lesion length were predictors of ischemia, however PVs
were not. Previous studies examining the association between
PV and ischemia in stable angina patients reported highly
variable mean values for total PV: 69.0 ± 16.8 mm3 vs.
49.6 ± 17.2 mm3 by van Rosendael et al. (7), 114 ± 118
mm3 vs. 62 ± 89 mm3 by Diaz-Zamudio et al. (9), and
694.6± 485.1 mm3 vs. 422.3± 387.9 mm3 by Min et al. (21), for
ischemic and non-ischemic myocardial territories, respectively.
In our current study, total PV for ischemic segments were
120.5 ± 119.5 mm3 while for non-ischemic segments it was
84.6± 82.2 mm3.

As highlighted above, there are conflicting results on
whether luminal narrowing, plaque composition and
vulnerability or plaque burden precipitate ischemia. This
could originate from the high inter-vendor, inter-scanner, inter-
protocol variability of coronary plaque assessment and from
the methodology used for the characterization of ischemia. To
our knowledge, there are currently no studies evaluating both
myocardial ischemia and CAD quantitatively, on a segment
level using CT imaging. Also, most of the former studies used
visual assessment for detecting perfusion defects. However,
quantitative methods are more reproducible and might provide
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FIGURE 4

Comprehensive plaque assessment and the evaluation of myocardial ischemia based on CT images. A representative case of our study depicts
the images of a 62-year-old male patient who underwent coronary CTA and DPCT imaging for the evaluation of CAD and corresponding
myocardial ischemia. In this case, plaques were detected and quantified in the proximal LAD (LAD1), mid-LAD (LAD2) and proximal RCA
(RCA1 + RCA2) coronary segments. All coronary plaques based on their location were matched for a given myocardial territory. MBF was
quantified for all 16 myocardial segments using DPCT images. By creating a myocardial vessel territory map for each coronary segment, we
could derive the total plaque volume that possibly influences the blood flow quantified as MBF on DPCT to any of the 16 analyzed LV territories
(see Figure 2 for segmental classification). In this case, basal anterior (1) and basal anteroseptal (2) myocardial segments were influenced by the
proximal LAD (LAD1) lesion, while the mid anterior (7), mid anteroseptal (8), apical anterior (13), and apical septal (14) myocardial segments were
affected by two lesions: LAD1 and LAD2 (mid LAD segment) as they are located more distally. No plaques were present in the LCX. Regarding
the RCA, two plaques were detected in the proximal RCA segment (RCA1 and RCA2), therefore all myocardial segments corresponding to the
RCA were influenced by two plaques (RCA1 and RCA2). Plaque volumes of the lesions aligned for a given myocardial segment were summed
and accounted for in the analysis, while the highest degree of lumen area stenosis of the corresponding lesions was included in the analysis.
Light blue color indicates LV segments related to proximal LAD lesion, dark blue color indicates LV territories related to both proximal and
mid-LAD lesions, whereas green color shows myocardial territories corresponding to the RCA lesions. LCX demonstrated no coronary lesions.
ROI-s were placed in each myocardial segment on short-axial images. CAD, Coronary artery disease; CTA, CT angiography; DPCT, Dynamic
perfusion CT; LAD, Left anterior descending; LCX, Left circumflex; LV, Left ventricle; MBF, Myocardial blood flow; RCA, Right coronary artery.

a more detailed analysis of LV blood flow based on different
perfusion markers. One of the largest challenges is the precise
alignment of a myocardial territory to its feeding vessels. The
most common approach is to calculate an accumulated PV for a
given vessel, however this could not tailor unique variations in
coronary anatomy and lesions on the distal coronary segments
should not be taken into consideration when assessing perfusion
in the basal myocardium. Authors of the CORE320 trial sought
to assign coronary lesions to the corresponding myocardial
segment taking anatomical variations and coronary dominance
into account (18). For our segment-based approach, we defined
all coronary artery segments that supply a given myocardial
segment (16-segment model) based on dominance, segment
location in relation to basal, mid-ventricular or apical regions
(Figure 2). A representative case and the detailed description
of our methodology are demonstrated on Figure 4. Using this
approach, we aimed to overcome a main limitation of former
studies which performed vessel-based analysis when evaluating
ischemia. However, a distally localized lesion in the coronary
vessel does not limit the flow of the most basal segments
and this could substantially influence the results. Also, apical
region of the heart can be supplied by several contributing

vessel segments and therefore all of the lesions should be taken
into consideration.

The discordance between stenosis severity and ischemia has
been reported using both non-invasive and invasive methods. As
previously described by Schuijf et al. in patients with obstructive
CAD detected on coronary CTA, only 50% had ischemia using
SPECT, while ischemia was detected in 15% of patients without
obstructive CAD (4). Similarly, in the FAME study discrepancy
was identified between anatomic and functional stenosis severity
assessed by invasive angiography and FFR (22). Despite these
findings, our current clinical management heavily relies on
treating coronary lesions based on ischemic burden. However,
total coronary plaque burden might step forward as the target
of early interventions to stabilize HRPs, reduce the progression
of coronary PV and luminal stenosis and thus ultimately to
prevent adverse events.

Conflicting results regarding the relationship of plaques
and ischemia may originate from the different capabilities
of the modality utilized in the trials. CT has several
advantages as compared with other techniques such as better
spatial resolution, robust plaque assessment and reproducible
quantitative measures of perfusion. CT imaging can define the
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hemodynamic significance of CAD by defining either lesion-
specific ischemia using CT derived fractional flow reserve (FFR)
or global ischemia on DPCT imaging. Radiation dose however
still limits its use—especially using dynamic CT protocols—for
a large subset of patients. Growing body of evidence suggests
that anatomical information derived from CTA outperforms
traditional ischemia testing for defining lesion-specific ischemia
as obtained from invasive FFR. The CREDENCE trial
demonstrated a strong association between atherosclerotic PVs,
lumen size and invasive FFR (23). Our study provides unique
insight in the interplay of coronary plaque burden, stenosis
severity, HRP anatomy and corresponding myocardial ischemia
on CTA. While HRP was linked to lesion-specific ischemia
based on several trials (24), we did not see an association
with reduced MBF on a segmental level. We found that
considering all possible plaque on the feeding vessels of a given
myocardial territory, total PV aggravates MBF or MBFi (per
10 mm3; β = −0.035, p < 0.01 for MBF and β = −0.0002,
p < 0.01 for MBFi). This observation seems valid across
different stages of stenosis severity and thus detailed plaque
quantification could effectively guide secondary prevention
therapy in a large spectrum of contemporary chest pain patients.
Integrating plaque burden in the clinical CTA reports and thus
in personalized patient management should be in the focus
rather than luminal narrowing per se.

We acknowledge the limitations of our study. First, the
sample size is limited after excluding patients with non-
diagnostic image quality for quantitative plaque analysis or
patients without intermediate stenosis. Excellent image quality
is a prerequisite for quantitative plaque analysis. This could
result in selection bias for our analysis. Quantitative plaque
analysis is time-consuming and currently only a research
tool, not used in routine clinical practice. However, experts
of the field underline its role in risk prediction and tools
are being developed for automated quantification in the near
future. Also, our study is underpowered for the assessment of
gender differences in CAD and corresponding ischemia or for
outcome analysis.

Conclusion

Total coronary PV was independently associated with
myocardial ischemia based on MBF derived from DPCT
imaging, while area stenosis and HRP were not. Incorporating
these quantitative plaque characteristics in a comprehensive
coronary CTA evaluation could improve the prediction of
ischemic CAD, independently of lesion severity.
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Left ventricular strain patterns
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cardiac biomarkers in
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patients with preserved left
ventricular ejection fraction
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1Department of Radiology, West China Hospital, Sichuan University, Chengdu, China, 2Molecular

Imaging Center, West China Hospital, Sichuan University, Chengdu, China

Aims: This study aims to assess left ventricular (LV) function in hypertrophic

cardiomyopathy (HCM) patientswith preserved left ventricular ejection fraction

(LVEF) by LV strain patterns based on cardiac magnetic resonance feature

tracking (CMR-FT) and to explore the relationships between LV strain patterns

and cardiac biomarkers in these patients, such as cardiac troponin (cTnT) and

N-terminal prohormone of the brain natriuretic peptide (NT-proBNP).

Methods: A total of 64 HCM patients with preserved LVEF and 33

healthy people were included in this study. All subjects underwent

contrast-enhanced CMR, and all patients took blood tests for cTnT and

NT-proBNP during hospitalization.

Results: Despite the absence of a significant di�erence in LVEF between

HCM patients and healthy controls, almost all global and segmental

strains in radial, circumferential, and longitudinal directions in the HCM

group deteriorated significantly as compared to controls (p < 0.05).

Moreover, some global and segmental strains correlated significantly with

NT-proBNP and cTnT in HCM patients, and the best correlations were

global radial strain (GRS) (r = −0.553, p < 0.001) and mid-ventricular

radial strain (MRS) (r = −0.582, p < 0.001), respectively, with a moderate

correlation. The receiver operating characteristic (ROC) results showed

that among the LV deformation parameters, GRS [area under the curve

(AUC), 0.76; sensitivity, 0.49; specificity, 1.00], MRS (AUC, 0.81; sensitivity,

0.77; specificity, 0.79) demonstrated greater diagnostic accuracy to predict

elevated NT-proBNP, and abnormal cTnT, respectively. Their cut-o� values

were 21.17 and 20.94%, respectively. Finally, all global strains demonstrated

moderate, good, and excellent intra- and inter-observer reproducibility.
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Conclusion: LV strain patterns can be used to assess the subclinical cardiac

function of HCM patients on the merit of being more sensitive than LVEF. In

addition, LV strain patterns can detect serious HCMpatients andmay be helpful

to non-invasively predict elevated NT-proBNP and cTnT.

KEYWORDS

hypertrophic cardiomyopathy, cardiac magnetic resonance feature tracking, cardiac

troponin T, N-terminal prohormone of the brain natriuretic peptide, strain

Introduction

As a commonly inherited cardiomyopathy with an incidence

of 1:500, hypertrophic cardiomyopathy (HCM) is the most

common cause of sudden death among young people (1). Its

clinical diagnosis depends on LV hypertrophy, which cannot

be accounted for by other reasons and is identified by cardiac

magnetic resonance (CMR) or echocardiography (2). Left

ventricular ejection fraction (LVEF) is usually regarded as the

most frequently used index in assessing cardiac function and

predicting the prognosis of HCM patients (3). However, as

we know, LVEF in many HCM patients is normal (LVEF ≥

50%). Given this condition, it seems unsuitable to depend

only on LVEF to assess the cardiac function of HCM patients.

Cardiac magnetic resonance feature tracking (CMR-FT), a

post-processing technology with high sensitivity and good

repeatability, can detect functional impairment of the heart

before LVEF decreases and has thus been studied in many

heart diseases (4, 5). Studies of HCM patients have shown

that CMR-FT-based global strains in the radial, circumferential,

and longitudinal directions decreased significantly compared

to healthy controls, which can also be used to predict the

prognosis of HCM patients (6–8). As two biomarkers of

cardiac injuries exist in the blood circulation system, cardiac

troponin (cTnT) and N-terminal prohormone of the brain

Abbreviations: HCM, Hypertrophic cardiomyopathy; CMR, Cardiac

magnetic resonance; LVEF, Left ventricular ejection fraction; CMR-

FT, Cardiac magnetic resonance feature tracking; NT-proBNP N,-

terminal prohormone of the brain natriuretic peptide; cTnT, Cardiac

troponin T; LV, Left ventricular; LGE, Late gadolinium enhancement;

MLVWT, Maximum LV wall thickness; GRS, Global radial strain; GCS,

Global circumferential strain; GLS, Global longitudinal strain; ARS,

Apical radial strain; ACS, Apical circumferential strain; ALS, Apical

longitudinal strain; MRS, Mid-ventricular radial strain; MCS, Mid-

ventricular circumferential strain; MLS, Mid-ventricular longitudinal strain;

BRS, Basal radial strain; BCS, Basal circumferential strain; BLS, Basal

longitudinal strain; ICC, Intraclass correlation coe�cient; SD, Standard

deviation; IQR, Interquartile range; NYHA, New York Heart Association;

ROC, Receiver operating characteristic; CI, Confidence interval; LVOTO,

Left ventricular outflow tract obstruction; AUC, Area under the curve.

natriuretic peptide (NT-proBNP) are used for many cardiac

diseases (9–11). However, there are few studies reporting the

relationships between left ventricular (LV) strain patterns and

cardiac biomarkers in HCM patients with preserved LVEF.

Given this gap, this present study is intended to use LV strain

patterns to assess HCM patients with preserved LVEF and

to explore the relationships between LV strain patterns and

NT-proBNP (or cTnT) in HCM patients with preserved LVEF.

Methods

Patients and controls

A total of 64 HCM patients with preserved LVEF and 33

healthy people were included in this retrospective study at

West China Hospital, Sichuan University, Chengdu, China.

They all underwent contrast-enhanced CMR exams during

their hospitalization from February 2018 to February 2022.

HCM patients also took the biochemical tests on NT-proBNP

and cTnT not exceeding ± 3 days before or after the CMR

exams. During the same period, healthy subjects received

contrast-enhanced CMR exams at West China Hospital,

Sichuan University, Chengdu. According to the guidelines

of the European Society of Cardiology (ESC) (12), HCM

is defined as the maximum diastolic wall above 15mm in

thickness. The exclusion criteria for HCM patients are as

follows: (1) age < 18; (2) LVEF ≤ 50%; (3) blood pressure

≥ 160/100 mmHg, complete bundle branch block, coronary

stenosis higher than 20%, permanent mechanical device

implant, myocardial resection, alcohol septal ablation or

heart transplant, related valvular dysfunction, glomerular

filtration rate (GFR) < 60 mL/min/1.73m2, malignant tumor,

severe infection, connective tissue disease, and other systemic

diseases. (4) suffering from diseases that cause elevated

levels of adrenaline, glucocorticoids, and thyroxine—such as

pheochromocytoma, Cushing’s syndrome, primary thyroid

hyperthyroidism, and sub-acute thyroiditis. (5) poor CMR

image quality for post-processing. The threshold value of

cTnT is 14 pg/mL (13). According to the 2017 American

Heart Association (AHA) criteria, the cut-off value of NT-

proBNP is 800 pg/mL (14). The criteria for excluding the
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controls included chronic disease, cardiovascular disease,

family history, hypertension (blood pressure ≥ 140/90

mmHg), or severe arrhythmia. The Ethics Committee

approved all data in this study of West China Hospital,

Sichuan University, Chengdu, China, in agreement with the

Helsinki Declaration.

CMR protocol

CMR images were obtained using Siemens 3.0 T CMR

scanners (Skyra; Siemens Medical Solutions, Erlangen,

Germany) in a supine position with the head first.

Electrocardiographic gating and respiratory gating were

adopted during the scanning. Cine-CMR views, including 2-

and 4-chamber long-axis views and a set of short-axis views

covering the entire LV, were required using the sequence of

balanced steady-state free-precession. Scan parameters included

the field of view = 350–400mm, repetition time/echo time =

3.0–3.6/1.5–1.8ms, flip angle= 60◦, and slice thickness= 8mm.

Late gadolinium enhancement (LGE) images were obtained

10 to 15min after intravenous administration of gadodiamide

(Magnevist; Bayer Schering Pharma, Berlin, Germany) at a

speed of 0.2 mmol/kg scanned by the inversion recovery echo

sequence. Its parameters included field of view = 350–400mm,

repetition time/echo time = 4.5–4.6/1.3–1.5ms, flip angle

=15◦, inversion time = 200–300ms, and slice thickness =

8 mm.

CMR data analysis

Two radiologists conducted CMR data analysis with over

5 years of experience in imaging analysis. When they differed

in opinion, they would negotiate with each other to achieve a

consensus. The CMR image data acquired from the scanning

workstation were loaded in software named “CVI.42” (Circle

Cardiovascular Imaging, version 5.11, Calgary, AB, Canada)

for analyzing LV function and characterization. First, a

short-axis stock was dragged into the SHORT 3D module

by drawing up the optimal endocardium and epicardium

to acquire the basic cardiac function parameters, including

LVEF, end-diastolic volume, end-systolic volume, and stroke

volume. Meanwhile, a cardiac cycle measured maximum

left ventricle wall thickness (MLVWT) during the end of

diastole. Second, 2- and 4-chamber long-axis views and a

set of short-axis views were transmitted into the Feature

Tracking module. The optimal endocardium and epicardium

were drawn up, excluding papillary muscles (Figure 1). Then

CVI.42 would automatically calculate the cardiac strain

parameters such as global and segmental strains (Figure 1).

LV contractility was evaluated by global radial strain (GRS),

global circumferential strain (GCS), global longitudinal strain

(GLS), apical radial strain (ARS), apical circumferential strain

(ACS), apical longitudinal strain (ALS), mid-ventricular radial

strain (MRS), mid-ventricular circumferential strain (MCS),

mid-ventricular longitudinal strain (MLS), basal radial strain

(BRS), basal circumferential strain (BCS), and basal longitudinal

strain (BLS).

Repeatability

Scans of 20 randomly selected subjects in patients and

controls were repeatedly examined by the same observer with an

interval of 2 weeks to represent the intra-observer repeatability

by calculating the intra-class correlation coefficient (ICC).

ICC also represented inter-observer repeatability, which was

generated by measuring the same subject by two independent,

experienced, and double-blinded observers.

Statistical analysis

Statistical analysis was performed by IBM SPSS (V. 26.0,

ARMONK, NY, USA). The mean ± standard deviation

(SD) or median with interquartile range (IQR) [25%, 75%]

was used to represent continuous variables. The Chi-square

test or Fisher’s exact test was performed to assess the

difference in classified data such as sex, clinical symptoms,

etc. The Mann–Whitney U-test or Student’s t-test was used to

compare the continuous variables, including MLVWT, LVEF,

strain, etc. The difference in New York Heart Association

(NYHA) classification was presented by the Kruskal–Wallis

rank test. The receiver operating characteristic (ROC) curve

was analyzed to assess the predictive value of LV strain

parameters for elevated NT-proBNP and abnormal cTnT

in HCM patients. ICC was used to assess the intra- and

inter-observer consistency, whose values were defined as the

95% confidence interval (CI) lower limit exhibited poor

(< 0.5), moderate (0.5–0.75), good (0.75–0.9), or excellent

(> 0.9) reliability (15). The Spearman’s rank correlation

coefficient was calculated to assess the correlations between

continuous parameters when a two-tailed p < 0.05, and

the difference in the corresponding data was considered

statistically significant.

Results

Patient characteristics

There were 64 patients and 33 healthy controls included

in the study. There was no significant difference in age (mean

age, 48 ± 10 years vs. 50 ± 14 years; p = 0.365), LVEF

(61.02 ± 5.40 % vs. 62.92 ± 8.00 %; p = 0.170) and sex (39
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FIGURE 1

Displays the progress and outcomes of LV strains. (A) Delineating the LV endocardium and epicardium in the short-axis view. (B) Delineating the

LV endocardium and epicardium in the 4-chamber long axis view. (C) The optimal endocardium and epicardium are shown in 3D space. The

segmental strain round cake is mapped into 16 sections in the circumferential (D), longitudinal (E), and radial (F) directions. The global

circumferential (G), longitudinal (H), and radial (I) strain curves in one cardiac cycle. LV (left ventricular).

men and 25 women vs. 20 men and 13 women; p = 0.975)

between the two groups. It can be seen that, compared to

controls, the MLVWT in HCM patients significantly thickened.

In the HCM group, there were 53 (82.81%) patients showing

positive LGE, 7 (10.94%) showing atrial fibrillation, 42 (65.63%)

showing left ventricular outflow tract obstruction (LVOTO),

and 27 (42.19%) showing mitral regurgitation. According to

NYHA classification, 13 (20.31%) individuals were NYHA class

I, 40 (62.50%) were NYHA class II, 8 (12.50%) were NYHA

class III, and 3 (4.69%) were NYHA class IV in this group.

Interestingly, almost all LGE positive parts overlapped with

the regions of myocardial hypertrophy and were mainly in

the mid-wall. Other basic information is supplemented in

Table 1.
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TABLE 1 Basic information about HCM patients and healthy controls.

Parameter, unit Controls HCM p-value

(n = 33) (n = 64)

Age, years, (SD) 48 (10) 50 (14) 0.365

Male, n (%) 20 (73.33) 39 (60.94) 0.975

Heart rate, bpm, (SD) N/A 72 (11)

Respiration, rpm,

(SD)

N/A 20 (1)

Height, cm, (SD) N/A 162 (9)a

Weight, kg, (SD) N/A 62.6 (10.5)

Dizzy, n (%) N/A 10 (15.63) -

Bosom frowsty, n (%) N/A 30 (46.88) -

Bosom painful, n (%) N/A 29 (45.31) -

Palpitation, n (%) N/A 15 (23.44) -

Amaurosis, n (%) N/A 11 (17.19) -

Syncope, n (%) N/A 15 (23.44) -

Family histories, n

(%)

N/A 3 (4.69) -

Personal histories

Smoking, n (%) N/A 21 (32.81) -

Drinking, n (%) N/A 9 (14.06) -

Atrial fibrillation, n

(%)

0 7 (10.94) 0.144

NYHA classification

(I/II/III/IV)

N/A 13/40/8/4 -

Volumes and

functions

LVEF, % (SD) 61.02 (5.40) 62.92 (8.00) 0.170

LVEDV, mL (SD) 127.54 (27.81) 133.57 (29.59) 0.334

LVESV, mL (SD) 50.00 (14.26) 50.64 (17.41) 0.856

LVSV, mL (SD) 77.53 (16.59) 82.77 (17.69) 0.161

MLVWT, mm, (SD) 8.61 (1.69) 22.00 (5.53) <0.001*

RVEF, % (SD) 56.60 (7.35) 58.53 (9.33) 0.268

RVEDV, mL (SD) 119.12 (29.37) 95.15 (25.74) <0.001*

RVESV, mL (IQR) 49.40 (40.10, 63.90) 39.00 (31.40, 49.58) 0.004*

RVSV, mL (SD) 66.31 (14.11) 55.48 (16.60) 0.002*

LGE presence, n (%) 0 53 (82.81) <0.001*

Mitral regurgitation,

n (%)

0 27 (42.19) <0.001*

LVOTO, n (%) 0 42 (65.62) <0.001*

Biomarkers, pg/mL

NT-proBNP (IQR) N/A 989.00(356.50, 1869.75)b -

cTnT (IQR) N/A 14.25(9.98, 22.83) -

Statistical significance was defined as p < 0.05. Data were expressed as mean (SD),

absolute numbers (percentages), or median (IQR 25%, 75%).
*p< 0.05 vs. controls. HCM, hypertrophic cardiomyopathy; SD, standard deviation; IQR,

interquartile range; NYHA, New York Heart Association; LVEF, left ventricular ejection

fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-

systolic volume; LVSV, left ventricular stroke volume; RVEF, right ventricular ejection

fraction; RVEDV, right ventricular end-diastolic volume; RVESV, right ventricular

end-systolic volume; RVSV, right ventricular stroke volume; LGE, late gadolinium

enhancement; LVOTO, left ventricular outflow tract obstruction; NT-proBNP, N-

terminal prohormone of the brain natriuretic peptide; and cTnT, cardiac troponin T.
aHeight was available in n= 61. b NT-proBNP was available in n= 62.

LV myocardial deformation in HCM
patients and healthy controls

Even though no significant difference was observed in LVEF

(61.02 ± 5.40 % vs. 62.92 ± 8.00 %; p = 0.170) between

HCM patients and controls, compared controls, all LV global

and segmental strains in HCM patients showed a trend of

impairment with statistical significance except for ARS and BCS.

Those above specific values can be seen in Table 2.

NT-ProBNP

There were 35 (56.45%) HCM patients in the elevated NT-

proBNP group (≥ 800 pg/mL) and 27 (43.55%) HCM patients in

the non-elevated NT-proBNP group (< 800 pg/mL). However,

the indicators of two patients were unfortunately lost. Between

the two groups, there was no significant difference in age (mean

age, 49 ± 13 years vs. 50 ± 16 years; p = 0.765) and LVEF

(63.97 ± 7.23% vs. 62.06 ± 8.43 %; p = 0.351). However,

compared to the non-elevated NT-proBNP group, GRS, GCS,

ARS, ACS, MRS, MCS, BRS, and BCS decreased significantly

in the elevated NT-proBNP group (p < 0.05). Although the

differences in GLS, ALS, MLS, and BLS between the two groups

were not statistically significant (p > 0.05), they still exhibited

a declining trend. The accurate values of all the above strains

across the two groups are presented in Table 3. Among the LV

deformation parameters in HCM patients, GRS (r = −0.553,

p < 0.001) showed the best correlation with NT-proBNP level in

the global strains, while MRS (r = −0.475, p < 0.001) showed

the best correlation with NT-proBNP level in the segmental

strains (Table 4). In addition, GRS showed the highest predictive

value for elevated NT-proBNP [area under the curve (AUC),

0.76; sensitivity, 0.49; specificity, 1.00] in the global strains,

while BRS showed the highest predictive value for elevated NT-

proBNP (AUC, 0.72; sensitivity, 0.69; specificity, 0.82) in the

segmental strains (Figure 2). Their cut-off values were 21.17 and

33.57%, respectively.

cTnT

There were 29 (45.31%) patients in the normal cTnT group

(< 14 pg/mL) and 35 (54.69%) patients in the abnormal

cTnT group (≥ 14 pg/mL). There was no significant difference

between the two groups in age (mean age, 53 ± 12 years vs.

48 ± 16 years; p = 0.243) and sex (16 men and 13 women

vs. 23 men and 12 women; p = 0.390). Compared to that

in the normal cTnT group, GRS, GCS, GLS, ARS, ACS, ALS,

MRS, MCS, and BRS in the abnormal cTnT group decreased

significantly (p < 0.05), and MLS, BCS, and BLS also tended

to decline, regardless of hardly any statistical difference (p >

0.05). These detailed data are presented in Table 5. Among the

Frontiers inCardiovascularMedicine 05 frontiersin.org

66

https://doi.org/10.3389/fcvm.2022.963110
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Zhang et al. 10.3389/fcvm.2022.963110

TABLE 2 LV strains in HCM patients and healthy controls.

Strain, % Controls HCM p–value

(n = 33) (n = 64)

GRS (IQR) 36.84 (27.94, 41.29) 24.60 (20.69, 35.09) 0.001*

GCS (IQR) −21.01 (−22.84,−17.94) −17.79 (−20.92,−12.14) 0.007*

GLS (SD) −14.67 (3.14) −9.44 (3.41) <0.001*

ARS (IQR) 29.53 (23.83, 43.73) 26.36 (19.96, 38.09) 0.201

ACS (IQR) −23.91 (−26.82,−18.63) −19.68 (−24.16,−16.11) 0.016*

ALS (SD) −17.85 (2.69) −14.00 (3.73) <0.001*

MRS (IQR) 28.62 (24.09, 38.51) 20.73 (15.01, 29.73) <0.001*

MCS (SD) −20.50 (3.95) −17.18 (4.35) <0.001*

MLS (SD) −14.57 (3.51) −8.64 (4.59) <0.001*

BRS (IQR) 46.35 (36.87, 59.07) 34.31 (27.71, 41.73) <0.001*

BCS (IQR) −18.29 (−21.19,−16.11) −16.88 (−19.28,−14.66) 0.114

BLS (IQR) −10.99 (−14.46,−7.61) −5.32 (−9.95, 5.07) <0.001*

Statistical significance was defined as p < 0.05. Data were expressed as mean (SD) or median (IQR 25%, 75%).
*p < 0.05 vs. controls. LV left ventricular; HCM, hypertrophic cardiomyopathy; SD, standard deviation; IQR, interquartile range; GRS, global radial strain; GCS, global circumferential

strain; GLS, global longitudinal strain; ARS, apical radial strain; ACS, apical circumferential strain; ALS, apical longitudinal strain; MRS, mid–ventricular radial strain; MCS,

mid–ventricular circumferential strain; MLS, mid–ventricular longitudinal strain; BRS, basal radial strain; BCS, basal circumferential strain; and BLS, basal longitudinal strain.

TABLE 3 LV strains in HCM patients with and without elevated NT–proBNP.

Strain, % NT–proBNP< 800 pg/mL NT–proBNP≥ 800 pg/mL p–value

(n = 27) (n = 35)

GRS (IQR) 30.00 (23.96, 41.42) 21.87 (18.68, 28.61) 0.001*

GCS (SD) −19.63 (4.02) −16.41 (3.62) 0.002*

GLS (IQR) −11.35 (−12.90,−8.29) −9.37 (−10.57,−6.11) 0.058

ARS (IQR) 31.08 (25.89, 40.98) 22.54 (17.26, 32.33) 0.011*

ACS (SD) −21.62 (3.45) −18.45 (5.41) 0.030*

ALS (SD) −14.79 (3.44) −13.35 (3.17) 0.093

MRS (SD) 28.12 (12.93) 19.16 (7.90) 0.003*

MCS (SD) −18.90 (4.51) −15.71 (3.66) 0.003*

MLS (IQR) −9.38 (−13.54,−4.68) −9.40 (−11.20, 6.47) 0.230

BRS (IQR) 38.34 (34.13, 53.56) 30.17 (24.59, 38.40) 0.003*

BCS (IQR) −18.45 (−19.55,−16.20) −16.61 (−18.46,−14.08) 0.005*

BLS (IQR) −5.63 (−10.75,−2.27) −3.90 (−8.45, 6.66) 0.109

Statistical significance was defined as p < 0.05. Data were expressed as mean (SD) or median (IQR 25%, 75%).
*p < 0.05 vs. controls. LV left ventricular; HCM, hypertrophic cardiomyopathy; SD, standard deviation; IQR, interquartile range; GRS, global radial strain; GCS, global circumferential

strain; GLS, global longitudinal strain; ARS, apical radial strain; ACS, apical circumferential strain; ALS, apical longitudinal strain; MRS, mid–ventricular radial strain; MCS, mid–

ventricular circumferential strain; MLS, mid–ventricular longitudinal strain; BRS, basal radial strain; BCS, basal circumferential strain; BLS, basal longitudinal strain; and NT–proBNP,

N–terminal prohormone of the brain natriuretic peptide.

LV deformation parameters in HCM patients, GRS (r=−0.535,

p < 0.001) showed the best correlation with cTnT level in the

global strains, while MRS (r = −0.582, p < 0.001) showed

the best correlation with cTnT level in the segmental strains

(Table 6). Furthermore, GRS showed the highest predictive value

for abnormal cTnT (AUC, 0.75; sensitivity, 1.00; specificity, 0.45)

in the global strains, while MRS showed the highest predictive

value for abnormal cTnT (AUC, 0.81; sensitivity, 0.77; specificity,

0.79) in the segmental strains (Figure 2). Their cut-off values

were 37.91 and 20.94%, respectively.

Reproducibility

GLS exhibited a good intra- (ICC = 0.94; 95% CI, 0.86–

0.97) and an excellent inter-observer (ICC = 0.97; 95% CI,

0.92–0.99) reproducibility. GRS also exhibited a good intra-

(ICC = 0.93; 95% CI, 0.83–0.97) and a moderate inter-observer

(ICC = 0.85; 95% CI, 0.65–0.94) reproducibility, whereas GCS

exhibited a moderate intra- (ICC = 0.85; 95% CI, 0.66–0.94)

and an excellent inter-observer (ICC = 0.98; 95% CI, 0.94–

0.99) reproducibility.
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Discussion

This study has made the following findings. First, despite

the insignificant difference in LVEF between controls and HCM

patients, all LV global and segmental strains in HCM patients

exhibited a declining trend with statistical significance except for

ARS and BCS. Second, NT-proBNP levels in most HCM patients

TABLE 4 Correlations of LV strains with NT–proBNP in HCM patients.

Strain (%) NT–proBNP (pg/mL)

Rho p

GRS −0.553 <0.001

GCS 0.428 0.001

GLS 0.281 0.027

ARS −0.381 0.002

ACS 0.281 0.027

ALS 0.315 0.013

MRS −0.475 <0.001

MCS 0.434 <0.001

MLS 0.225 0.079

BRS −0.430 <0.001

BCS 0.335 0.008

BLS 0.126 0.327

Statistical significance was defined as p < 0.05. LV left ventricular; HCM, hypertrophic

cardiomyopathy; GRS, global radial strain; GCS, global circumferential strain; GLS, global

longitudinal strain; ARS, apical radial strain; ACS, apical circumferential strain; ALS,

apical longitudinal strain; MRS, mid–ventricular radial strain; MCS, mid–ventricular

circumferential strain; MLS, mid–ventricular longitudinal strain; BRS, basal radial strain;

BCS, basal circumferential strain; BLS, basal longitudinal strain; and NT–proBNP, N–

terminal prohormone of the brain natriuretic peptide.

increased. Compared to the non-elevated NT-proBNP group

(< 800 pg/mL), some global and segmental strains, including

GRS, GCS, ARS, ACS, MRS, MCS, BRS, and BCS in the elevated

NT-proBNP group, decreased significantly. Third, the cTnT

level in some HCM patients increased. In addition, LV global

and segmental strains in the abnormal cTnT group, except for

MLS, BCS, and BLS, had decreased significantly compared to the

normal cTnT group in HCM patients. Fourth, some strains were

correlated considerably with NT-proBNP and cTnT in HCM

patients, with the optimal correlations falling on GRS in the

global strains and MRS in the segmental strains.

Furthermore, BRS and MRS showed the highest

predictive value for elevated NT-proBNP and

abnormal cTnT in the segmental strains, respectively.

Among the global strains, GRS showed the highest

predictive value for elevated NT-proBNP and

abnormal cTnT. Lastly, global strains in the three

directions presented moderate to slightly high

intra- and inter-observer reproducibility. The best intra-

and inter-observer reproducibility was exhibited by GLS and

GCS, respectively.

LV myocardial deformation

First, this study focused on HCM with preserved LVEF

in hospitalized patients. Therefore, the percentage of HCM

patients with LGE (82.81%) and LVOTO (65.63%) was high

compared with a prior study that focused on all HCM

patients with preserved LVEF (16). Such an approach helped

us learn more accurately about more serious HCM patients

of this subtype, thus promoting their clinical management.

FIGURE 2

ROC curve analysis of LV deformation parameters for predicting elevated NT-proBNP (A) and cTnT (B) in HCM patients. HCM, hypertrophic

cardiomyopathy; LV, left ventricular; ROC, receiver operating characteristic; AUC, area under the curve; GRS, global radial strain; GCS, global

circumferential strain; GLS, global longitudinal strain; ARS, apical radial strain; ACS, apical circumferential strain; ALS, apical longitudinal strain;

MRS, mid-ventricular radial strain; MCS, mid-ventricular circumferential strain; MLS, mid-ventricular longitudinal strain; BRS, basal radial strain;

BCS, basal circumferential strain; BLS, basal longitudinal strain; NT-proBNP, N-terminal prohormone of the brain natriuretic peptide; and cTnT,

cardiac troponin T.
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TABLE 5 LV strains in HCM patients with and without elevated cTnT.

Strain, % cTnT < 14 pg/mL cTnT ≥ 14 pg/mL p–value

(n = 29) (n = 35)

GRS (SD) 35.00 (14.18) 23.50 (6.26) <0.001*

GCS (SD) −19.24 (4.54) −16.73 (3.35) 0.014*

GLS (SD) −10.75 (3.33) −8.36 (3.12) 0.004*

ARS (IQR) 30.17 (24.22, 53.42) 24.45 (17.60, 32.33) 0.003*

ACS (SD) −22.11 (5.81) −18.17 (5.15) 0.006*

ALS (SD) −15.76 (3.26) −12.54 (2.74) <0.001*

MRS (SD) 29.59 (12.06) 18.06 (7.34) <0.001*

MCS (SD) −18.85 (4.63) −15.80 (3.62) 0.004*

MLS (SD) −9.80 (4.77) −7.67 (4.27) 0.065

BRS (IQR) 38.34 (32.88, 55.44) 30.17 (26.56, 38.78) 0.022*

BCS (SD) −17.23 (4.41) −17.23 (2.63) 0.963

BLS (IQR) −5.56 (−10.71, 4.59) −5.31 (−8.88, 5.58) 0.434

Statistical significance was defined as p < 0.05. Data were expressed as mean (SD) or

median (IQR 25%, 75%).
*p < 0.05 vs. controls. LV left ventricular; HCM, hypertrophic cardiomyopathy; SD,

standard deviation; IQR, interquartile range; GRS, global radial strain; GCS, global

circumferential strain; GLS, global longitudinal strain; ARS, apical radial strain; ACS,

apical circumferential strain; ALS, apical longitudinal strain; MRS, mid–ventricular radial

strain; MCS, mid–ventricular circumferential strain; MLS, mid–ventricular longitudinal

strain; BRS, basal radial strain; BCS, basal circumferential strain; BLS, basal longitudinal

strain; and cTnT, cardiac troponin.

Second, consistent with a previous study (6), we also found

that even though the difference in LVEF between the two

groups was not significant, LV strains of HCM patients

were impaired significantly compared with healthy people,

which may be related to the fact that, in the progress

of HCM, cardiac hypertrophy and coronary microvascular

dysfunction result in ischemia and fibrosis, which lead

to a decrease in myocardial contraction ability (17–19).

Therefore, CMR-FT can indicate changes in subclinical

myocardial contractility in HCM patients independent of

LVEF and heart failure (HF) classification. Besides, compared

with using LVEF for assessing global cardiac function,

CMR-FT can more clearly and accurately demonstrate the

impaired local cardiac function by means of changes in

segmental strains.

Furthermore, we found that global strains from the

three directions showed moderate to better intra- and inter-

observer reproducibility. GLS showed the best intra-observer

reproducibility, and GLS showed the best inter-observer

reproducibility. Some authors proposed that the poor

reproducibility for GRS might be due to the geometry

of the heart with analysis in a plane of movement with

the smallest potential diameter for tracking (20), while

other people speculated that the lower reproducibility of

GRS might be correlated with the measurement of the

interaction of the epicardium and endocardium during the

tracking, which is not necessary for the derivation of GLS and

GCS (21).

TABLE 6 Correlations of LV strains with cTnT in HCM patients.

Strain (%) cTnT (pg/mL)

Rho P

GRS −0.535 <0.001

GCS 0.401 0.001

GLS 0.408 0.001

ARS −0.455 <0.001

ACS 0.398 0.001

ALS 0.537 <0.001

MRS −0.582 <0.001

MCS 0.411 0.001

MLS 0.330 0.008

BRS −0.343 0.005

BCS 0.088 0.488

BLS 0.126 0.321

Statistical significance was defined as p < 0.05. LV left ventricular; HCM, hypertrophic

cardiomyopathy; GRS, global radial strain; GCS, global circumferential strain; GLS, global

longitudinal strain; ARS, apical radial strain; ACS, apical circumferential strain; ALS,

apical longitudinal strain; MRS, mid–ventricular radial strain; MCS, mid–ventricular

circumferential strain; MLS, mid–ventricular longitudinal strain; BRS, basal radial strain;

BCS, basal circumferential strain; BLS, basal longitudinal strain; and cTnT, cardiac

troponin T.

NT-ProBNP and cTnT

NT-proBNP, a neurohormone, is synthesized and released by

atrial cells in normal organs. Nonetheless, with the development

of HF, ventricular cells can also generate it in response to wall

stress (22). NT-proBNP has emerged as a useful and reliable

biomarker in diagnosing and predicting HF (23). Furthermore,

it may also be conducive to the risk stratification of some cardiac

diseases (24, 25). Compared with BNP, NT-proBNP is more

stable on the merit of its longer half-life (23). Some studies

reported that NT-proBNP was associated with cardiac fibrosis,

deterioration of cardiac function, and prognosis in HCM

patients (26–29). According to the 2016 ESC guideline (30), the

NT-proBNP cutoff value is 125 pg/mL, whereas the 2017 AHA

criteria suggested using a threshold of 800 pg/mL (14). A study

indicated that compared to the cut-off value of NT-proBNP

of the ESC guideline, the AHA criteria are more conducive

to risk stratification in HCM patients (31). Accordingly, in

this study, we chose 800 pg/mL as the threshold criterion

for the group. c-TnT was considered a preferred biomarker

in detecting cardiac injury owing to its high sensitivity and

specificity (32). Some studies found that as cTnT could be

elevated in many HCM patients, it could predict the prognosis

and help with risk stratification in HCM patients (32–35). In

this study, we found that there were 35 patients (56.45%) with

elevated NT-proBNP and 35 (54.69%) patients in the abnormal

cTnT group, which is consistent with the previous studies

(28, 29, 34, 36). Furthermore, we also found that some global
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and segmental strains decreased significantly in the elevated

NT-proBNP group compared to the non-elevated NT-proBNP

group. The performance of the groups with and without elevated

cTnT was similar to that of the NT-proBNP group. Additionally,

some strains were significantly correlated with NT-proBNP and

cTnT in HCM patients. The best strains were GRS (NT-proBNP:

r = −0.553, p < 0.001; cTnT: r = −0.535, p < 0.001) in the

global strains and MRS (NT-proBNP: r = −0.475, p < 0.001;

cTnT: r = −0.582, p < 0.001) in the segmental strains with

moderate correlations. According to ROC analysis, we found

that BRS (AUC, 0.72; sensitivity, 0.69; specificity, 0.82) and MRS

(AUC, 0.81; sensitivity, 0.77; specificity, 0.79) showed the highest

predictive value for elevated NT-proBNP and abnormal cTnT

in the segmental strains, respectively. Their cut-off values were

33.57 and 20.94%, respectively. Among the global strains, GRS

showed the highest predictive value for elevated NT-proBNP

(AUC, 0.76; sensitivity, 0.49; specificity, 1.00) and abnormal

cTnT (AUC, 0.75; sensitivity, 1.00; specificity, 0.45). Their cut-

off values were 21.17 and 37.91%, respectively. Therefore, LV

strain patterns can be used to monitor changes in HCM and

detect more severe cases to improve the health management

of HCM patients and may be used to non-invasively predicate

elevated NT-proBNP and cTnT to avoid the risks caused by

clinical operations. What’s more, some studies have indicated

that CMR-FT can be used to predict the adverse prognosis

of HCM patients (6–8). Certainly, it warrants to be verified

in future studies as to whether predicting the prognosis

of HCM patients by using CMR-FT together with cardiac

biomarkers simultaneously is better than such prediction by

using them separately.

Limitation

First, as this is a single-centered retrospective study based

upon a small sample focusing on inpatients with HCM, the

applicable range of its conclusion cannot be extended to all

HCM patients with preserved LVEF. Moreover, some multi-

centered and extensive sample prospective studies are needed

to validate the accuracy and significance of the views proposed

by this study. Second, as a retrospective study, some data

were missing, such as some values of NT-proBNP and height.

Moreover, as this is a retrospective study, it is hardly possible to

explore the relationship between the strain and other parameters

based on CMR, such as T1 mapping, extracellular volume, and

T2 mapping. Meanwhile, the comparison between CMR-FT

and other imaging techniques that can assess cardiac strain,

such as speckle tracking echocardiography, was also impossible.

Finally, this study focused on the correlations between LV strain

patterns and cardiac biomarkers in HCM patients. However, as

mentioned in the discussion section, the ability to predict the

prognosis of HCM patients by combining CMR-FT and cardiac

biomarkers is worth further study.

Conclusion

LV strain patterns can be used to assess the subclinical

cardiac function of HCM patients on the merit of being more

sensitive than LVEF. In addition, LV strain patterns can detect

serious HCM patients and may be helpful to non-invasively

predict elevated NT-proBNP and cTnT.
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Objectives: Hypertension is one of the leading risk factors for cardiovascular

disease. Mitral regurgitation (MR) is a heart valve disease commonly seen in

hypertensive cases. This study aims to assess the effect of MR on left ventricle

(LV) strain impairment among essential hypertensive cases and determine

factors that independently impact the global peak strain of the LV.

Materials and methods: We enrolled 184 essential hypertensive patients, of

which 53 were patients with MR [HTN (MR +) group] and 131 were without

MR [HTN (MR−) group]. Another group of 61 age-and gender-matched

controls was also included in the study. All participants had received cardiac

magnetic resonance examination. The HTN (MR +) group was classified into

three subsets based on regurgitation fraction, comprising mild MR (n = 22),

moderate MR (n = 19), and severe MR (n = 12). We compared the LV function

and strain parameters across different groups. Moreover, we performed

multivariate linear regression to determine the independent factors affecting

LV global radial peak strain (GRS), circumferential peak strain (GCS), and global

longitudinal peak strain (GLS).

Results: HTN (MR−) cases exhibited markedly impaired GLS and peak diastolic

strain rate (PDSR) but preserved LV ejection fraction (LVEF) compared to the

controls. However, HTN (MR +) patients showed a decrease in LVEF and

further deteriorated GRS, GCS, GLS, PDSR, and the peak systolic strain rate

(PSSR) compared to the HTN (MR−) group and controls. With increasing

degrees of regurgitation, the LV strain parameters were gradually reduced in

HTN (MR +) patients. Even the mild MR group showed impaired GCS, GLS,

PDSR, and PSSR compared to the HTN (MR−) group. Multiple regression

analyses indicated that the degree of regurgitation was independently
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associated with GRS (β = -0.348), GCS (β = -0.339), and GLS (β = -0.344)

in HTN (MR +) patients.

Conclusion: GLS was significantly impaired in HTN (MR−) patients. MR may

further exacerbate the deterioration of LV strain among essential hypertensive

cases. Besides, the degree of regurgitation was independently correlated with

GRS, GCS, and GLS in HTN (MR +) patients.

KEYWORDS

magnetic resonance imaging, hypertension, mitral valve insufficiency, left ventricular
function, peak strain (PS)

Introduction

Hypertension is one of the leading risk factors for
cardiovascular disease (1). Hypertensive heart disease
is characterized by complex and diverse alterations in
cardiac structure and function caused by hypertension (2,
3). Mitral regurgitation (MR) is a common heart valve
disease in hypertensive cases (4). A longitudinal cohort study
demonstrated that a 20 mmHg elevation in systolic blood
pressure (SBP) was linked to a 26% higher risk of MR, while
a 10-mmHg elevation in the diastolic blood pressure (DBP)
was associated with a 24% higher risk of MR (5). MR may
enhance left ventricular (LV) preload and aggravate myocardial
damage of the hypertensive heart. Therefore, early evaluation of
cardiac dysfunction in hypertensive patients with MR is crucial,
which may facilitate the timely application of interventional
measures, thus preventing adverse cardiovascular events and
improving the prognosis.

Myocardial strain is an earlier and more sensitive indicator
for subclinical myocardial dysfunction than LV ejection fraction
(LVEF) (6, 7). It can provide early information on the
diagnosis and therapy of myocardial damage (8–10). Moreover,
the myocardial strain has been shown to have prognostic
value for adverse cardiac outcomes (11–13). Cardiac magnetic

Abbreviations: MR, mitral regurgitation; LV, left ventricular; HTN (MR +),
hypertensive patients with mitral regurgitation; HTN (MR−), hypertensive
patients without mitral regurgitation; PS, peak strain; GRS, global
radial peak strain; GCS, global circumferential peak strain; GLS, global
longitudinal peak strain; PSSR, peak systolic strain rate; PDSR, peak
diastolic strain rate; LVEF, left ventricular ejection fraction; BMI, body
mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
LVSV, left ventricular stroke volume; RVSV, right ventricular stroke
volume; LVEDV, left ventricular end-diastolic volume; LVESV, left
ventricular end-systolic volume; BSA, body surface area; LVEDVI, left
ventricular end-diastolic volume indexed to body surface area; LVESVI,
left ventricular end-systolic volume indexed to body surface area; LVSVI,
left ventricular stroke volume indexed to body surface area; LVMI,
left ventricular mass indexed to body surface area; RF, regurgitation
fraction; IPMD, interpapillary muscle distance; ICC, intraclass correlation
coefficient.

resonance examination is regarded as the gold standard for non-
invasively evaluating cardiac structure and function due to its
strengths, such as high spatial resolution, multi-parametric, and
multiplanar imaging (14). Recently, the routinely acquired cine
sequence-based cardiac magnetic resonance feature-tracking
has been applied to identify myocardial strain impairment
(10, 15–17). However, to the best of our knowledge, cardiac
magnetic resonance feature tracking is rarely utilized to detect
the cumulative impact of MR on myocardial strain among
hypertensive cases (9, 12). Therefore, this work compared
LV strain and function among essential hypertensive cases
with/without MR by cardiac magnetic resonance to investigate
the effect of MR on LV myocardial strain impairment
among hypertensive patients and identified risk factors that
independently affected the LV global peak strain (PS).

Materials and methods

This work was approved by the biomedical research ethics
committee of our hospital. Informed consent was waived due to
the retrospective nature of this investigation.

Study population

From July 2012 to October 2021, 476 patients who were
diagnosed with essential hypertension and had undergone
cardiac magnetic resonance examination at our institution
were enrolled in our study. The exclusion criteria were:
ischemic heart disease, rheumatic heart disease, congenital heart
disease, primary myocardiopathy, other valvular heart diseases,
documented surgical procedures for heart diseases, image with
artifacts caused by arrhythmia and the inability of adequate
breath hold, leading to poor image quality inadequate for
analysis, and incomplete key clinical data. Finally, 184 essential
hypertensive cases aged 57.67 ± 14.10 years, with a body mass
index (BMI) of 24.38 ± 3.39 kg/m2 were eligible and included
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FIGURE 1

Cardiac magnetic resonance feature-tracking technology on cvi42 for the analysis of the LV strain. Manual drawing of the endocardium and
epicardium of the LV at the end-systolic (A–C) and end-diastolic (D–F) phases. Then, the software automatically traced each voxel of the
myocardium and calculated the LV strain parameters. (G–I) Measurement of the LV global peak strain parameters: GRS of 28.61%, GCS of
−15.53%, and GLS of −10.31% were obtained. (J,K) 3D pseudo-color images for the LV end-systolic/end-diastolic GLS. LV, left ventricle; GRS,
global radial peak strain; GLS, global longitudinal peak strain; GCS, global circumferential peak strain.

in the study. Depending on whether the hypertensive patients
were combined with MR upon detection by cardiac magnetic
resonance, they were divided into hypertensive patients without
MR [HTN (MR−) group] (131/184, 71.20%) and hypertensive
patients with MR [HTN (MR +) group] (53/184, 28.80%). The
study further included 61 patients of matched age and sex
(average age of 55.27 ± 9.76 years; BMI of 22.63 ± 2.47 kg/m2)
in the control group. The exclusion criteria for the control
subjects were as follows: heart disease (coronary heart disease,
valvular disease, etc.); chronic disease (hypertension, diabetes,
hyperlipidemia, etc.); known systemic diseases; medication
history. All the control subjects had also received cardiac
magnetic resonance examination.

Cardiac magnetic resonance protocol

All patients were examined in a supine position with a
whole-body 3.0 T Siemens MAGNETOM Skyra scanner or a
MAGNETOM Trio Tim system (Siemens Medical Solutions,
Erlangen, Germany). This study also used the breath-holding
technique and the standard ECG-triggering device throughout
the process. All image data were acquired at the end of

expiration. Furthermore, we performed cine imaging with
the balanced steady-state free-precession sequence to acquire
images in 8–12 continuous slices from the mitral valve to the
LV apex in the short-axis view, as well as two, three, and four-
chamber pictures in the long-axis view. The imaging parameters
for the MAGNETOM Skyra scanner were: field of view-360
mm × 300 mm; matrix size-256 × 166; slice thickness-8 mm;
temporal resolution-39.34 ms; repetition time-2.69 ms; echo
time-1.2 ms; flip angle-38◦. The imaging parameters for the
MAGNETOM Trio Tim scanner were as follows: field of view-
250 mm × 300 mm; matrix size-208 × 139; slice thickness-8
mm; temporal resolution-40.35 ms; repetition time-3.4 ms; echo
time-1.31 ms; flip angle-50◦.

Cardiac magnetic resonance data
analysis

Determination of cardiac volumetric and
functional parameters

Two experienced cardiac radiologists with an experience of
over 3 years analyzed the cardiac magnetic resonance images
using commercially available offline software (cvi42, v. 5.11.2;
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FIGURE 2

Measurement of the mitral annular geometric parameters and interpapillary muscle distance. (A,B) Measurement of the annular geometric
parameters using cardiac magnetic resonance under a three-chamber view (mid-systolic); tethering height (b–d),mitral annular diameter (a–c),
tethering area (enclosed by a–b–c), posterior tethering angle = bca, and anterior tethering angle = bac. (C,D) Measurement of the
interpapillary muscle distance during end-systolic and end-diastolic periods under the short axis.

Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada).
They did not know the clinical information beforehand. This
study manually outlined LV and the right ventricular (RV)
endocardial/epicardial borders at the end-diastolic/end-systolic
phases in each slice. The trabeculae and papillary muscles were
eliminated. Then, the volumetric and functional parameters,
including the LV/RV stroke volume (LVSV/RVSV), LV end-
diastolic/end-systolic volume (LVEDV/LVESV), LV mass, and
LVEF, were calculated automatically. Furthermore, we also
indexed LVESV, LVEDV, LV mass, and LVSV for the body
surface area (BSA) as LVESVI, LVEDVI, LVMI, and LVSVI,
respectively, using the Mosteller formula (18).

Analysis of left ventricle strain
The LV short-axis, long-axis of horizontal four-chamber

and vertical two-chamber cine images were loaded in the
feature-tracking module of the cvi42 software. In addition,
the epicardial/endocardial borders in all the above series
were outlined at end-diastole and end-systole. Then, the LV
global radial peak strain (GRS), global longitudinal peak
strain (GLS), and global circumferential peak strain (GCS)
(Figure 1), peak systolic strain rate (PSSR) in radial (PSSR-R),
circumferential (PSSR-C), and longitudinal (PSSR-L) directions,

and the peak diastolic strain rate (PDSR) in radial (PDSR-
R), longitudinal (PDSR-L), circumferential (PDSR-C) directions
were automatically acquired.

Evaluation of the mitral regurgitation fraction
and mitral valve apparatus

MR was manifested as limited mitral valvular closure. An
abnormal reversal of black blood flow was observed from LV to
the left atrium via the mitral valve in the systolic stage in short-
axis, two and three-chamber long-axis views. The regurgitation
fraction (RF) was obtained using the formula RF = (LVSV-
RVSV)/LVSV. Then, HTN (MR +) patients were classified into
three subsets, mild (RF < 30%), moderate (30 ≤ RF < 50%), and
severe regurgitation (RF ≥ 50%)(19, 20).

We measured the geometric parameters for the mitral valve
apparatus, including the mitral annular diameter (the linear
distance between two ends of the mitral annulus), tethering
height (the vertical distance between the coaptation of leaflets
and the mitral annular plane), tethering area (the region
surrounded via the annular plane and mitral leaflets), and
the anterior and posterior tethering angles under the three-
chamber view (mid-systolic). Besides, interpapillary muscle
distance (IPMD), which was the distance between papillary
muscle tips during the end-diastolic and end-systolic stages, was
evaluated under the short-axis view (Figure 2) (21).
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TABLE 1 Baseline features of the study cohort.

Controls HTN

(n = 61) MR− (n = 131) MR + (n = 53)

Sex, male (%) 36 (59.02%) 77 (58.78%) 28 (52.83%)

Age, years 55.27 ± 9.76 57.32 ± 14.27 58.52 ± 13.89

BMI, kg/m2 22.63 ± 2.47 24.39 ± 3.42* 24.34 ± 3.37*

SBP, mmHg 116.0 ± 11.3 137.0 ± 19.4* 137.3 ± 19.2*

DBP, mmHg 73.6 ± 7.8 83.9 ± 13.9* 86.1 ± 14.7*

Resting heart rate, bpm 71.0 ± 12.4 74.7 ± 14.4 69.5 ± 13.9

Diabetic history - 26 (19.85%) 12 (22.64%)

TG, mmol/L - 1.33 (0.97, 1.86) 1.37 (0.96, 2.29)

TC, mmol/L - 4.30 ± 0.98 4.24 ± 1.19

HDL, mmol/L - 1.30 ± 0.39 1.27 ± 0.35

LDL, mmol/L - 2.50 ± 0.82 2.37 ± 0.92

Uric acid - 335.00 (292.50, 407.50) 341.00 (265.13, 576.60)

eGFR, mL/min/1.73 m2 - 96.86 (83.06, 106.96) 84.34 (71.82, 107.93)

HTN with mild regurgitation, n (%) - - 22 (41.51%)

HTN with moderate regurgitation, n (%) - - 19 (35.85%)

HTN with severe regurgitation, n (%) - - 12 (22.64%)

ACEI/ARB, n (%) - 55 (41.99%) 25 (47.17%)

Beta-blocker, n (%) - 43 (32.82%) 11 (20.76%)

Calcium channel blocker, n (%) - 74 (56.49%) 27 (50.94%)

Diuretics, n (%) - 16 (12.21%) 12 (22.64%)

Data are presented as the number of patients (percentage) or as mean ± standard deviations.
HTN, hypertension; MR, mitral regurgitation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; TC, total cholesterol; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; eGFR, estimated glomerular filtration rate; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker.
*Adjusted P < 0.05, HTN vs. control group.

Intra- and inter-observer
reproducibility

The parameters of the LV strain and mitral valve apparatus
of 80 randomized patients and the MR fraction of 30
randomized HTN (MR +) patients were evaluated by two
independent observers blinded to clinical data to determine
interobserver variability. One month later, one observer
reanalyzed the parameters of the same subjects to determine the
intra-observer variability.

Statistical analysis

The statistical software SPSS version 24.0 (IBM Corp.,
Armonk, NY, USA) was used for statistical analysis.
Categorical data, including sex, diabetic history, and types
of antihypertensive drugs in the hypertensive and control
groups, were presented as percentages and frequencies, while
the chi-square test was applied for comparison among groups.
Continuous variables, including age, BMI, SBP, DBP, resting
heart rate, serum indices, LV function, strain, and mitral
apparatus parameters, were presented as mean ± standard
deviations if normally distributed and as median (25–75%,
interquartile range) if not normally distributed. We compared
the continuous variables among different groups using the

one-way ANOVA along with the Bonferroni post hoc correction
or the Kruskal–Wallis tests. Serum indexes were compared
between two hypertensive groups using the student’s t-test.
Spearman’s or Pearson’s correlation coefficient was calculated
to examine the association of LV global PS with clinical indices
and regurgitation degree. In the univariate analysis, variables
with a p-value of < 0.1 and no collinearity in the sex, age, BMI,
SBP, and history of diabetes were included in a multivariable
backward linear regression analysis to evaluate the factors that
independently predicted the LV strain among HTN (MR +)
cases. Moreover, we determined the intraclass correlation
coefficient (ICC) to evaluate the intra- and inter-observer
variabilities. For all analyses, a p-value of < 0.05 (two-sided)
indicated statistically significant differences between the groups.

Results

Baseline characteristics of the
participants

No differences in sex, age, or resting heart rate were
observed between the controls and hypertensive patients.
There were also no differences in the history of diabetes, serum
markers, and the use of antihypertensive drugs between HTN
(MR−) and HTN (MR +) patients. However, HTN (MR−)
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TABLE 2 Comparison of cardiac magnetic resonance findings among hypertensive and control groups.

Controls HTN

(n = 61) MR− (n = 131) MR + (n = 53)

LV function parameters

LVEDVI, mL/m2 71.61 (61.52, 77.43) 76.62 (61.53, 77.43) 114.66 (86.71, 145.81)*†

LVESVI, mL/m2 24.47 (19.32, 29.48) 27.48 (20.00, 30.07) 57.91 (30.80, 96.51)*†

LVSVI, mL/m2 46.38 (37.87, 52.10) 48.55 (39.89, 55.36) 53.84 (46.06, 60.77)

LVEF, % 63.52 ± 6.36 63.56 ± 7.20 48.88 ± 16.41*†

LVMI, g/m2 38.80 ± 13.60 54.14 ± 14.78* 70.67 ± 22.05*†

LV strain parameters

PS, %

GRS 33.93 (31.29, 40.87) 30.76 (26.08, 36.25) 17.72 (11.37, 30.65) *†

GCS −20.56 ± 2.60 −19.89 ± 3.60 −14.66 ± 5.50*†

GLS −14.72 ± 2.42 −12.38 ± 2.74* −8.96 ± 3.58*†

PSSR, 1/s

Radial 2.07 (1.63, 2.36) 1.82 (1.43, 2.27) 0.99 (0.66, 1.57)*†

Circumferential −1.03 (−0.88, −1.20) −1.00 (−0.88, −1.16) −0.73 (−0.57, −0.94)*†

Longitudinal −0.80 (−0.72, −0.93) −0.75 (−0.60, −0.90) −0.51 (−0.39, −0.71) *†

PDSR, 1/s

Radial −2.36 (−2.00, −2.92) −1.91 (−1.44, −2.55)* −1.04 (−0.63, −1.70)*†

Circumferential 1.25 (1.04, 1.41) 1.06 (0.86, 1.32)* 0.74 (0.56, 0.99)*†

Longitudinal 0.93 ± 0.33 0.76 ± 0.29* 0.55 ± 0.23*†

Data are presented as mean ± standard deviations or median (25%–75%, interquartile range).
HTN, hypertension; MR, mitral regurgitation; LV, left ventricular; EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection fraction; M, mass; I, indexed to BSA;
GRS, global radial peak strain; PS, peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain; PSSR, peak systolic strain rate; PDSR, peak diastolic strain rate.
*Adjusted P < 0.05, HTN vs. Control.
†Adjusted P < 0.05, HTN (MR +) vs. HTN (MR−).

and HTN (MR +) patients had significantly higher BMI than
the control patients. The SBP and DBP in the HTN (MR−)
group (137.0 ± 19.4 mmHg, 83.9 ± 13.9 mmHg) and HTN
(MR +) group (137.3 ± 19.2 mmHg, 86.1 ± 14.7 mmHg) were
significantly higher than the control group (116.0 ± 11.3
mmHg, 73.6 ± 7.8 mmHg) (all adjusted P < 0.05).
Table 1 presents the baseline characteristics of all
participants.

Comparison of left ventricle function
and strain among hypertensive and
control groups

The HTN (MR−) patients demonstrated higher LVMI,
lower GLS and PDSR (-R, -C, -L) compared to controls
(adjusted P < 0.05). Compared to the control and HTN
(MR−) groups, the HTN (MR +) group showed higher
LVEDVI, LVESVI, LVMI, and lower LVEF (adjusted P < 0.05).
Furthermore, the HTN (MR +) group showed decreased
PS, PDSR, and PSSR in every direction compared to the
HTN (MR−) group and controls (adjusted P < 0.05). The
detailed LV function and strain parameters are presented in
Table 2.

Comparison of left ventricle strain in
hypertensive cases with different
degrees of regurgitation

Among 53 HTN (MR +) patients, 22 (41.51%) showed mild
regurgitation, 19 (35.85%) showed moderate regurgitation, and
12 (22.64%) showed severe regurgitation (Figure 3).

The GCS, GLS, PSSR-L, and PDSR-L in mild MR patients
were decreased compared to HTN (MR−) patients (adjusted
P < 0.05). The GRS, GCS, GLS, PSSR, and PDSR in all
three directions in the moderate MR patients were lower
than the HTN (MR−) patients. The moderate MR group
showed lower GRS, GCS, GLS, PSSR-C, and PDSR-C than
the mild MR group. The GRS, GCS, GLS, PDSR, and PSSR
in all three directions were markedly reduced among the
severe MR cases compared to the HTN (MR−) patients.
Compared to the mild MR group, the GRS, GCS, GLS, PSSR-
R, PDSR-R, PSSR-C, and PDSR-C of severe MR patients were
markedly decreased (adjusted P < 0.05). The GRS, GCS,
GLS, PSSR, and PDSR did not significantly differ between
severe and moderate MR groups. More details of LV strain
parameters among hypertensive patients are presented in
Table 3.
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FIGURE 3

Cardiac magnetic resonance cine and GLS images in hypertensive cases showing mild, moderate, and severe degrees of regurgitation; (A,B)
mild mitral regurgitation patient, male, 72-year-old, RF = 15%, LV short-axis (A), 4-chamber (B) cine images demonstrating the regurgitation
signal from the LV to LA (red arrow); (D,E) moderate mitral regurgitation patient, male, 52-year-old, RF = 35.26%, LV short-axis (D), 4-chamber
(E) cine images demonstrating the regurgitation signal from LV to LA (red arrow); (G,H) severe mitral regurgitation patient, male, 42 years old,
RF = 70.17%, LV short-axis (G), 4-chamber (H) cine images demonstrating abnormally reversed blood flow from LV to LA (red arrow); (C,F,I) the
curves for LV GLS. RF, regurgitation fraction; GLS, global longitudinal peak strain; LV, left ventricle; LA, left atrium.

Comparison of mitral valve apparatus
among different groups

All cases in the HTN (MR +) group showed higher mitral
annular geometry parameters and IPMD (end-systolic/end-
diastolic) compared to the patients of the HTN (MR−) and the
control group. Differences between HTN (MR−) and control
group were not significant. Moderate MR patients showed
increased end-systolic/end-diastolic IPMD compared to mild
MR patients. Severe MR patients showed higher mitral annular
geometry parameters and IPMD than mild patients (adjusted
P < 0.05). Differences between severe and moderate MR groups
were not significant. The detailed mitral annular geometry

parameters of hypertensive patients and controls are presented
in Table 4.

Independent predictive factors of left
ventricle global peak strain among
hypertensive patients showing mitral
regurgitation

Based on the univariate linear regression analysis, the
regurgitation degree was negatively correlated with GRS
(R = −0.464, P = 0.001), GLS (R = −0.359, P = 0.008), and
GCS (R = −0.437, P = 0.001) (Figure 4). The smoking history
was negative associated with GCS (R = −0.291, P = 0.043).
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TABLE 3 Comparison of LV strain in hypertensive cases with different degrees of regurgitation.

HTN patients

without MR (n = 131) mild MR (n = 22) moderate MR (n = 19) severe MR (n = 12)

LVEF, % 63.56 ± 7.20 56.53 ± 15.80* 48.04 ± 14.57*† 35.08 ± 10.55*†

PS, %

GRS 30.76 (26.08, 36.25) 26.39 (14.83, 38.27) 13.49 (11.17, 26.87)*† 11.96 (9.75, 14.20)*†

GCS −19.89 ± 3.60 −17.27 ± 5.35* −13.47 ± 4.61*† −11.11 ± 4.15*†

GLS −12.38 ± 2.74 −10.52 ± 3.84* −8.13 ± 2.96*† −7.06 ± 2.57*†

PSSR, 1/s

Radial 1.82 (1.43, 2.27) 1.37 (0.99, 1.97) 0.95 (0.62, 1.33) * 0.62 (0.56, 1.56) *†

Circumferential −1.00 (−0.88, −1.16) −0.92 (−0.72, −1.09) −0.67 (−0.53, −0.92) *† −0.60 (−0.52, −0.94) *†

Longitudinal −0.75 (−0.60, −0.90) −0.64 (−0.39, −0.79)* −0.47 (−0.34, −0.71)* −0.42 (−0.32, −0.56)*

PDSR, 1/s

Radial −1.91 (−1.44, −2.55) −1.45 (−0.81, −2.19) −1.04 (−0.62, −1.90)* −0.75 (−0.50, −0.96)*†

Circumferential 1.06 (0.86, 1.32) 0.96 (0.68, 1.12) 0.74 (0.44, 0.93)*† 0.57 (0.53, 1.04)*†

Longitudinal 0.76 ± 0.29 0.59 ± 0.23* 0.51 ± 0.25* 0.51 ± 0.20*

Data are presented as mean ± standard deviations or median (25%–75%, interquartile range).
LV, left ventricular; HTN, hypertension; MR, mitral regurgitation; EF, ejection fraction; PS, peak strain; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global
longitudinal peak strain; PSSR, peak systolic strain rate; PDSR peak diastolic strain rate.
*Adjusted P < 0.05, HTN (MR +) vs. HTN (MR−).
†Adjusted P < 0.05, HTN with severe/moderate MR vs. HTN with mild MR.

TABLE 4 Comparison of mitral annular geometry and interpapillary muscle distance among different groups.

Controls HTN patients

(n = 61) without MR (n = 131) mild MR (n = 22) moderate MR (n = 19) severe MR (n = 12)

Mitral annular geometry

Annulus diameter, mm 27.19 ± 2.28 27.72 ± 2.54 29.17 ± 1.58* 30.18 ± 2.81* 31.80 ± 2.16*†

Coaptation height, mm 7.15 (6.45, 7.80) 7.53 (6.86, 8.0) 8.44 (7.72, 9.05)* 8.79 (8.47, 9.58)* 9.34 (9.05, 9.73)*†

Tenting area, mm2 99.34 (93.29, 110.92) 102.13 (93.42, 112.80) 123.18 (112.71, 133.61)* 133.19 (120.44,136.53)* 141.47 (138.22, 159.89)*†

Anterior tethering angle◦ 23.01 ± 3.27 23.87 ± 3.15 25.46 ± 2.48* 27.11 ± 3.95* 29.10 ± 1.71*†

Posterior tethering angle◦ 33.76 (31.06, 35.88) 35.00 (32.54, 37.18) 37.97 (33.51, 39.00)* 38.05 (35.50, 41.42)* 41.11 (39.17, 42.47)*†

IPMD

End-systolic, mm 8.27 ± 3.21 8.61 ± 2.83 12.40 ± 5.44* 15.78 ± 5.44*† 19.68 ± 4.30*†

End-diastolic, mm 20.04 (16.86, 21.46) 20.00 (16.83, 21.98) 22.72 (18.91, 25.26)* 23.96 (22.63, 27.06)*† 27.48 (25.70, 30.46)*†

Data are presented as mean ± standard deviations or median (25%–75%, interquartile range).
HTN, hypertension; MR, mitral regurgitation; IPMD, Interpapillary muscle distance.
*Adjusted P < 0.05, HTN (MR +) vs. HTN (MR−) and HTN (MR +) vs. controls.
†Adjusted P < 0.05, HTN with severe/moderate MR vs. HTN with mild MR.

Moreover, the level of triglycerides was negatively related
to GCS (R = −0.357, P = 0.013) and GRS (R = −0.332,
P = 0.023). According to the multivariate regression, the
regurgitation degree independently predicted GRS (β = −0.348),
GCS (β = −0.339), and GLS (β = −0.344) after adjusting the
gender, age, BMI, SBP, and history of diabetes (Table 5).

Inter-and intra-observer variabilities

Excellent agreement between and within the observer was
observed in the measurement of LV PS (ICC = 0.920–0.947 and

0.913–0.975, respectively), PSSR (ICC = 0.837–0.876 and 0.922–
0.962, respectively), PDSR (ICC = 0.825–0.974 and 0.902–0.977,
respectively), mitral annular geometry (ICC = 0.850–0.884
and 0.851–0.890, respectively), IPMD (ICC = 0.894–0.967 and
0.928–0.969, respectively) and MR fraction (ICC = 0.859 and
0.887, respectively) (Table 6).

Discussion

In this study, we investigated the influence of MR
on the function and strain in hypertension using cardiac
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FIGURE 4

Correlation of regurgitation degree in hypertensive patients with left ventricular global peak strain. The absolute values of the circumferential
and longitudinal-peak strain were analyzed to avoid the effect of the directional sign. r, correlation coefficient; GRS, global radial peak strain;
GCS, global circumferential peak strain; GLS, global longitudinal peak strain.

TABLE 5 Univariate and multivariate analysis between clinical indexes and LV global PS among hypertensive patients showing MR.

GRS GCS GLS

Univariate Multivariate Univariate Multivariate Univariate Multivariate

R β (R2 = 0.338) P R β (R2 = 0.426) P R β (R2 = 0.475) P

MR degree −0.464a −0.348 0.029 −0.437a −0.339 0.031 −0.359a −0.344 0.018

SBP 0.136 0.068 0.671 0.107 0.117 0.479 −0.044 0.071 0.621

DBP −0.076 − − −0.144 − − −0.236 − −

Diabetes 0.095 0.272 0.108 −0.040 0.215 0.198 0.135 0.234 0.122

TG −0.332a −0.184 0.315 −0.357a −0.071 0.726 −0.244b −0.010 0.950

HR −0.220 − − −0.245b −0.123 0.506 −0.228 − −

CH −0.134 − − −0.144 − − −0.076 − −

eGFR 0.274 − − 0.233 − − 0.044 − −

Smoking −0.175 − − −0.291a −0.166 0.307 −0.271b −0.015 0.923

a = P < 0.05; b = P < 0.1, factors with P < 0.1 and SBP, diabetic history were included in the multivariable backward linear regression after adjusting age, gender, body mass index.
LV, left ventricular; PS, peak strain; MR, mitral regurgitation; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain; SBP, systolic
blood pressure; DBP, diastolic blood pressure; TG, triglycerides; HR, resting heart rate; CH, Coaptation height; eGFR, estimated glomerular filtration rate; R, correlation coefficient; β,
regression coefficient; R2, coefficient of determination.

magnetic resonance feature tracking. The main results were: (1)
impaired GLS and PDSR, but preserved LVEF was observed
in hypertensive patients without MR; (2) when hypertensive
patients were concomitant with MR, significantly decreased
LVEF and further deteriorated LV strain were observed in
the radial, longitudinal and circumferential directions; (3)
with deterioration of the degrees of regurgitation, LV strain
was progressively reduced in hypertensive patients with MR,

while the parameters of the mitral valve apparatus increased
significantly; (4) the degree of regurgitation was independently
correlated with GRS, GCS, and GLS.

Chronic mechanical stress from elevated blood pressure in
hypertension can lead to LV remodeling, which involves LV
cardiomyocyte hypertrophy and myocardial fibrosis, causing
myocardial stiffness, decreased myocardial compliance, and
consequent LV diastolic and systolic dysfunction (2, 3, 22,
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TABLE 6 Intra-and inter-observer variabilities of LV strain, mitral annular geometry and mitral regurgitation fraction.

Intra-observer inter-observer

ICC 95% CI ICC 95% CI

PS

GRS 0.931 0.895–0.955 0.925 0.886–0.925

GCS 0.975 0.961–0.984 0.947 0.919–0.966

GLS 0.913 0.867–0.943 0.920 0.873–0.951

PSSR

Radial 0.932 0.897–0.956 0.837 0.756–0.892

Circumferential 0.962 0.942–0.976 0.944 0.913–0.963

Longitudinal 0.922 0.882–0.950 0.876 0.814–0.919

PDSR 0.902 0.851–0.936 0.825 0.739–0.884

Radial 0.977 0.964–0.985 0.974 0.960–0.983

Circumferential 0.952 0.923–0.970 0.904 0.854–0.937

Longitudinal 0.932 0.897–0.956 0.837 0.756–0.892

Mitral annular geometry

Annulus diameter 0.890 0.741–0.956 0.867 0.688–0.947

Coaptation height 0.873 0.698–0.949 0.850 0.651–0.940

Tenting area 0.853 0.658–0.941 0.875 0.704–0.950

Anterior tethering angle 0.867 0.615–0.946 0.872 0.552–0.956

Posterior tethering angle 0.851 0.579—-0.945 0.884 0.696–0.955

Interpapillary muscle distance

End-systolic 0.969 0.915–0.989 0.967 0.907–0.988

End-diastolic 0.928 0.812–0.972 0.894 0.739–0.959

Mitral regurgitation fraction 0.887 0.778–0.945 0.859 0.724–0.930

LV, left ventricular; ICC, The intraclass correlation coefficients; CI, confidence interval; PS, peak strain; GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global
longitudinal peak strain. PSSR, peak systolic strain rate; PDSR, peak diastolic strain rate.

23). In our study, the HTN (MR−) patients showed markedly
reduced GLS compared to control patients, but the GCS was
not significantly decreased, which was similar to the results of
previous echocardiographic studies (24, 25). We hypothesized
that LV myocardial fibrosis predominantly involved the
subendocardial fiber. Therefore, the GLS, which mainly reflected
the shortening of the subendocardial longitudinally oriented
fiber, could deteriorate even in the early stages of hypertension.
However, the GCS, which mainly represented the contractility
of circumferential muscle fibers in the middle layer, remained
spared, which could compensate for the longitudinal contractile
dysfunction (10, 26). Therefore, traditional systolic indices,
including LVEF, LVEDVI, LVESVI, and LVSVI, were preserved
in HTN (MR−) patients in this study. These data were
consistent with the findings of previous research (26, 27).

Cardiac magnetic resonance feature tracking is used to
detect the diastolic function in the form of PDSR (16, 28). The
PDSR in the HTN (MR−) patients was significantly impaired
in all three directions compared to the control, whereas the
PSSR, which represented the systolic data, was not significantly
reduced. These data indicate that the abnormalities of diastolic
function might occur before the systolic abnormalities in
hypertension, which was consistent with previous research (29).

Thus, our study adds to this body of evidence. In general, our
research demonstrated that feature tracking technology might
reveal subclinical LV dysfunction before traditional LVEF in
hypertensive patients.

Hypertension may cause LV remodeling, resulting in LV
geometric changes, papillary muscle shift, mitral annular
dilation, change in the natural vertical angulation of the chordae
tendineae, and tethering of the mitral leaflets, ultimately causing
MR (30, 31). We observed that HTN (MR +) patients showed
remarkably increased LVEDI, LVESI, LVMI, and decreased
LVEF, PS, PDSR, and PSSR compared to controls and HTN
(MR−) patients. The results indicated that MR might have
a superimposed influence on LV function and strain in
hypertensive patients, which is similar to the findings of a
previous study (32). The pathological model may be that
regurgitated volume in MR can increase LV preload, leading
to LV remodeling, LV dilation, and eccentric hypertrophy,
resulting in LV dysfunction (33). Significantly impaired LV
dysfunction may occur under the double effect of hypertension
and MR. Therefore, hypertensive patients with MR should
be paid closer attention, and intervention should be made to
prevent long-term adverse cardiac events.
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When comparing the parameters of different degrees of
MR regurgitation in hypertensive patients, it was observed
that LVPS, PDSR, and PSSR were gradually reduced with the
aggravation of the degree of MR regurgitation. Even the mild
MR group showed impaired systolic and diastolic function
compared to hypertensive patients without MR. Multivariate
linear regression analysis indicated that the MR regurgitation
degree was independently related to GRS, GCS, and GLS in HTN
(MR +) patients. Our study demonstrated that the impairment
of global PS possibly progressed with an increase in the degree
of regurgitation. Several studies have reported that reduced GLS
in patients with MR was correlated with LV dysfunction after
intervention and higher risk for all-cause mortality (12, 34).
Furthermore, the presence of MR may result in aggravated MR,
which may be explained by the fact that MR−induced overload
of the LV volume could induce LV dilatation, which puts more
pressure on the mitral valve apparatus, causing further damage
to the valve apparatus and aggravation of MR. In this situation,
a vicious cycle between the ever-increasing LV volume and MR
could be initiated (35). Therefore, even mild MR in hypertensive
patients should be taken seriously.

A previous study reported that the diameter of the mitral
annulus and IPMD were strongly correlated with the degree of
MR regurgitation (21). This study observed that the parameters
of mitral annular geometry and IPMD in groups with different
degrees of MR were higher than those without MR. Compared
to the mild MR group, the moderate MR group had higher end-
systolic and end-diastolic IPMD, whereas the severe MR group
showed an increase in mitral annular geometry and IPMD.
Our results further suggest that the mitral valve apparatus
might participate in the formation and aggravation of MR in
hypertensive patients.

Limitations

This study has certain limitations. First, this study was
unicentric and cross-sectional, with a possible selection bias.
Multi-center studies will be conducted in the future to validate
the findings of this study further. Second, the lack of a follow-up
in this study made the long-term impact of MR on the mortality
of hypertensive patients unclear. This will be addressed in
a future study. Third, no animal experiments were done in
this study. Future research focusing on relevant pathological
mechanisms will be carried out.

Conclusion

Significant impairment of GLS was observed in hypertensive
cases, and MR possibly deteriorated LV strain damage
and cardiac insufficiency. The regurgitation degree was
independently correlated with GCS, GRS, and GLS in the

HTN (MR +) patients. Evaluation of LV strain in cardiac
magnetic resonance feature tracking possibly assists clinicians
in monitoring the development of cardiac deformation and
facilitates additional therapies to delay LV myocardial damage
among hypertensive cases developing MR.
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Objectives: Pressure-strain loop (PSL) is a novel method to quantify

myocardial work in many cardiovascular diseases. To investigate the value of

myocardial work parameters derived from PSL for evaluating cardiac function

and clinical prognosis in patients with pulmonary hypertension (PH).

Methods: A total of 52 patients with PH and 27 healthy controls were enrolled

in this prospective study. PSLs determined by echocardiography were used

to calculate global work index (GWI) of left ventricle (LV) and right ventricle

(RV). Global constructive work (GCW) comprised the sum of myocardial work

performed during shortening in systole and during lengthening in isovolumic

relaxation. Global wasted work (GWW) comprised the sum of myocardial work

performed during lengthening in systole and during shortening in isovolumic

relaxation. Global work efficiency (GWE) was defined as GCW/(GCW + GWW).

Results: LVGWW, RVGWI, RVGCW and RVGWW were significantly higher

in patients than controls (all P < 0.001). LVGWE, LVGWI, LVGCW, and

RVGWE were lower in patients than controls (all P < 0.01). Myocardial

work parameters correlated well with clinical and other conventional

echocardiographic assessments (all P < 0.05). In binary logistic regression

analysis, the combination of RVGWE and estimation of pulmonary arterial

systolic pressure (ePASP) was the best model to predict clinical outcomes

(OR = 0.803, P = 0.002 and OR = 1.052, P = 0.015, respectively). Receiver

operating characteristic curv demonstrated the combination of RVGWE and

Frontiers in Cardiovascular Medicine 01 frontiersin.org

85

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.1022987
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.1022987&domain=pdf&date_stamp=2022-12-15
https://doi.org/10.3389/fcvm.2022.1022987
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2022.1022987/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1022987 December 12, 2022 Time: 14:4 # 2

Wang et al. 10.3389/fcvm.2022.1022987

ePASP was the best predictor of adverse events with 100% sensitivity and

76.3% specificity (AUC = 0.910, P < 0.001).

Conclusion: Myocardial work parameters derived from PSL are emerging

markers of cardiac function. And the combination of RVGWE and ePASP is

a useful predictor of clinical outcome in PH patients.

KEYWORDS

pressure-strain loop, pulmonary hypertension, myocardial work, cardiac function,
prognosis

Introduction

Pulmonary hypertension (PH) is a pathological state or
disease caused by abnormal increase of pulmonary circulation
pressure due to various factors or diseases (1). According to
the results from a National Prospective Registry, the median
survival of PH patients is 2.8 years (95% CI 1.9–3.7 years) in the
absence of effective treatment (2).

It is well acknowledged that cardiac function is directly
related to the prognosis of patients. A great number of studies
have shown that PH patients in World Health Organization
functional class (WHO-FC) IIIWH have worse outcomes in the
long-term prognosis (3, 4). Previous studies on PH have mostly
focused on the right ventricular (RV) function, as long-term
RV afterload will directly cause RV dysfunction which is the
major determinant of survival in these patients (5, 6). However,
recently, scholars find that left ventricle (LV) is also impaired in
PH patients despite of normal LV ejection fraction (LVEF) and
LV dysfunction is associated well with poor clinical outcomes (7,
8). Therefore, both RV and LV function should be concentrated
on equally in PH patients.

Echocardiography is widely used to evaluate cardiac
function in PH patients at the advantage of non-invasion (1).
Global longitudinal strain (GLS) has proven benefit for assessing
both LV function and RV function. Yet GLS is load dependency
and is not adjusted for afterload, which may influence the
accuracy of cardiac function evaluation (9), especially in PH
patients at high level of afterload. Recently, Russell et al.
(10) propose a novel non-invasive method by quantifying
myocardial work to assess ventricular systolic function, which
is termed as pressure-strain loop (PSL). It takes account of GLS
data with non-invasive estimated ventricular pressure curves
simultaneously and the area within PSL represents myocardial
work. Study on hypertension has shown that LV myocardial
work parameters are significantly higher in moderate to severe
hypertension patients while LVGLS are preserved compared to
controls (11).

No previous study has assessed myocardial work in PH
patients. Thus, in this study, we aimed to quantify LV and
RV myocardial work in PH patients by non-invasive PSL, and

explore the value of myocardial work parameters of evaluating
cardiac function and clinical prognosis.

Materials and methods

Study population

Fifty-two patients diagnosed with PH between January 2019
and June 2020 in Shanghai Renji Hospital were consecutively
enrolled in this prospective study. Given PH prevalence and
incidence were mostly in middle-aged women, we recruited
twenty-seven age- and gender- matched healthy controls from
medical center for further study. According to 2015 ESC/ERS
Guidelines of PH (1), the diagnosis of all patients was mean
pulmonary arterial pressure (mPAP) ≥ 25 mmHg, pulmonary
artery wedge pressure (PAWP) ≤ 15 mmHg and pulmonary
vascular resistance (PVR) >3 Wood unit at rest detected by
right heart catheterization (RHC), including type I, type IV
and type V pulmonary hypertension. Exclusion criteria were
listed as the following: PH due to left heart disease; PH due to
hypoxia; arrhythmia (atrial fibrillation or flutter, left or right
bundle branch block, et al.); pregnancy; cancer; patients with
obscure endocardium in echocardiography; lost to follow-up.

Clinical data collection

Clinical data of PH patients were acquired by reviewing
electronic medical records. Age, gender, etiological
classification, brain natriuretic peptide (BNP), RHC data
including pulmonary arterial systolic pressure (PASP),
pulmonary arterial diastolic pressure (PADP), mPAP, PAWP,
cardiac output (CO), cardiac index (CI) and PVR, as well as the
specific drug therapy were recorded from all patients. Patients
underwent RHC and echocardiography within 3 days of each
other. Before echocardiography, all patients’ blood pressure
(BP) by a brachial artery cuff were measured immediately. In
order to evaluate the cardiac function, all patients underwent 6-
minute walking distance (6MWD) to identify function capacity
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and functional class was determined by clinical investigator
based on the WHO-FC (12).

Echocardiography

Standard transthoracic echocardiography connecting with
electrocardiogram were performed in all of the 52 PH
patients and 27 controls using a Vivid E95 ultrasound
machine (GE Healthcare, Horten, Norway) equipped with
an M5S probe by an experienced doctor. As recommended
by the American Society of Echocardiography (13), images
in parasternal long-axis, apical four-chamber, apical two-
chamber and apical long-axis views were acquired. All the
images were transferred from the machine at least three
consecutive beats, and then offline measured using EchoPAC
(version 203, GE Healthcare, Horten, Norway) by another
independent echocardiographer who did not take part in
the image acquisition and was blinded to clinical data.
LVEF was measured by using Simpson’s technique. Tricuspid
annular plane systolic excursion (TAPSE) was obtained by
an M-mode cursor oriented to the junction of the RV free
wall and the tricuspid valve plane. RV fractional area change
(FAC) was calculated as following formula: (RV end-diastolic
area – RV end-systolic area)/RV end-diastolic area × 100%.
Right atrial area (RAA) was measured in end-systole. Right
ventricle and left ventricle basal diameter were measured to
get right ventricle/left ventricle basal diameter ratio (RV/LV).
In the absence of pulmonic valve or right ventricular outflow
tract stenosis, the estimation of PASP (ePASP) was equal
to right ventricular systolic pressure (RVSP), which was
calculated by adding tricuspid regurgitation peak gradient
to the right atrial pressure (RAP). RAP was estimated by
observing inferior vena cave (IVC) diameter and its collapse
during inspiration.

Ventricular global longitudinal strain
and myocardial work analysis

Images from apical four-chamber, apical two-chamber
and apical long axis views were put into offline workstation
(EchoPAC version 203, GE Healthcare, Horten, Norway)
to yield LV global longitudinal strain (LVGLS). RV global
longitudinal strain (RVGLS) was assessed by using an apical
four-chamber view focusing on the RV in offline workstation.

Ventricular myocardial work was quantified by a novel
non-invasive PSL method which used GLS combined with
estimated non-invasive pressure (10). The PW Doppler signal
of the LV outflow tract was used to set marker of aortic
valve closure time. As referenced to Russel et al. (10), the
ventricular pressure was estimated using a standard pressure
trace which was personalized by stretching it in time according

to valvular event times (mitral valve open/close and aortic valve
open/close) by echocardiography and in amplitude according
to measured systolic artery pressure. Myocardial work or global
work index (GWI) was calculated as the integral of power from
mitral valve close to mitral valve open which was generated by
differentiating the strain curve over time, giving the myocardial
shortening rate, and then multiplying this with instantaneous
ventricular pressure (Figure 1). Global constructive work
(GCW) comprised the sum of myocardial work performed
during shortening in systole and during lengthening in
isovolumic relaxation, whereas global wasted work (GWW)
comprised the sum of myocardial work performed during
lengthening in systole and during shortening in isovolumic
relaxation (14). Global work efficiency (GWE) was defined as
GCW divided by the sum of GCW and GWW, expressed as a
percentage.

LV pressure was replaced by the cuff systolic pressure.
Because of the particularity of RV, in order to improve the
accuracy of pulmonary arterial systolic pressure obtained by
echocardiography, other right cardiac function parameters
obtained from echocardiography, including ePASP, TAPSE,
FAC, RAP, RAA, RV/LV, LVGLS and RVGLS, were used
for adjusting, then the calculated pulmonary arterial systolic
pressure (PASPcal) were obtained. In the absence of left/right
bundle branch block, the left and right heart could be considered
as synchronous contraction. Similarly, the estimation of real
time RV pressure was acquired by using an empiric reference
curve which was adjusted by stretching it in time according to
valvular event times (mitral valve open/close and aortic valve
open/close) by echocardiography and in amplitude according
to PASPcal. LVGWE, LVGWI, LVGCW, LVGWW, RVGWE,
RVGWI, RVGCW, and RVGWW were eventually obtained by
the algorithm above-mentioned.

The interobserver reliability of GLS and myocardial work
parameters was assessed using the measurements of 10
randomly chosen PH patients and 5 randomly chosen controls
by two experienced cardiologists.

Follow-up

All patients with PH were followed up regularly at 3-month
intervals by telephone calls to ascertain present symptom,
therapy, and cardiac function. The deadline of the last visit of
the last patient was May 2021. Major adverse events defined
as all-cause of mortality, hospitalization and need of new
specific drug therapy or enhancement on the original therapy
basis were recorded.

Statistical analysis

Normally distributed continuous variables were presented
as mean ± standard deviation, and non-normally distributed
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FIGURE 1

The algorithm of ventricular myocardial work by incorporating global longitudinal strain and ventricular pressure. Myocardial work was
quantified by calculating the rate of segmental shortening by differentiating the strain curve and multiplying the resulting value by the
instantaneous ventricular pressure. E, ejection period; IVC, isovolumic contraction period; IVR, isovolumic relaxation period; GCW, global
constructive work; LVP, left ventricular pressure; GLS, global longitudinal strain; GWW, global wasted work.

continuous variables as median (first and third quartiles).
Categorical variables were expressed as numbers (percentage).
Independent sample t-test or Mann-Whitney U test was used
to compare variables between PH patients with controls,
while Pearson’s Chi-Squared test or Fisher exact test to
compare the categorical variables (15). PASPcal was adjusted
for TAPSE, FAC, RAP, RAA, RV/LV, LVGLS and RVGLS
by multiple linear regression, and Bland-Altman plot was
used for agreement analysis. And the Spearmen correlation
coefficients were tested to analyze the relationship between
BNP, 6MWD, WHO-FC, TAPSE, FAC, RAA, RV/LV with
myocardial work parameters in PH patients. At the end
of follow-up, we performed binary logistic regression and
receiver operating characteristic (ROC) curve to predict
the risk factor of adverse events. Hosmer-Lemeshow test
was used to test the fitting degree of logical regression.
Statistical analysis was performed with SPSS 21.0 (IBM

Corp., Armonk, NY, USA). Figures were performed
with MATLAB (R2020, Mathworks, Nattick, USA) and
GraphPad Prism 8 (GraphPad Software, La Jolla, CA). For
all tests, a 2-tailed P value of < 0.05 was considered to be
statistically significant.

Results

Main clinical characteristics of
pulmonary hypertension patients and
controls

A total of 52 PH patients and 27 controls (female 84.6 vs
85.2%, P = 0.947; age 44.1 ± 13.2 vs 43.0 ± 13.7 years, P = 0.748)
were included in this clinical study. Main clinical characteristics
of patients were shown in Table 1.
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TABLE 1 Baseline clinical characteristics of pulmonary
hypertension patients.

Characteristic PH (n = 52)

Gender (% female) 44 (84.6)

Age (years) 44.1 ± 13.2

SBP (mmHg) 120.4 ± 18.1

DBP (mmHg) 75.7 ± 13.4

BNP (pg/ml) 188.0 (44.5,435.5)

6MWD (m) 430.6 ± 109.7

WHO-FC (%)

I 15 (28.8)

II 16 (30.8)

III 18 (34.6)

IV 3 (5.8)

Etiology (%)

Connective tissue disease associated with pulmonary
arterial hypertension

33 (63.5)

Idiopathic pulmonary arterial hypertension 5 (9.6)

Congenital heart disease associated with pulmonary arterial
hypertension

4 (7.7)

Portopulmonary hypertension 1 (1.9)

Chronic thromboembolic pulmonary hypertension 6 (11.5)

Pulmonary hypertension with unclear and/or multifactorial
mechanisms

3 (5.8)

Specific drug therapy

None (%) 5 (9.6)

Endothelin receptor antagonists (%) 35 (67.3)

Phosphodiesterase type 5 inhibitors (%) 35 (67.3)

Riociguat (%) 3 (5.8)

Prostacyclin analogues (%) 7 (13.5)

RHC data

Pulmonary arterial systolic pressure (mmHg) 72.9 ± 18.0

Pulmonary arterial diastolic pressure (mmHg) 34.8 ± 8.3

Mean pulmonary arterial pressure (mmHg) 48.8 ± 10.5

Pulmonary artery wedge pressure (mmHg) 10.5 ± 3.8

Cardiac output (L/min) 4.6 ± 1.6

Cardiac index (L/min·m2) 2.9 ± 0.9

Pulmonary vascular resistance (dyn·s·cm−5) 785.8 ± 403.9

Values are mean ± SD, n (%), or median (first and third quartiles).
6MWD, 6-minute walking distance; BNP, brain natriuretic peptide; DBP, diastolic blood
pressure; PH, pulmonary hypertension; RHC, right heart catheterization; SBP, systolic
blood pressure; WHO-FC, World Health Organization functional class.

Echocardiography and myocardial
work parameters

Multiple linear regression showed that PASPcal
had a good correlation with PASP from RHC
(R2 = 0.560, P < 0.001). The formula was as follows:
PASPcal = 0.609∗ePASP + 0.187∗TAPSE − 0.182∗FAC + 0.153∗

RAP + 0.12∗RAA − 0.128∗RV/LV − 0.153∗LVGLS + 0.135∗

RVGLS. Bland-Altman plot also showed great agreement
between PASPcal and PASP (Figure 2). Intra-class correlation

FIGURE 2

Agreement analysis between PASPcal and PASP from RHC.
Bland-Altman plot showed great agreement between PASPcal
and PASP (mean bias 3.554 mmHg, 95% limits of agreement
−21.17 to 28.27 mmHg). LV-PSL, left ventricular pressure-strain
loop; RV-PSL, right ventricular pressure-strain loop.

TABLE 2 Intra-class correlation coefficient of global longitudinal
strain and myocardial work parameters.

ICC 95%CI P-value

LVGLS 0.961 0.883–0.987 <0.001

RVGLS 0.981 0.944–0.994 <0.001

LVGWE 0.897 0.694–0.966 <0.001

LVGWI 0.939 0.818–0.979 <0.001

LVGCW 0.923 0.770–0.974 <0.001

LVGWW 0.889 0.669–0.963 <0.001

RVGWE 0.804 0.416–0.934 0.002

RVGWI 0.982 0.945–0.994 <0.001

RVGCW 0.990 0.969–0.997 <0.001

RVGWW 0.815 0.449–0.938 0.002

CI, confidence interval; ICC, intra-class correlation coefficient; LVGCW, left ventricular
global constructive work; LVGLS, left ventricular global longitudinal strain; LVGWE, left
ventricular global work efficiency; LVGWI, left ventricular global work index; LVGWW,
left ventricular global wasted work; RVGCW, right ventricular global constructive work;
RVGLS, right ventricular global longitudinal strain; RVGWE, right ventricular global
work efficiency; RVGWI, right ventricular global work index; RVGWW, right ventricular
global wasted work.

coefficients of GLS and myocardial work parameters were
shown in Table 2.

The representative PSL and global work curves of
participants were presented in Figure 3. As summarized
in Table 3, PH patients had higher ePASP (74.0 ± 27.4
vs 25.2 ± 2.6 mmHg, P < 0.001), RAA (18.2 ± 6.6 vs
10.7 ± 2.0 cm2, P < 0.001), RV/LV (1.3 ± 0.4 vs 0.7 ± 0.1,
P < 0.001), LVGLS (−15.3 ± 3.4 vs −19.3 ± 2.0%, P < 0.001),
RVGLS (−13.5 ± 4.3 vs −21.8 ± 2.5%, P < 0.001) and lower
TAPSE (16.5 ± 3.5 vs 24.0 ± 3.2 mm, P < 0.001), FAC
(31.2 ± 12.2 vs 52.1 ± 6.7%, P < 0.001) than controls. However,
there was no significant difference in LVEF (69.9 ± 5.7 vs
67.6 ± 3.9%, P = 0.075). Compared to the controls, LVGWW
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FIGURE 3

Representative pressure-strain loops and global work curves. The difference of LV-PSL (A) and RV-PSL (B) between PH patients and control was
shown. The difference of LV global work curve (C) and RV global work curve (D) was shown. LV-PSL, left ventricular pressure-strain loop;
RV-PSL, right ventricular pressure-strain loop.
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TABLE 3 Comparison of myocardial work parameters between pulmonary hypertension patients and controls.

Characteristic Controls (n = 27) PH (n = 52) P-value

Gender (% female) 23 (85.2) 44 (84.6) 0.947

Age (years) 43.1 ± 13.7 44.1 ± 13.2 0.748

SBP (mmHg) 118.4 ± 13.8 120.4 ± 18.1 0.627

DBP (mmHg) 75.7 ± 10.3 75.7 ± 13.4 0.997

Conventional echocardiography measurements

ePASP (mmHg) 25.2 ± 2.6 74.0 ± 27.4 <0.001

TAPSE (mm) 24.0 ± 3.2 16.5 ± 3.5 <0.001

FAC (%) 52.1 ± 6.7 31.2 ± 12.2 <0.001

RAA (cm2) 10.7 ± 2.0 18.2 ± 6.6 <0.001

RV/LV 0.7 ± 0.1 1.3 ± 0.4 <0.001

LVEF (%) 67.6 ± 3.9 69.9 ± 5.7 0.075

LVGLS (%) −19.3 ± 2.0 −15.3 ± 3.4 <0.001

RVGLS (%) −21.8 ± 2.5 −13.5 ± 4.3 <0.001

Myocardial work parameters

LVGWE (%) 94.0 (93.0, 95.0) 84.0 (80.0, 90.0) <0.001

LVGWI (mmHg%) 1,560 (1,364.0, 1,884.0) 1,330.0 (1,061.3, 1,467.5) <0.001

LVGCW (mmHg%) 1,989.0 (1,795.0, 2,323.0) 1,810.0 (1,494.8, 2,024.5) 0.004

LVGWW (mmHg%) 110.0 (83.0, 130.0) 296.5 (172.0, 461.5) <0.001

RVGWE (%) 92.0 (90.0, 95.0) 85.0 (76.3, 92.5) 0.001

RVGWI (mmHg%) 352.0 (314.0, 412.0) 571.5 (373.5, 796.0) <0.001

RVGCW (mmHg%) 474.0 (435.0, 526.0) 793.5 (624.5, 1,173.0) <0.001

RVGWW (mmHg%) 38.0 (23.0, 57.0) 151.5 (60.5, 223.0) <0.001

Values are mean ± SD, n (%), or median (first and third quartiles).
ePASP, estimation of pulmonary arterial systolic pressure; FAC, fractional area change; LVEF, left ventricular ejection fraction; RV/LV, right ventricle/left ventricle basal diameter ratio;
TAPSE, tricuspid annular plane systolic excursion; other abbreviations as in Tables 1, 2.

[296.5 (172.0, 461.5) vs 110.0 (83.0, 130.0), P < 0.001], RVGWI
[571.5 (373.5, 796.0) vs 352.0 (314.0 412.0), P < 0.001], RVGCW
[793.5 (624.5, 1,173.0) vs 474.0 (435.0, 526.0), P < 0.001] and
RVGWW [151.5 (60.5, 223.0) vs 38.0 (23.0, 57.0), P < 0.001]
were significantly increased in PH patients. LVGWE [84.0
(80.0, 90.0) vs 94.0 (93.0, 95.0), P < 0.001], LVGWI [1,330.0
(1,061.3, 1,467.5) vs 1,560.0 (1,364.0, 1,884.0), P < 0.001],
LVGCW [1,810.0 (1,494.8, 2,024.5) vs 1,989.0 (1,795.0, 2,323.0),
P = 0.004], and RVGWE [85.0 (76.3, 92.5) vs 92.0 (90.0, 95.0),
P = 0.001] were significantly lower in PH patients than controls.

Relationship of myocardial work
parameters and other clinical data in
pulmonary hypertension patients

We used linear correlation analysis to assess relationship
between myocardial work parameters and other clinical data
in PH patients, which were described in Figure 4. LVGWE
presented a positive correlation with 6MWD (r = 0.406,
P = 0.003), and FAC (r = 0.457, P = 0.001), but a negative
correlation with WHO-FC (r = −0.415, P = 0.002), and RV/LV
(r = −0.280, P = 0.044). LVGWI significantly correlated with
6MWD (r = 0.466, P< 0.001), WHO-FC (r = −0.455, P = 0.001),

FAC (r = 0.572, P < 0.001), RV/LV (−0.351, P = 0.011). The
correlations between LVGCW and 6MWD (r = 0.344, P = 0.013),
WHO-FC (r = −0.331, P = 0.016), and FAC (r = 0.396, P = 0.004)
were also significant. LVGWW was only correlated with 6MWD
(−0.277, P = 0.047), WHO-FC (r = 0.293, P = 0.035) and FAC
(r = −0.305, P = 0.028). As for RV function, RVGWE showed a
negative correlation with BNP (r = −0.314, P = 0.023), WHO-
FC (r = −0.288, P = 0.039), and RV/LV (r = −0.352, P = 0.010)
and a positive correlation with 6MWD (r = 0.288, P = 0.039),
and FAC (r = 0.461, P = 0.001). In addition, RVGWI correlated
well with BNP (r = −0.297, P = 0.032), TAPSE (r = 0.306,
P = 0.028), and FAC (r = 0.373, P = 0.006). The correlations
of RVGWW with 6WMD (r = −0.294, P = 0.034), WHO-FC
(r = 0.319, P = 0.021), FAC (r = −0.332, P = 0.016) and RV/LV
(r = 0.339, P = 0.014) were significant as well.

Association of myocardial work
parameters and clinical outcomes in
pulmonary hypertension patients

PH patients were followed for a median of 515.0 days (386.5,
535.8) at termination. During the follow-up period, adverse
events occurred in 14 patients (26.9%): 12 patients (23.1%)
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FIGURE 4
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FIGURE 4

Correlation between clinical measurements and myocardial work parameters in the PH patients. The Spearmen correlation coefficients were
tested to analyze the relationship between BNP (A,B), 6MWD (C–H), WHO-FC (I–N), TAPSE (O), FAC (P–V), and RV/LV (W–Z) with myocardial
work parameters. All abbreviations as in Tables 1, 2.

had hospitalization and 2 patients (3.8%) needed enhancement
on the basis of original therapy. Best binary logistic model
for evaluating adverse events was shown in Table 4 (Hosmer-
Lemeshow χ2 = 4.84, P = 0.775). The formula was as follows:
logit (P) = 12.586 − 0.22∗RVGWE + 0.051∗ePASP. In the model,
RVGWE had an OR of 0.803 (95%CI 0.698–0.922, P = 0.002)
and ePASP had an OR of 1.052 (95%CI 1.010–1.096, P = 0.015).
Furthermore, based on the model, ROC curves showed the
combination of RVGWE and ePASP had the biggest area under

curve (AUC) with 0.910 (P < 0.0001), which were described in
Table 5 and Figure 5.

Discussion

PSL was firstly proposed by Urheim et al. (16) to quantify
regional myocardial function by combining LV pressure from
micromanometer with myocardial longitudinal strains from
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TABLE 4 Best binary logistic model for evaluating adverse events.

Variable OR 95%CI P-value

RVGWE (%) 0.803 0.698–0.922 0.002

ePASP (mmHg) 1.052 1.010–1.096 0.015

OR, odds ratio; other abbreviations as in Tables 2, 3.

TABLE 5 Receiver operating characteristic analysis for the prediction
of adverse events.

Parameter AUC P-value Sensitivity
(%)

Specificity
(%)

RVGWE + ePASP 0.910 <0.0001 100.0 76.3

RVGWE (%) 0.861 <0.0001 92.9 73.7

ePASP (mmHg) 0.719 0.016 92.9 44.7

AUC, area under curve; other abbreviations as in Tables 2, 3.

FIGURE 5

ROC curves for the prediction of adverse events. Major adverse
events were defined as hospitalization and need of new specific
drug therapy or enhancement on the original therapy basis. All
abbreviations as in Tables 2, 3.

strain Doppler echocardiography or sonomicrometry. On the
basis of this, Russell et al. (10) established an improved non-
invasive pressure curve and applied this to measure PSL area
which was approximately equivalent to GWI. Furthermore,
GCW, GWW and GWE derived from myocardial work
assessment were put forward and measured to understand
cardiac function more easily (14). Recent studies had shown
that LVGWE, LVGCW, and LVGWW exhibited favorable
applicability to predict response to cardiac resynchronization
therapy (CRT) and long-term cardiac outcome in CRT
candidates (17–21). Besides, it has proven that myocardial
work parameters were superior to GLS to detect significant
coronary artery disease in patients with no regional wall
motion abnormalities and normal LVEF by Edwards et al.
(22). Butcher et al. (23) also applied RV-PSL to assess RV
function in a cohort of patients with heart failure with reduced
left ventricular ejection fraction and found that RVGCW
could reflect RV systolic function well and it correlated

closely with invasively measured stroke volume and stroke
volume index. Recently, Butcher et al. reported that decreased
values of RVGCW and RVGWI were associated with all-
cause mortality in patients with PH (24). This is the first
study that quantifies myocardial work through PSL method
to evaluate cardiac function and predict clinical prognosis in
patients with PH.

Non-invasive PSL refers to estimated ventricular pressure
and strain derived from echocardiography. According to Russell
et al. (10), LV peak ventricular pressure can be substituted
by systolic cuff pressure. Analogously, RV peak ventricular
pressure should be equal to PASP from RHC. Echocardiography
is widely used to measure non-invasive ePASP, and there is a
good correlation between the estimation and actual value (25).
A meta-analysis including 29 studies showed that the correlation
coefficient between ePASP and PASP was 0.70 (26). However,
the accuracy of ePASP is still questioned due to the effect
of tricuspid regurgitation. In order to improve the agreement
between PASP estimated from echocardiography and measured
by RHC, PASPcal is generated by adjusting for TAPSE, FAC,
RAP, RAA, RV/LV, LVGLS and RVGLS. It will be more accurate
to apply PASPcal instead of ePASP to non-invasive PSL method
to calculate RV myocardial work.

In our study, RVGWI, RVGCW and RVGWW substantially
increase in PH patients compared to healthy controls while
RVGWE decrease to a certain extent. RV is not composed
of a single layer of myocardium, but mainly composed of
superficial myocardium from the basal part of interventricular
septum (IVS) and deep longitudinal myocardium. Under
normal conditions, the contraction patterns of RV are mainly
as follows: contraction of LV and IVS pull the free wall of
RV to move inward, resulting in passive contraction of RV
myocardium; the deep longitudinal myocardium of RV free
wall contract, causing the tricuspid annular plane to approach
to the apex (27); IVS rotates and contracts, participating in
the shortening of RV long axis (28). With compensatory
hypertrophy of the longitudinal myocardium of inner layer of
RV in patients with PH, myocardial work increases to maintain
RV ejection volume.

LV and RV are closely related in structure and function,
and there is an interaction between two ventricles (29). In
Hardegree et al. study (30), despite normal LV size and normal
conventional measures of LV systolic function, including end-
diastolic dimension, LVEF, and CI, patients with PH had
reduced LV free wall systolic strain. The phenomenon may
be explained by the reason that chronic RV pressure overload
enlarges RV volume and forces IVS to deviate to LV, which
further causes LV geometric deformation and dysfunction
(31). This is supported by the results of the present study,
in which PH patients have poorer LVGWE, LVGWI and
LVGCW than healthy controls, whereas LVGWW abnormally
increases in PH patients. Meanwhile, we also find that
LVEF of patients was not significantly different from that
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of the control group, which may be due to compensatory
enhancement of RV contractility to support LV systolic
function (32).

In this study, as an emerging quantitative marker of cardiac
function, myocardial work parameter has potential value to
definite present cardiac function in PH patients. In clinical
practice, WHO-FC remains a determinant part for assessing
cardiac function, as it provides cardiologists with valuable
information for determining disease severity, improvement,
deterioration or stability. A follow-up cohort study containing
982 PH patients with WHO-FC III at baseline in the REVEAL
Registry have shown that patients who improve from WHO-FC
III to I/II have better prognosis than those who remain III or
worsen to IV by Kaplan-Meier estimates of 3-year survival (33).
WHO-FC presents substantial utility of evaluation of patients
with PH. However, there is certain subjectivity and interobserver
variation in WHO-FC assessment which is dependent on the
experience of cardiologists (34). As supplements, myocardial
stress markers such as BNP (35), exercise capacity tests such as
6MWD (36) and other echocardiography characteristics such as
TAPSE (37), FAC (38), RAA (39), and RV/LV (40) are referred
to evaluate cardiac function in PH patients more accurately.
The NORRE study had proven LV myocardial work parameters
correlate well with traditional parameters of systolic function
in healthy subjects (41, 42). In the present study, myocardial
work parameters correlate significantly with other clinical
assessments of cardiac function. Myocardial work parameters
will provide quantifiable information for identification of
cardiac function status as another supplement to aid in clinical
decision making.

Management of cardiac function is critical to the prognosis
of patients with PH. Guidelines put emphasis on the importance
of RV function in PH patients (1), as RV function has
proven been a major determinant of prognosis among PH
patients irrespective of etiology (43). RV is sensitive to
pressure overload. And analysis of RV function independent
of the effect of pulmonary artery pressure, does not provide
accurate clinical evidence. RV-pulmonary artery coupling
explains RV function in the perspective of the pulmonary
circulation as a whole (44). There is no conclusive evidence
for non-invasive assessment of RV-pulmonary artery coupling
(45). In our current study, combination of RVGWE and
ePASP is a potential novel model for assessment of RV-
pulmonary artery coupling. RVGWE is a form of RV intrinsic
contractility derived from PSL which is less dependent on
the load. In addition, ePASP can reflect the elasticity of
the pulmonary artery indirectly. In the prognostic study, the
value of combination of RVGWE and ePASP is superior to
individual parameter with the biggest AUC of 0.910. It is
worthwhile to highlight that combination of RVGWE and
ePASP has potential prognostic value to assist physicians
in deliberating on the therapeutic schedule for each patient
during follow-up.

There are some limitations in the present study. First, this
is a single-center and small population cohort study, which may
produce a selection bias. Because of a relatively short follow-up
period, the prognostic use of myocardial work by PSL method
needs to be further demonstrated. Second, in the absence of
myocardial work analysis before specific drug therapy, we have
no chance to explore the short- and long-term effect of specific
drug therapy on myocardial work parameters.

Conclusion

Non-invasive PSL is feasible for quantifying myocardial
work in patients with PH. Myocardial work parameters derived
from PSL method are the emerging markers of cardiac function
and the combination RVGWE and ePASP is a useful predictor
of the clinical outcome in patients with PH.
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Association of outcome with left
ventricular volumes and ejection
fraction measured with two-
and three-dimensional
echocardiography in patients
referred for routine, clinically
indicated studies
Denisa Muraru1,2, Sorina Mihaila Baldea3, Davide Genovese4,
Michele Tomaselli2, Francesca Heilbron2, Mara Gavazzoni2,
Noela Radu3, Caravita Sergio2,5, Claudia Baratto1,2,
Francesco Perelli1, Emanuele Curti1, Gianfranco Parati2 and
Luigi P. Badano1,2*
1Department of Medicine and Surgery, University of Milano-Bicocca, Milan, Italy, 2Department of
Cardiology, Istituto Auxologico Italiano, IRCCS, Milan, Italy, 3Department of Cardiology, University
of Medicine and Pharmacy Carol Davila, Bucharest, Romania, 4Cardiology Unit,
Cardio-Neuro-Vascular Department, Ca’ Foncello Hospital, Treviso, Italy, 5Department of
Management, Information and Production Engineering, University of Bergamo, Dalmine, Italy

Objectives: We sought to analyze if left ventricular (LV) volumes and

ejection fraction (EF) measured by three-dimensional echocardiography (3DE)

have incremental prognostic value over measurements obtained from two-

dimensional echocardiography (2DE) in patients referred to a high-volume

echocardiography laboratory for routine, clinically-indicated studies.

Methods: We measured LV volumes and EF using both 2DE and 3DE in 725

consecutive patients (67% men; 59 ± 18 years) with various clinical indications

referred for a routine clinical study.

Results: LV volumes were significantly larger, and EF was lower when

measured by 3DE than 2DE. During follow-up (3.6 ± 1.2 years), 111 (15.3%)

all-cause deaths and 248 (34.2%) cardiac hospitalizations occurred. Larger LV

volumes and lower EF were associated with worse outcome independent of

age, creatinine, hemoglobin, atrial fibrillation, and ischemic heart diseases).

In stepwise Cox regression analyses, the associations of both death and

cardiac hospitalization with clinical data (CD: age, creatinine, hemoglobin,

atrial fibrillation, and ischemic heart disease) whose Harrel’s C-index (HC)

was 0.775, were augmented more by the LV volumes and EF obtained by

3DE than by 2DE parameters. The association of CD with death was not

affected by LV end-diastolic volume (EDV) either measured by 2DE or 3DE.

Conversely, it was incremented by 3DE LVEF (HC = 0.84, p < 0.001) more
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than 2DE LVEF (HC = 0.814, p < 0.001). The association of CD with the

composite endpoint (HC = 0.64, p = 0.002) was augmented more by 3DE

LV EDV (HC = 0.786, p < 0.001), end-systolic volume (HC = 0.801, p < 0.001),

and EF (HC = 0.84, p < 0.001) than by the correspondent 2DE parameters

(HC = 0.786, HC = 0.796, and 0.84, all p < 0.001) In addition, partition values

for mild, moderate and severe reduction of the LVEF measured by 3DE showed

a higher discriminative power than those measured by 2DE for cardiac death

(Log-Rank: χ2 = 98.3 vs. χ2 = 77.1; p < 0.001). Finally, LV dilation defined

according to the 3DE threshold values showed higher discriminatory power

and prognostic value for death than when using 2DE reference values (3DE

LVEDV: χ2 = 15.9, p < 0.001 vs. χ2 = 10.8, p = 0.001; 3DE LVESV: χ2 = 24.4,

p < 0.001 vs. χ2 = 17.4, p = 0.001).

Conclusion: In patients who underwent routine, clinically-indicated

echocardiography, 3DE LVEF and ESV showed stronger association with

outcome than the corresponding 2DE parameters.

KEYWORDS

three-dimensional echocardiography, two-dimensional echocardiography, left
ventricular volumes, left ventricular ejection fraction, outcome

Introduction

Left ventricular (LV) volumes and ejection fraction (EF) are
key parameters to establish a diagnosis and stratify the prognosis
in patients with various cardiac conditions (1–5). Moreover,
important treatment decisions and evaluation of therapeutic
effects are based on these parameters (6–9). Although several
imaging techniques can be used to measure LV geometry and
function, two-dimensional echocardiography (2DE) represents
by far the most frequent imaging modality to obtain LV volumes
and EF for both clinical and research purposes. However, 2DE
calculations are hampered by view acquisition errors (i.e., view
foreshortening), taking into account the function of a limited
amount of LV myocardium, and reliance on fixed geometrical
assumptions about the geometry of the LV, all of them affecting
both the accuracy and the reproducibility of volume calculations
(10–13).

The introduction of three-dimensional echocardiography
(3DE) in the clinical routine represented a change in paradigm
in clinical echocardiography. 3DE overcomes the geometric
assumptions about LV geometry, considers the contribution of
the whole myocardial shell to LV EF, and enables an accurate
and reproducible measurement of LV volumes and EF to
be used to manage patient (14). Several studies have shown
that 3DE measurements of LV volumes are significantly more

Abbreviations: 2DE, two-dimensional echocardiography; 3DE,
three-dimensional echocardiography; CD, clinical data; EDV, end-
diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LV,
left ventricular.

accurate than 2DE calculations when compared with cardiac
magnetic resonance as the reference imaging modality (10,
15). Accordingly, the American Society of Echocardiography
and the European Association of Cardiovascular Imaging have
published guidelines about the acquisition and postprocessing
of 3DE datasets of the LV, and the recently published guidelines
for the cardiac chamber quantification with echocardiography
recommends, whenever feasible, the 3DE measurement of LV
volumes and EF (16, 17).

Since then, several studies have reported the additive
prognostic power of LV volumes and EF measured by 3DE over
those calculated by 2DE (18–20). However, despite all these
pieces of evidence, the use of 3DE for the assessment of LV
volumes and LVEF is not widespread in the clinical arena, yet.
Indeed, the added value of 3DE over 2DE parameters describing
the LV geometry and function on the prediction of patients’
outcome remains to be clarified in the clinical routine of the
echocardiography laboratory.

Accordingly, the aim of our study was to test the hypothesis
that LV volumes and EF measured with 3DE has an incremental
value over 2DE in predicting outcome in routine patients
referred for clinically indicated echocardiography studies.

Materials and methods

Study design

We performed a single center, prospective analysis of
retrospectively acquired echocardiographic studies obtained
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from both in- and out-patients performed from October 2018
to December 2021 at our laboratory. Exclusion criteria were age
less than 18 years, lack of 3DE acquisitions or incomplete 2DE
data for LV volume quantitation, poor quality of the either 2DE
or 3DE acquisitions (defined as the impossibility to visualize
the endocardium of two or more adjacent LV myocardial
segments without the use of contrast agents), echocardiographic
studies performed for non-clinical indications (e.g., driving
license, sports activity screening, etc.), and lack of follow-
up data.

Clinical information at the time of the echocardiographic
study included patients risk factors such as hypertension (either
blood pressure >140/90 mm Hg or active antihypertensive
treatment), hypercholesterolemia (LDL cholesterol
>130 mg/dl or active statin treatment), diabetes (fasting
glucose > 126 mg/dl), serum levels of creatinine, hemoglobin,
atrial fibrillation, and history of ischemic heart disease (previous
myocardial infarction or documented coronary artery disease).
Data were obtained from the clinical records of our hospital
(Table 1). This retrospective analysis of prospectively acquired
data was approved by the Ethics Committee of the Istituto
Auxologico Italiano, IRCCS (record #2021_05_18_13, approved
on May 18, 2021). The need for patient written informed
consent was waived due to the retrospective nature of the
acquisitions.

Echocardiography

All 2DE and 3DE acquisitions were obtained during
the same echocardiographic study using a commercially
available echocardiography system (Vivid E95, GE Healthcare,
Horten, NO) equipped with both standard 2DE (M5S) and
3DE (4Vc) probes. All echocardiography studies were stored
in a digital archive to be exported and analyzed offline
using a commercially available software (Echopac BT204, GE
Healthcare, Horten, NO).

From the apical four- and two-chamber views, the 2D LV
volumes and EF were measured offline by a single experienced
operator using the biplane method of disks’ summation
(modified Simpson’s rule, Figure 1) (17). 3DE datasets of the
LV were obtained from the apical approach using multi-beat
full-volume acquisition during breath-holding and taking care
to encompass the entire LV cavity in the dataset (16, 21).
3D LV volumes and EF (Figure 1) were measured offline
by a single experienced operator using a dedicated software
package for the LV analysis (4D AutoLVQ, GE Healthcare,
Horten, NO). Measurement workflow started with the semi-
automated detection of the LV endocardial borders. When
needed, manual editing was used to optimize the endocardial
contour identification (22). To trace the endocardial borders of
both the 2DE and 3DE datasets, the end-diastolic frame was
selected as the frame before the mitral valve closure, whereas the

end-systolic frame was identified as the frame before mitral valve
opening.

Follow-up and study endpoints

The primary clinical endpoint was the occurrence of death
for any cause. The secondary endpoint was the composite of
all-cause death and hospitalization for cardiac indication (either
from heart failure, acute coronary syndromes, or arrhythmias).
Information concerning both survival and hospitalization were
obtained at regular intervals via: (i). review of electronic medical
records of regular outpatient visits and hospital admission
records; (ii). telephone interview with the patient, or if deceased,
with family members; and (iii). contact with the patient’s
physicians. Mortality status was verified independently through
the Social Security Death Index and death certificates. For
patients without events, the date of the last contact was used for
survival analysis. Assignment of clinical events was performed
by physicians unaware of the patients’ echocardiographic and
clinical characteristics.

Statistical analysis

The normal distribution of continuous variables was tested
with Kolmogorov–Smirnov test. Continuous variables were
expressed as mean ± SD or as median (interquartile range).
Categorical variables were expressed as absolute numbers
(percentages). We compared the clinical and echocardiographic
characteristics between patients who died and those who
survived. Student’s t test for independent samples was used to
compare differences between two groups of normally distributed
continuous variables, while Mann-Whitney’s test was used
to compare differences between two groups of non-normally
distributed continuous variables. The chi-square test was used
to assess differences between two groups of categorical variables.
Pearson correlation coefficient was used to assess correlations
between 2DE and 3DE parameters. Kaplan Meier curves
were constructed to assess the prognostic stratification for the
different 2DE and 3DE parameters. The log-rank test was used
to assess the statistical significance between strata.

Since there was a high correlation between 2DE and
3DE LV volumes and EF, we built several pairs of models
by separately adding the 2DE and 3DE parameters into
the baseline clinical model. The first step used only the
clinical variables available in our cohort (thus excluding the
echocardiographic parameters), in a stepwise Cox proportional-
hazard model, censoring data at first event. The clinical
variables with significance level < 0.05 were included into
the multivariate baseline clinical model (CM). Next, the 2DE
parameters were added sequentially to the baseline CM, and
then we built a third model by adding sequentially the 3DE
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TABLE 1 Clinical and echocardiographic data of the whole study population and their comparison between patients who died and
those who survived.

Study cohort (n = 725) All-cause deaths (n = 111) Survivors (n = 614) P-value

Age, years 59 ± 18 69 ± 16 57 ± 18 0.025

Male, n(%) 487 (67) 75 (68) 412 (67) 0.852

Heart rate, bpm 70 ± 15 74 ± 19 69 ± 15 0.003

Systolic blood pressure, mm Hg 125 ± 20 120 ± 20 125 ± 19 0.813

Diastolic blood pressure, mm Hg 74 ± 11 71 ± 2 75 ± 11 0.906

Body mass index > 25 Kg/m2 , n (%) 365 (50) 330 (51) 35 (42) 0.113

Hypertension, n (%) 401 (55) 356 (56) 45 (54) 0.831

Smoking, n (%) 259 (36) 234 (36) 25 (30) 0.258

Diabetes, n (%) 113 (16) 92 (14) 21 (25) 0.010

Dyslipidemia, n (%) 306 (42) 273 (43) 33 (40) 0.631

Chronic kidney disease, n (%) 363 (50) 296 (46) 67 (81) <0.001

Anemia, n (%) 211 (29) 159 (25) 52 (63) <0.001

Atrial fibrillation, n (%) 133 (18) 102 (16) 31 (37) <0.001

Ischemic heart disease, n (%) 178 (25) 142 (22) 36 (43) <0.001

2DLeft ventricular end-diastolic volume,
ml/m2

73 ± 28 85 ± 42 71 ± 24 <0.001

2DLeft ventricular end-systolic volume,
ml/m2

36 ± 24 50 ± 37 33 ± 20 <0.001

2DLeft ventricular stroke volume, ml/m2 37 ± 10 35 ± 11 37 ± 10 0.499

2D Left ventricular ejection fraction,% 54 ± 12 46 ± 14 55 ± 11 <0.001

3DLeft ventricular end-diastolic volume,
ml/m2

81 ± 30 94 ± 43 78 ± 26 <0.001

3DLeft ventricular end-systolic volume,
ml/m2

42 ± 28 59 ± 42 38 ± 23 <0.001

3DLeft ventricular stroke volume, ml/m2 39 ± 11 35 ± 10 40 ± 71 0.359

3D Left ventricular ejection fraction,% 52 ± 13 43 ± 16 54 ± 12 <0.001

Bold values represent the statistically significant.

FIGURE 1

Left ventricular volumes and ejection fraction calculated by two-dimensional echocardiography (left panel) and measured by
three-dimensional echocardiography (right panel). CO, cardiac output; EDV, left ventricular end-diastolic volume; ESV, left ventricular
end-systolic volume; EF, ejection fraction; HR, heart rate; LV, left ventricular; MOD BP, biplane mode; SV, stroke volume; SpI, sphericity index.

parameters to the baseline CM, resulting in pairs of models
for the end-diastolic volume (EDV), the end-systolic volume
(ESV), and EF. The proportional hazards assumption for the

Cox regression models was verified by visual assessment of
Kaplan-Meier curves. The whole process was repeated for
both the all-cause death and the composite endpoint. The
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independent and incremental value of each model compared
to the previous one was assessed by comparing model χ2

statistics. Model discrimination was further assessed using
Harrel’s C-index. Comparison of the C statistics of the
various multivariable models was performed using the method
proposed by Newson RB (23).

Time-dependent Receiver Operating Characteristics (ROC)
curve analyses for censored event times were used to compare
the prognostic value of the LVEF severity grading threshold
values obtained with 2DE and 3DE and Areas Under Curve
(AUC) were derived. The De Long test was used to compare the
AUCs of tested threshold values (24).

Data were analyzed using SPSS v.24.0 (SPSS Inc., Chicago,
IL, USA) and MedCalc 20, (MedCalc Software Ltd., Ostend,
Belgium). Statistical significance was defined as p < 0.5.

Results

Clinical data and outcome

The final study population included 725 patients with
various cardiac conditions (Table 1) who underwent
echocardiography for various clinical reasons (Figure 2).

During the follow-up period of (median 3.39 years,
IQR = 2.6 years), 111 (15.3%) deaths (83 of them, 75%
were cardiac deaths), and 248 (34.2%) cardiac hospitalizations
occurred. The latter were distributed as follows: 151 (20.8%) for
heart failure, 51 (7.0%) for acute coronary syndrome, and 46
(6.3%) for arrhythmias. Finally, 304 (41.9%) patients reached the
composite endpoint of all-cause death or cardiac hospitalization.

Patients who died were older and had higher heart rate
than survivors (Table 1). In addition, patients who died had a

higher prevalence of diabetes, chronic kidney disease, anemia,
permanent atrial fibrillation, and history of ischemic heart
disease than the survivors (Table 1). Conversely, sex and body
mass index distribution, as well as the prevalence of smoking,
hypertension, and dyslipidemia were similar between the two
groups.

Comparison between 2D and 3D
echocardiography and association
with outcomes

As expected, there was a close correlation between the 2DE
and 3DE LV EDVs (r = 0.964; p < 0.001), ESVs (r = 0.972;
p < 0.001), and EFs (r = 0.925; p < 0.001). However, 3DE LV
volumes were larger than the 2DE LV volumes (bias = + 21 ml,
LOI ± 18 ml for the EDV, and bias = + 19 ml, LOI ± 10 ml for
the ESV, respectively), whereas the 3D LVEF was lower than the
2D LVEF (bias = −2%, LOI ± 10).

2DE and 3DE LV volumes were categorized into normal
or dilated according to technique-specific threshold values. The
incidence of LV dilatation was significantly higher when LV
EDV and ESV were calculated by 2DE than when they were
measured with 3DE (45% vs. 35%, X2 = 12.93; p = 0.0003 and
56 vs. 51%, X2 = 4.237; p = 0.034, respectively).

The patients who died had larger LV EDV and ESV, as well
as lower EF, by both 2DE and 3DE than the survivors (Table 1).
Although 2DE LV volumes were associated to worse all-cause
death survival and event-free survival, 3DE LV volumes were
stronger predictors of both. 3DE EDV ≤ 85 ml/m2 in men
and ≤ 78 ml/m2 in women (X2 = 15.661; p < 0.001) and
3DE ESV ≤ 34 ml/m2 in men and ≤ 28 ml/m2 in women
(X2 = 20.173; p < 0.001) were more strongly associated (all

FIGURE 2

Frequency of the different clinical indications for the echocardiographic study.
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FIGURE 3

Kaplan Meyers survival curves for dilated left ventricular end-diastolic (upper panels), end-systolic (mid panels) volumes and reduced ejection
fraction (bottom panels) obtained by two- (left panels) and three-dimensional (right panels) echocardiography, respectively. Abbreviations as
in Figure 1.
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p = 0.001) with all-cause death than either 2DE EDV ≤ 74 ml/m2

in men and ≤ 61 ml/m2 in women (X2 = 9.595; p = 0.002)
or 2DE ESV ≤ 31 ml/m2 in men and ≤ 24 ml/m2 in
women (X2 = 12.544; p < 0.001) (Figure 3). Similarly, 3DE
EDV ≤ 85 ml/m2 in men and ≤ 78 ml/m2 in women
(X2 = 25.998; p < 0.001) and 3DE ESV ≤ 34 ml/m2 in men
and ≤ 28 ml/m2 in women (X2 = 19.491; p < 0.001) were
more strongly associated (all p = 0.001) with the composite
endpoint of all-cause death or cardiac hospitalizations than
either 2DE EDV ≤ 74 ml/m2 in men and ≤ 61 ml/m2 in women
(X2 = 16.794; p = 0.002) or 2DE ESV ≤ 31 ml/m2 in men
and ≤ 24 ml/m2 in women (X2 = 12.092; p < 0.001) (Figure 4).

Survival analysis based on LVEF ranges
derived from 2DE and 3DE
measurements

We divided our study population into four groups,
according to the ranges of the LVEF recommended by current
guidelines: normal LVEF (> 52% for men, > 54% for women),
mildly reduced LVEF (51-41% for men, 53%-41% for women),
moderately reduced LVEF (40-30% for men and women), and
severely reduced LVEF (< 30% for men and women). The
grading of LV EF was more severe when 3DE was used to
measure LV volumes (X2 = 13.22; p = 0.0042, Figure 3) than
when LV volumes were calculated using 2DE.

Kaplan Meier survival curves were derived for the
different ranges of the 2DE LVEF and 3DE LVEF, respectively
(Figures 3, 4).

Both 2DE and 3DE LVEF curves could significantly stratify
the risk of death among the different ranges of the LVEF.
However, the Kaplan Meier curves for the 3DE LVEF thresholds
of LV dysfunction had a higher χ2 at the log-rank discrimination
analysis by comparison with the 2DE LVEF threshold values
(χ2 = 83.706, p < 0.001 vs. χ2 = 59.752, p < 0.001). Moreover,
the Receiver Operating Curves for both 2DE and 3DE LVEF
threshold values showed a higher area under the curve (AUC)
for the 3DE LVEF ranges than for the 2DE LVEF ranges in
predicting death (0.76 ± 0.03 vs. 0.69 ± 0.04; p < 0.001).

Furthermore, only the 3DE LVEF was a significant predictor
of time-to-event for each change in the LVEF category [2DE
LVEF: HR 1.33 (0.88-2.01), p = 0.169; 3DE LVEF: HR 0.35
(0.24-0.52), p < 0.001]. Moreover, the HR increase for the
three categories with reduced LVEF compared with the group
with normal LVEF were higher when using the 3DE LVEF
threshold values (mildly reduced LVEF: HR 2.40 (1.23-4.65),
p = 0.01; moderately reduced LVEF: HR 7.68 (4.15-14.24),
p < 0.001; severely reduced LVEF: HR 10.4 (5.67-19.09),
p < 0.001; χ2 = 98.26, p < 0.001) than when using the 2DE
LVEF ones (mildly reduced LVEF: HR 1.46 (0.77-2.77), p< 0.25;
moderately reduced LVEF: HR 3.68 (2.03-6.7), p < 0.001;
severely reduced LVEF: HR 7.66 (4.43-13.25), p < 0.001;
χ2 = 77.10, p < 0.001).

Incremental value of left ventricular
volumes and ejection fraction to
predict outcome

The clinical parameters associated with all-cause death and
the composite endpoint are listed in Table 2. Clinical parameters
associated with all-cause death were age, dyslipidemia,
permanent atrial fibrillation, ischemic heart disease, and
serum levels of creatinine and hemoglobin (Table 2). Clinical
parameters associated with the composite endpoint of all-
cause death and cardiac hospitalization were permanent
atrial fibrillation, ischemic heart disease, and serum levels of
creatinine and hemoglobin (Table 2).

Clinical predictors identified at multivariable analysis as
independently associated with outcome were placed in two
separate stepwise regression models (CMdeath and CMcomposite)
for all-cause death and the composite endpoint, respectively. For
all-cause death, the Harrel’s C-index (HC) of the CMdeath was
0.78 (95%CI 0.72-0.84). The addition of the EDV to CMdeath
increased the HC at the same value using both 2DE (HC = 0.79,
95%CI 0.73-0.85) and 3DE (HC = 0.79, 95%CI 0.73-0.85).
Conversely, the addition of ESV (HC = 0.83, 95%CI 0.74-0.91)
and EF (HC = 0.84, 95%CI 0.78-0.9) by 3DE was associated
with greater HC than the same parameters obtained with 2DE
(HC = 0.80, 95%CI 0.75-0.85, and HC = 0.81, 95%CI 0.76-0.86)
(Figure 5).

For the composite endpoint, the HC of the CMcomposite

was 0.64 (95%IC 0.61-0.68). The addition of the EDV by 2DE
increased the HC of the model (0.79, 95%CI 0.73-0.85), but
the 3DE EDV was associated with a larger increase of the HC
(0.81, 95%CI 0.75-0.88). Conversely the increase of the HC of
the CMcomposite obtained by adding the ESV and EF was similar
for the 2DE (HC = 0.80, 95%CI 0.74-0.85) and HC = 0.84,
95%CI 0.77-0.92, respectively for 2DE ESV and EF) and 3DE
(HC = 0.80, 95%CI 0.75-0.86) and HC = 0.84, 95%CI 0.78-0.90,
respectively for 3DE ESV and EF) (Figure 6).

Discussion

Our study shows that, in unselected patients undergoing
clinically indicated routine echocardiography, the LV volumes
and EF measured with 3DE were more strongly associated with
outcome than the same parameters calculated by 2DE. The
main findings of our study can be summarized as it follows:
(1) As expected, in addition to the clinical predictors (age,
anemia, chronic kidney disease, atrial fibrillation, and ischemic
heart disease), both LV volumes and EF were associated with
both all-cause mortality and the composite endpoint of death
and cardiac hospitalization; (2) Survival analysis based on LV
dilation according to 2DE and 3DE measurements showed
that the 3DE threshold values for LV dilation had a higher
discriminative power than the 2DE cutoff values in predicting
both all-cause death and the cumulative endpoint of death and
cardiac hospitalization; (3) Survival analysis based on LVEF
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FIGURE 4

Kaplan Meyers curves for freedom from the cumulative event of death and cardiac hospitalization for dilated left ventricular end-diastolic
(upper panels), end-systolic (mid panels) volumes and reduced ejection fraction (bottom panels) obtained by two- (left panels) and
three-dimensional (right panels) echocardiography, respectively. Abbreviations as in Figure 1.
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TABLE 2 Demographic and clinical parameters associated with both all-cause death and the composite endpoint of death and cardiac
hospitalization.

All-cause deathHR (95% CI) Composite endpointHR (95% CI)

Univariate P Multivariate
(X2 = 242.56)

P Univariate P Multivariate
(X2 = 131.57)

P

Age 1.031
(1.015-1.047)

<0.001 1.031
(1.015-1.047)

< 0.001 1.002
(0.993-1.01)

0.677 − −

Gender 1.040
(0.68-1.59)

0.856 − − 0.929
(0.718-1.204)

0.979 − −

Body mass index 0.985
(0.931-1.043)

0.615 − − 0.989
(0.753-1.286

0.907 − −

Diabetes 1.029
(0.439-1.041)

0.905 − − 0.915
(0.668-1.254)

0.581 − −

Hypertension 0.676
(0.390-0.886)

0.076 − − 0.984
(0.753-1.286)

0.907 − −

Dyslipidemia 0.588
(0.387-1.013)

0.011 0.581
(0.387-0.873)

0.009 0.869
(0.676-1.118)

0.274 − −

Atrial fibrillation 1.856
(1.202-2.867)

0.005 1.874
(1.215-2.889)

0.004 2.003
(1.529-2.623)

< 0.001 2.014
(1.552-2.614)

<0.001

Ischemic heart
disease

2.253
(1.311-3.872)

0.003 2.247
(1.331-3.793)

0.002 1.776
(1.254-2.516)

0.001 1.659
(1.195-2.304)

0.003

Creatinine 1.003
(1.001-1.005)

<0.001 1.003
(1.001-1.005)

<0.001 1.003
(1.001-1.004)

< 0.001 1.003
(1.001-1.004)

<0.001

Hemoglobin 0.969
(0.958-0.980)

<0.001 0.968
(0.955-0.979)

<0.001 0.980
(0.983-0.997)

0.004 0.989
(0.982-0.995)

<0.001

CI, confidence interval; HR, hazard ratio. Bold values represent the statistically significant.

FIGURE 5

Addition of left ventricular volumes and ejection fraction obtained from both two- and three-dimensional echocardiography significantly
increased the association with all-cause death of the clinical model based on permanent atrial fibrillation, ischemic heart disease, and serum
levels of creatinine and hemoglobin. Both three-dimensional end-systolic volume and ejection fraction had stronger association with outcome
than the corresponding two-dimensional parameters. CM, clinical model; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic
volume.
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FIGURE 6

Addition of left ventricular volumes and ejection fraction obtained from both two- and three-dimensional echocardiography significantly
increased the association with the composite endpoint of all-cause death and cardiac hospitalization of the clinical model based on age,
dyslipidemia, permanent atrial fibrillation, ischemic heart disease, and serum levels of creatinine and hemoglobin. Both three-dimensional
end-systolic volume and ejection fraction had stronger association with outcome than the corresponding two-dimensional parameters.

threshold values for defining LV dysfunction severity showed
that the LVEFs measured by 3DE have higher discriminative
power for all-cause mortality and the composite endpoint of
death and cardiac hospitalization than the 2DE ones; (4) When
added to the baseline clinical model developed for all-cause
death (i.e., CMdeath) both 3DE LVESV and EF were more
strongly associated to the occurrence of all-cause mortality than
the corresponding 2DE parameters.

Prognostic value of clinical and
echocardiographic data

According to the reports of epidemiologic studies,
cardiovascular diseases are the leading cause of death globally,
and, particularly, in the most developed countries (25). In the
European Union, cardiovascular diseases cause 35% of the
deaths in women and men under the age of 75 years (26). In
the next decade, the expected number of disability-adjusted-
life-years that will be lost because of cardiovascular diseases will
increase from 169 million in 2020 to 187 million in 20301.

Cardiovascular morbidity and mortality in the general
population have been related to both non-modifiable (e.g.,
age, sex, genetics) (27) and potentially modifiable risk factors
(28), and to the underlying cardiac condition2. Accordingly,

1 https://apps.who.int/iris/handle/10665/43007

2 https://ec.europa.eu/eurostat/statistics-explained/index.php?title=
Cardiovascular_diseases_statistics

in our study patients, age, chronic kidney disease, anemia,
atrial fibrillation, and ischemic heart disease were significantly
associated with clinical outcomes. In addition, also the LV
volumes and EF measured by both 2DE and 3DE have been
associated with clinical outcomes (19, 29, 30).

Non-invasive assessment of LV volumes and EF are
critically important for clinical decision-making and represents
the most frequent indication for an echocardiographic
study. Eligibility to device implantation of patients with
LV dysfunction, discontinuation of potentially cardiotoxic
chemotherapy in cancer patients, indications to cardiac surgery
or to treatment initiation in asymptomatic patients are among
the most important clinical decisions that rely on an accurate
measurement of LV EF. LV volume calculations by 2DE is highly
operator dependent, uses only limited data contained in a few
predetermined tomographic planes of the LV to assess global
myocardial function, and relies on geometrical assumptions
that may not be necessarily valid in every patient. The geometric
assumptions about LV shape associated with the 2DE algorithms
make the calculations of LV volumes and EF more inaccurate in
patients in whom this information is more critical (i.e., patients
in whom the LV geometry is distorted because of aneurysms,
or in those with extensive wall motion abnormalities) (31,
32). With 3DE, LV volumes are actually measured (and not
calculated anymore) without any assumption regarding LV
shape (14). This technique has been extensively validated using
the cardiac magnetic resonance as a reference modality (10, 15),
and was demonstrated to be more timesaving, reproducible,
repeatable and accurate than conventional 2DE for both LV
volumes and EF measurements (11, 33–35).
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Caselli et al. (36) showed that, in a limited cohort of
178 patients, 3DE LV volumes and EF had a significant
association with the composite endpoint of death, myocardial
infarction or stroke but not with the primary endpoint
of cardiovascular death. Similarly, Mancuso et al. (37)
showed that, in 89 patients with systolic heart failure,
the LVEF measured by 3DE was an independent predictor
for a composite endpoint of death, cardiac transplantation
and hospitalization for HF, whereas LV volumes were not.
However, in addition to the smaller number of patients
and the specific clinical settings of this study, it should be
noted that, in contrast with available data, the LV volumes
measured by 3DE were smaller than those obtained with
2DE. In our study, the LV volumes measured by 3DE
were significantly larger than those obtained by 2DE, in
accordance to other studies that showed the higher accuracy
of the 3DE for the measurement of the LV volumes in
comparison to cardiac magnetic resonance (10). New 3DE
technologies combined with an increased experience in 3DE
of the cardiologists who perform echocardiography allow
encompassing larger LVs into the 3DE dataset at a good
volume rate, allowing good endocardial delineation and better
measurements of the LV volumes. A previous study performed
in unselected patients with a wide range of LV volumes
showed that the 3DE LV volumes measured by different
echocardiography systems were similar and had a better
accuracy than 2DE when compared to cardiac magnetic
resonance (38).

The present study adds to previous ones by showing that
LV volumes and EF measured by 3DE provide incremental
prognostic value over 2DE also in patients referred for a
routine and clinically-indicated echocardiography study. Both
LV volumes and EF calculated by 2DE were independently
associated with either cardiac death or the composite of cardiac
death and hospitalization for cardiac causes after adjusting
for covariates. However, 3DE LV ESV and EF were able
to significantly increase the power of the predictive model
when added to a model including the clinical variables.
These findings suggested that LV ESV and EF obtained from
3DE were superior to those derived from 2DE to predict
cardiac death and the need of hospitalization for cardiac
issues.

Survival analysis based on LVEF
threshold values derived by 2DE and
3DE

When using LVEF values obtained from 3DE to grade the
extent of LV dysfunction severity into normal function, and
mild, moderate and severe LV dysfunction, LVEF measured
by 3DE showed higher discriminant power for survival
than LVEF measured by 2DE. These results are consistent

with the findings by Stanton et al. (19) who compared the
occurrence of the composite endpoint between patients with
“normal” and “abnormal” LVEF measured by 2DE and 3DE.
LVEF measured by 3DE was also an independent predictor
of major arrhythmic events and improved the ability to
predict the arrhythmic risk in 172 patients with LVEF below
50% (39). In that study, when compared with 2DE LVEF,
3DE-measured LVEF changed the indication to implantable
cardioverter-defibrillator implant in 20% of the patients. Finally,
in our patients, only the 3DE measurement of the LVEF
was an independent predictor of time to event for each
change in the LVEF.

Survival analysis based on LV dilation
according to 2DE and 3DE

The 3D LVEDV threshold values used to identify patients
with dilated LV provided better stratification of the risk of death
compared to 2D LVEDV. Dilated LVESV according to the 3DE
cut-offs proposed by Muraru et al. (21) in normal individuals
showed to be a predictor for time to event, as well, while the 2D
LVESV cut-offs offered by the current guidelines for LV dilation
did not (17).

Clinical implications

Our findings showed that, although LV volumes obtained
by 2DE and 3DE are significantly correlated, 3DE might be
better than 2DE in assessing the severity of LV dysfunction and
the prognosis of the patients referred to the echocardiography
laboratory for routine, clinically indicated study, and physicians
should use parameters measured by 3DE to better guide patients’
management. Future research should focus on whether 3DE can
improve the predictive value in larger and prospective cohorts
of consecutive patients, and whether 3DE guided therapy can
improve clinical outcomes.

Limitations

This study has several limitations. This study was single-
center and retrospective, and no causal relationship can be
established from our findings. Second, only patients with stable
clinical conditions and good quality 2DE and 3DE datasets
were enrolled in the study, and whether these findings can be
extrapolated to the general population of consecutive patients
that are examined in the echocardiography laboratory remain
to be established. Finally, this study was carried on in tertiary
center with a long-standing experience in transthoracic 3DE.
Whether our results can be applied to the generality of the
echocardiography laboratories require further prospective and
multicenter studies.

Frontiers in Cardiovascular Medicine 11 frontiersin.org

108

https://doi.org/10.3389/fcvm.2022.1065131
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1065131 December 17, 2022 Time: 16:29 # 12

Muraru et al. 10.3389/fcvm.2022.1065131

Conclusion

In patients referred to the echocardiography laboratory
for a clinically indicated, routine echocardiography study,
3DE was a better predictor than 2DE of both cardiac death
and the composite of cardiac death and hospitalization for
cardiac cause. Our findings support the recommendation made
by the European Association of Cardiovascular imaging and
American Society of Echocardiography that, in laboratories with
experience and equipment, 3DE should be used for LV volume
and EF measurements and implemented into the clinical routine
of the echocardiography laboratory.
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Introduction: Cardiac architecture has been extensively investigated ex vivo

using a broad spectrum of imaging techniques. Nevertheless, the heart is a

dynamic system and the structural mechanisms governing the cardiac cycle

can only be unveiled when investigating it as such.

Methods: This work presents the customization of an isolated, perfused heart

system compatible with synchrotron-based X-ray phase contrast imaging (X-

PCI).

Results: Thanks to the capabilities of the developed setup, it was possible to

visualize a beating isolated, perfused rat heart for the very first time in 4D at

an unprecedented 2.75 µm pixel size (10.6 µm spatial resolution), and 1 ms

temporal resolution.

Discussion: The customized setup allows high-spatial resolution studies of

heart architecture along the cardiac cycle and has thus the potential to serve as

a tool for the characterization of the structural dynamics of the heart, including

the e�ects of drugs and other substances able to modify the cardiac cycle.

KEYWORDS

synchrotron, tomographic microscopy, Langendor�, 4D imaging, cardiac cycle

1. Introduction

The cardiomyocytes are the contractile cellular units of the myocardium. Within a

surrounding fibrous matrix, they aggregate into a complex three-dimensional (3D) mesh

with predominant orientations. However, there is still controversy on the exact mode in

which individual cardiomyocytes are arranged in 3D. The cardiomyocytes’ aggregation
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and orientation within the ventricular walls determines the

propagation of electrical excitation and the force generated

by the heart. Therefore, a detailed description is required to

achieve a complete understanding of the cardiac cycle and the

alterations caused by cardiac remodeling (1, 2). In this context,

high resolution four-dimensional (4D) imaging techniques are

paramount to assess the structural dynamics of the heart and

investigate how cardiomyocyte orientation evolves along the

cardiac cycle.

Cardiac architecture has been investigated ex vivo using a

wide range of imaging techniques, including ultrasound, several

optical microscopy techniques, magnetic resonance (MRI) and

X-ray imaging (i.e., micro-CT and synchrotron-based X-PCI)

(3). However, to study the heart as a dynamic system, in

vitro (based on isolated heart perfusion) and in vivo studies

are necessary.

In vitro preparations are based on so-called isolated,

perfused heart systems. These consist of a series of pumps,

tubing and glassware that keep hearts beating outside the

donor thanks to the use of specific perfusate, temperature,

and oxygenation conditions. Within these systems, Langendorff

preparations are based on aortic retrograde perfusion, in which

the aortic valve is kept shut, directing the perfusate into the

coronary vasculature (4–6).

Among the mentioned imaging techniques, ultrasound

and MRI have already been used to investigate how the

cardiomyocyte orientation changes along the cardiac cycle.

Ultrasound-based techniques, such as shear wave and 3D back-

scatter tensor imaging, have been applied in in vitro and in vivo

adult mammals (7, 8). These techniques are cheap and have very

high temporal resolution, but lack the spatial resolution to assess

cardiomyocyte arrangement at cellular scale. MRI, and more

specifically diffusion tensor imaging (DTI) and T∗
2 imaging, has

been also applied in vitro in isolated, perfused rat hearts (9–

15), in rabbit hearts (16, 17) and in vivo in pig and human

studies (18–31). While allowing whole heart field of views, both

spatial and temporal resolution are insufficient to describe the

cardiac cycle in detail at the cardiomyocyte-level. Additionally,

these techniques often require heart fixation and/or the use of

gadolinium-based contrast agents.

On the other hand, synchrotron-based X-PCI has been

widely used in the last years for the ex vivo study of heart

architecture. Grating interferometry (GI) and propagation-

based (PB) have been the main X-PCI techniques used. GI has

been applied to mice (32), fetal and neonatal human hearts

(33–35), while PB X-PCI has been widely used in healthy

and pathological cases of rodents (36–39), fetal human hearts

(40) and pieces or whole adult human hearts (41–47). While

GI allows to obtain three different types of images at once

(absorption, differential phase contrast and dark-field), PB X-

PCI can achieve higher resolution and faster scans without

the use of gratings. These ex vivo studies, together with the

combined ultra-fast and high resolution capabilities that this

technique has shown in other fields (48–50), prove PB X-

PCI to be a very powerful candidate for the time-resolved 3D

investigation of heart architecture.

This manuscript presents a proof-of-concept of a novel

methodology for the study of heart architecture dynamics in rat

models by combining PB X-PCI and a customized Langendorff

system. The presented developments allowed to dynamically

image beating hearts in 4D at an unprecedented 2.75 µm pixel

size (10.6 µm spatial resolution) and 1 ms temporal resolution.

Therefore, the presented methodology is able to characterize

the structural mechanisms responsible for the cardiac cycle,

including the consequences of remodeling diseases and the effect

of clinically-relevant drugs.

2. Materials and methods

2.1. X-ray tomographic
microscopy-compatible Langendor�
system

To achieve in vitro beating heart imaging, a Radnoti

Rat Working Heart Apparatus was customized to fulfill the

requirements of a synchrotron-based tomographic microscopy-

compatible Langendorff setup. As illustrated in Figure 1 and

listed in Table 1, the Langendorff system consists of a perfusate

reservoir with an oxygenation line, a compliance chamber,

connecting tubing and two pumps for the buffer solution

and circulating water bath. The chambers and most tubing

are double-walled, so that both the perfusate and the water

bath can circulate. The difference in height between the

compliance chamber and the aortic valve sets the pressure at

which the perfusate will enter the coronary circulation (60

mmHg/∼90 cm water column). To make the system compatible

with tomography, a dedicated sample stage and aquarium

were designed.

The sample stage consists of a Micos UPR 160-AIR

(PI miCos, Eschbach, Germany) rotation motor with two

perpendicular linear motors, which are placed top-bottom, so

that hearts can hang from them. In addition, a Moflon MQR4-

S12(N2325) (Moflon Technology, Sha Jing, China) multi-

channel rotary union for liquid and electricity allows continuous

delivery of the buffer solution to the heart without entangling

the tubing during rotation. Electrical feed-through is also

necessary to connect electrodes for electrocardiogram (ECG)

measurements. The rotary union has its own heating system to

avoid temperature loss. From the stage, modular in-house 3D-

printed sample holders keep the metallic cannulae in position to

bring the perfusate to the heart and hold it stable. Custom aortic

and left atrial cannulae weremetal by design in order to optimize

their shape and be able to transmit electrical signal to the ECG

electrodes, without damaging the heart.
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FIGURE 1

(A) X-ray tomographic microscopy-compatible Langendor� system at the TOMCAT beamline. (1) PowerLab data acquisition hardware. (2)

Circulating water bath to keep the circuit at ∼ 37◦C. (3) 95% O2/5% CO2 gas bottle for perfusate oxygenation. (4) Perfusate reservoir. (5)

Peristaltic pump circulating the perfusate up to the compliance chamber. (6) Compliance chamber. The height di�erence with the aorta

determines the perfusion pressure (60 mmHg/∼90 cm water column). (B) Close-up of the custom stage tower. (7) Rotary union system to

ensure that the heart can be rotated without entangling tubes and wires. (8) Motor stage. (9) Modular sample holder, where the heart is attached

at the ends of metallic aortic and left atrial cannulae. (10) Aquarium to keep the heart warm and collect the perfusate. (C) TOMCAT ultra-fast

end-station. (11) High-numerical aperture 4x macroscope (53). (12) GigaFRoST detector (54). (D) Simplified sketch of the system components

shown in (A, B).

The customized aquarium is an aluminum structure with

kapton foil walls, which have negligible X-ray absorption. The

aquarium is then filled with perfusate right until the level of the

apex. This helps to preserve the tissue temperature and absorb

the perfusate drops falling from the heart, thus reducing related

heart motion.

Finally, a PowerLab 8/35 (AD Instruments Ltd) equipped

with LabChart Pro 8 was used to measure the ECG signal of

the heart, the exposure signal of the detector and the angular

feedback of the rotation motor. Angular feedback was obtained

by recording the sin/cos signals from the motor controller, as

described by for multiscale imaging of human pancreatic tissue

by Frohn et al. (51).

2.2. Langendor� preparation and
perfusion protocol

Animal care and experimentation followed the

European Convention for Animal Care and was approved

by the Swiss Animal Welfare Authorities (Authorization

number 75737/32784).

Wistar rats (3 males and 3 females, 12 weeks old) were

obtained from Janvier Labs (France). The rats were housed and

maintained at 22oC with a 12-h day/night cycle. Food and water

were administered ad libitum.

The animals were anesthetized via intraperitoneal injection

with a mixture of 125 mg/kg ketamine and 12.5 mg/kg
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TABLE 1 Description and function of the hardware components of the tomographic microscopy-compatible Langendor� system, labeled with

respect to Figure 1.

Component and label Description and function

PowerLab (1) Data acquisition instrument to record ECG, detector exposure and motor angular readback signals.

Circulating water bath (2) Warms up water to the desired temperature and pumps it through the heating circuit of the system.

Double-walled tubing Allows simultaneous buffer and warm water circuits, so that the buffer can arrive to the heart at the target temperature (∼ 37oC).

Gas bottle and oxygenation line (3) 95% O2/5% CO2 gas mixture bottle and line to oxygenate the buffer solution and achieve appropriate pH values.

Reservoir (4) Initial chamber, where the buffer solution is heated and oxygenated.

Peristaltic pump (5) In charge of pumping the buffer from the reservoir to the compliance chamber.

Compliance chamber (6) Highest chamber. The difference in height between the compliance chamber and the aorta sets the constant pressure at which the

heart will be perfused (60 mmHg /∼90 cm water column).

Rotary union* (7) Both for liquid and electrical signal, ensures that tubes and cables do not entangle while tomographic rotation occurs. Includes

heating patches and a power supply to ensure temperature control.

Motor stages* (8) Allow sample alignment (translation) and rotation.

Modular sample holder* (9) Easily-exchangeable 3D-printed cap with metallic cannulae made in-house, which will hold the heart in place. The custom metallic

cannulae allow a compact design and conduct ECG signal without attaching the electrodes directly on the heart.

Aquarium* (10) Aluminium frame with Kapton walls that keeps the heart environment at the desired temperature and collects the perfusate

dripping from the apex.

Customized components are marked by *.

TABLE 2 Experimental dynamic acquisition parameters at the

TOMCAT beamline.

Parameter Value

Energy 21.9 keV

Propagation distance 220 cm

Pixel size 2.75 µm

Field of view 5.54 x 2.75 mm2

Field of view (pixels) 2,016 x 1,000

Projections, flats and darks 160,000; 300; 50

Exposure time 1 ms

Angular range 720o

Scintillator LuAG:Ce 150 µm

Detector GigaFRoST

xylazine, and provided with 100% medical oxygen via nose

cone. Once loss of the pedal withdrawal reflex was verified,

a rapid laparotomy and thoracotomy were performed. The

heart was then removed from the chest cavity and placed in

ice-cold physiologic buffer. The isolated, perfused preparation

was then established by cannulating the aorta and left

atrium. Even if the latter is not required for a Langendorff

preparation, it was used for stabilization of the heart during

tomographic measurements.

Perfusion was achieved with a modified Krebs-Henseleit

solution (in [mM]: NaCl 118.0, KCl 4.7, KH2PO4 1.2,

CaCl2·2H2O 1.5, MgSO4·7H2O 1.2, Glucose 11.0, and

NaHCO3 25.0). The hearts started beating spontaneously.

Their function was monitored until stabilization through ECG

measurement, which was achieved by attaching one electrode to

each cannula.

2.3. Image acquisition

The synchrotron-based X-ray tomography campaign was

performed at the TOMCAT beamline of the Swiss Light Source

(Paul Scherrer Institute, Villigen, Switzerland) (52). A PB X-

PCI setup combined with the TOMCAT ultra-fast end-station

was used to capture the dynamics of the cardiac architecture.

As summarized in Table 2, a monochromatic X-ray beam at

21.9 keV energy and 220 cm propagation distance (sample-

detector distance) were chosen. X-rays were converted to visible

light by a LuAG:Ce 150 µm scintillator, magnified by a 4x

high-numerical aperture macroscope (53) and recorded by the

GigaFRoST detector (54). A total of 160,000 projections (1 ms

exposure time, 2.75 µm voxel size, 5.54 x 2.75 mm2 field of

view) were thus continuously acquired in continuous rotation

over 720o. Assuming a constant cardiac cycle duration of 200 ms

and considering the 1 ms exposure applied, 160,000 projections

would then lead to a maximum of 800 projections per time-

point within the heartbeat (a total of 800 heartbeats would occur

during 160 s).

While conventional tomography is commonly achieved

with 180o of rotation, a wider angular range was included

to ensure a uniform angular distribution and compensate for

potential cardiac dysfunction over time. In other words, if
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hearts start to lose contractility due to ischemia or radiation

damage during a 180o measurement, only a fraction of the

projections (concentrated in a fraction of 180o) would be

useful for reconstruction, thus leading to a very skewed

angular distribution and the impossibility to achieve a

successful tomogram.

2.4. Retrospective gating and image
reconstruction

Retrospective gating (see sketch in Figure 2 was achieved

by detecting the ECG feature corresponding to ventricular

contraction and using it as a reference time-point to gate the

time-series with a time resolution of 1 ms.

First, the detector exposure signal was used to select which

exact ECG data points corresponded to each of the acquired

projections. Then, by direct visual comparison of the ECG data

points with their projections, the ECG feature indicating the

start of ventricular contraction was found.

To detect this specific feature for every single heartbeat

throughout the entire ECG, a single heartbeat signal was cross-

correlated with the whole ECG. This allowed to detect the

position of every heartbeat for independent processing. Then,

within each heartbeat, the largest negative peak (corresponding

to ventricular contraction) was detected.

Once this time-point was detected, it was used as the

reference to calculate 190 additional time-points (1 ms each)

by applying fixed time-offsets in each beat cycle. This was

done under the assumption that ventricular contractions

are reproducible in space and time. This is a demanding

requirement at such high spatial and temporal resolutions and

will affect the reconstruction quality when not holding true, as

later discussed. In terms of heart physiology, this assumption

should be correct unless contractility changes are induced by

drugs or radiation damage.

Finally, all projection numbers with their corresponding

time-bin number and acquisition angle were saved in a

retrospective gating file, which was used as input to a script that

generated every time-point dataset.

Due to the short exposure times and the use of a multilayer

monochromator, the acquired projections were able to capture

changes in beam uniformity, thus invalidating conventional

flat-field correction based on the average of all flat-fields.

To overcome this problem, a dynamic flat-field correction

algorithm based on principal component analysis of the

recorded flat-fields was applied to every dataset. In doing

so, every individual projection was thus corrected with the

most appropriate combination of eigen-flat-fields, as thoroughly

detailed by Van Nieuwenhove et al. (55).

Phase information was retrieved applying the Paganin

single-distance phase-retrieval algorithm (56). The δ/β ratio

was finely tuned to a value of 200 from visual inspection of

the reconstructions. Reconstructions were achieved by using the

GridRec algorithm (57).

In order to investigate heartbeat reproducibility and the

reduction on heart function over time, a window reconstruction

method was applied. Reconstructions over 180o were computed

with 20o steps from 0 to 360o, thus allowing observation of

structural changes happening already during the first half of the

scan. As a result, it was decided to keep dynamic reconstructions

to the first 180o.

Spatial resolution was calculated using a Fourier analysis-

based criterion (58) previously used in other phase contrast

tomography studies (59, 60). Line profiles of all rows and

columns for each image were obtained and their mean power

spectral density was calculated. The power spectral density

converges to the noise baseline, which can be converted to the

corresponding spatial frequency, and thus to spatial resolution.

These calculations lead to a spatial resolution of 3.86 pixels, or

10.6µm. This is due to smoothing from optical components, low

signal-to-noise ratio, image artifacts and phase reconstruction,

among others (53, 58, 59).

Data visualization was achieved with the open-source

software ImageJ (61), while retrospective gating and generation

of time-series datasets was performed using in-house scripts in

Python 3.4 and Matlab 2018a.

3. Results

In this proof-of-concept experiment, we used 6 rats with

the goal to learn the possibilities offered by the setup and

find potential technical challenges to be considered. Out of

these, 1 female rat was successfully imaged, for which the

corresponding results are presented in this section. The rest

of rats allowed to improve the stability of the setup, optimize

the acquisition scheme and understand the response of heart

function to synchrotron radiation. A summary of technical

recommendations can be found in Table 3.

An illustrative time-series of the successfully imaged female

heart is shown in Figure 3, Supplementary Video 1, using as

reference time-point the start of the contraction (0 ms). This

specific slice shows the region where the left ventricle, the

septum and the right ventricle meet together. By following the

marked structure (*, right ventricular trabeculation) through

time, it can be noted how the right ventricular cavity is in

a relaxed position during the negative time points (–30 and

–15 ms). Then, systole starts at time 0 ms and ventricular

contraction can be observed by the collapse of the cavity

and the displacement of the heart, which was freely hanging

in the air. As time evolves, the heart returns to its initial

position and the cavity slowly opens again until the initial

relaxation state. Figure 4, Supplementary Video 2 show two

different resliced versions of the same time-series. In addition,
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FIGURE 2

Sketch of the retrospective gating procedure. In dynamic scans, 160,000 projections (1 ms exposure) were acquired over 720o of continuous

rotation. The ECG of the beating heart was recorded by the PowerLab through an Animal BioAmp. Simultaneously, the exposure signal from the

detector was sent through a pulse shaper to the PowerLab. For the retrospective gating, (1) the feature corresponding to the start of the

contraction was detected in the ECG. (2) Then, all the corresponding projections acquired at that specific time-point were identified. To identify

the projections in the rest of time-points, 1 ms o�sets were applied until the time-series were completed. (3) With all projections assigned to

each time-point, the data was gated and all individual datasets for every time-point were created. (4) All datasets were corrected using dynamic

flat-field correction and (5) reconstructed to obtain the 3D volumes for every time-point in the heartbeat.

Supplementary Video 3 presents sliding orthogonal views of a

single time-point to demonstrate the 3D nature of the data.

The data presented in Figures 3, 4 was obtained using the

projections acquired only during the first 180o, which were a

total of 199 angular projections per time-point. This number

comes from the fact that 199 heartbeats occurred during the first

180o. Such restriction was decided after observing data quality

degradation over time as larger angular ranges were allowed. In

this context, a window reconstruction method was applied to

identify the sources of diminishing data quality.

Figure 5 shows the changes of a representative slice as the

allowed reconstruction angles were varied. Each reconstruction

corresponds to an angular range of 180o but the starting

angle is shifted by 20o in every iteration. The arrows mark

illustrative myocardial structures that change over time, thus

indicating changes in cardiac function and/or structure over

time. The largest changes can be observed during the last

three reconstructions (marked by *). These are most probably

caused by the sliding and dripping of perfusate over the heart

surface or a change in heart motion due to degradation. Since

the observed changes are mainly progressive and slow, they

are indicative of either ischemia (tissue shrinkage) and/or

progressive dysfunction. These are probably caused by a

combination of radiation damage, which leads to ischemia due

to DNA damage and formation of radicals, local temperature

increase, and from the in vitro preparation itself, which is not

completely physiological.

In Figures 3, 5, Supplementary Videos 1, 3 central ring

artifacts can be observed. These are typical from micro-

CT measurements and can arise during flat and dark field

correction, commonly from dirt particles in the scintillator

or malfunctioning pixels, among other reasons. While ring

removal could help eliminate these artifacts, they often

cause (over)smoothing of the data, especially when trying to
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TABLE 3 Summary of experimental considerations and corresponding recommendations.

Topic Description and recommendation

Temperature control Temperature losses can occur in unexpected parts of the Langendorff system. Make sure to warm up as many components of the

setup as possible, including the hearts’ surrounding air, and install temperature probes at different locations to detect the

temperature leakage zones and correct as required.

Buffer pressure As in the temperature case, points of pressure loss can be present. Make sure to detect them in advance with a pressure transducer

and correct the water column height as required.

Buffer solution refill The buffer solution’s reservoir needs to be refilled periodically. Make sure to pre-warm and pre-oxygenate the new batch before

adding it into the system to avoid temperature fluctuations that might affect heart function.

Surgery and perfusion A rapid perfusion of the isolated heart is key to achieve a fully functioning sample. Perform the surgery as close as possible to the

Langendorff system to minimize ischemia. In the reported experiment, an operation table was installed at the beamline (2 m from

the setup).

Bubbles in circulation For diverse reasons, air bubbles might enter in the Langendorff system and get stuck on the aortic valve, compromising coronary

perfusion. During set up, make sure to remove all air from the tubing and perform motor rotations to extract as much air from the

system as possible. Additionally, install extra tubing to allow possible bubbles to scape by creating a tubing T-junction right before

the cannullae.

ECG quality Place ECG electrodes so that optimal signal can be measured. Before proceeding, perform motor translations and rotations to

ensure that these do not cause the electrodes to move nor signal distortions.

Heart motion Due to the hanging position of the hearts, these will swing while beating and thus create unwanted motion. Try to minimize the

swing by using 2 cannullae going as deep as possible into the heart, wihout damaging the cardiac valves or chambers. Since hearts

are mechano-sensitive, adding physical constraints (i.e., a weighted net) will affect their function.

Cardiac function degradation Due to radiation damage, heart function will degrade over time. Before deciding your acquisition scheme, make sure to understand

the exposure that hearts can tolerate before heavily degrading. The evolution of the ECG signal is a good indicator.

eliminate very sharp rings, which we wanted to avoid in the

presented datasets.

4. Discussion

This manuscript presents the successful customization

of an isolated, perfused heart system to allow in vitro

synchrotron-based phase contrast tomographic experiments.

The developed Langendorff setup has allowed dynamic imaging

of a beating rat heart. This is a unique setup worldwide and,

even if it has been specifically designed for the TOMCAT

beamline, the same hardware customization principles and

retrospective-gating technique could be applied at any other

beamline or laboratory setup wishing to perform similar

tomographic experiments.

Dynamic recordings of the beating heart were achieved

at 2.75 µm pixel size (10.6 µm spatial resolution) and 1 ms

temporal resolution, which is an unprecedented level of detail

in this kind of heart measurements (3, 13–15). Reconstructions

were obtained through retrospective gating using the ECG signal

as reference. Illustrative time-series are presented in Figures 3,

4, Supplementary Videos 1, 2. While the motion observed is

a combination of contraction and heart swinging from the

cannulae, a clear wall thickening and contraction of the right

ventricle can be observed in the data. The contraction process

is observed to occur very rapidly within 20 ms after ventricular

electrical activation, while full relaxation is slow and takes up to

∼150 ms. All trials to reduce heart swinging were abandoned,

since heart function was shown compromised due to the

mechanosensitivity of the heart.

Due to the complexity of the experiment and the local field

of view, dynamic data was currently limited to the qualitative

observation of cardiomyocyte aggregates and larger cardiac

structures, such as right ventricular trabeculation, cardiac wall

and large vasculature. While the voxel size is 2.75 µm, the

computed spatial resolution was 10.6 µm due to blurring and

artifacts (e.g., low amount of projections). The challenge of the

experiment lies in the efficient detection of X-rays while keeping

the lowest exposure time possible, due to the rapid motion

of the heart and cardiac function degradation over time. In

this context, the developed setup included the available state-

of-the-art equipment, such as the ultra-fast TOMCAT end-

station (54) and high-numerical aperture 4x macroscope (53).

This configuration allowed an exposure time as low as 1 ms.

This means, therefore, that any movement larger than 1 pixel

within 1 ms (2.75 µm/ms) will lead to motion artifacts in the

reconstruction, as can be observed mostly during contraction

(see Figures 3–5).

Similarly, function degradation leading to changes larger

than a pixel will also introduce an artifact in the reconstruction.

To tackle this issue, scans were recorded over several rotations

with the goal to ensure enough angular sampling. After

the experiment, 180o window reconstructions with a step of

20o were compared to assess how reproducible heartbeats

were over time (see Figure 5). Seeing that after the first

180o some changes observed in the reconstruction started

to appear, it was decided to limit the retrospectively-gated
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FIGURE 3

Time-series of an illustrative slice showing the region where left ventricular wall (LV), septum (S) and right ventricular wall (RV) join. Time is

indicated using the start of the contraction as reference (0 ms). An ECG signal corresponding to a full heartbeat is included in every slice. The

green dot on the ECG indicates the start of the contraction (reference time-point), while the advancing red dot corresponds to the exact

reconstruction location. A right ventricular trabeculation has been marked (*) to clearly follow myocardial contraction and relaxation over time.

Yellow arrows point at coronary vasculature, while red arrows point at cardiomyocyte aggregates. The bottom right image shows a sketch of the

presented heart region. Scale bar is 1 mm.

reconstructions to the projections acquired in this initial

180o. This decision dramatically reduced the number of

projections available for reconstruction to 199 per tomogram,

which in turn reduced image quality and introduced streak

artifacts. To compensate for these artifacts, the use of iterative

reconstruction algorithms or new acquisitions schemes should

be investigated.

Given these physical and (current) technological limitations,

a deep quantitative analysis, such as cardiomyocyte orientation,

would possibly lead to misleading results. Nevertheless, the

dynamically reconstructed data shown in this manuscript are

still very promising. In the future, the use of efficient lower

magnification microscopes and detectors with faster read-out

speed would allow to increase the area of the heart imaged

at one time. Even if at the expense of a larger pixel size, this

would improve image quality and temporal resolution, while

trying to keep dose deposition as low as possible. Moreover, the

addition of heart function sensors for e.g., coronary flow or LV

cavitiy volume, would allow for a deeper understanding of heart

behavior during measurements.

By approximating rat hearts as cylinders of skeletal muscle

with 15 mm diameter and following the dose calculations

described in other biomedical applications of synchrotron

radiation (59, 62, 63), the dynamic acquisitions presented in this

manuscript have been estimated to lead to total absorbed dose

of ∼18 kGy per scan (for the first 180o tomography, ∼4.5 kGy),

which are typical values in synchrotron-based X-PCI (59, 64).

Dose distribution is specially important for tomographic scans

with reduced field of view in comparison with the total volume

of the sample.

With the mentioned improvements, the dynamic data could

be used to determine whether cardiomyocytes are organized

in so called sheets and whether these slide on each other

during the cardiac cycle (65). This is nowadays one of the main

hypothesis that could describe the mechanics of the heartbeat

and partially explain how the myocardium is able to thicken
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FIGURE 4

Time-series of an illustrative reslice (see bottom right, yellow line) from the scanned region including part of the left ventricular chamber (LV),

septum (S) and right ventricular wall (RV). Time is indicated using the start of the contraction as reference (0 ms). An ECG signal corresponding

to a full heartbeat is included in every slice. The green dot on the ECG indicates the start of the contraction (reference time-point), while the

advancing red dot corresponds to the exact reconstruction location. Scale bar is 1 mm.

in a range of 28–50% during contraction, while individual

cardiomyocytes can only thicken by∼8% (12, 66–69). Therefore,

further developments of this setup have the potential to answer

one of the main current questions in the field of cardiac anatomy

and biomechanics.

Furthermore, the implementation of this setup opens the

possibility to use cardiac remodeling models or even create them

in situ, so that their very acute responses could be assessed.

For instance, an ischemic model could be easily achieved by

ligating the left anterior descendant artery while the heart is

mounted, which is a commonly investigated animal model of

cardiac infarct (37, 39, 70).

On top of that, the versatility of the setup allows to modify

the perfusion solution given to the heart to change its behavior

in a controlled manner. In that sense, cardioplegic arrest studies

would be possible by using elevated K+ (diastolic arrest) or

Na+-free Li+ Tyrode (systolic arrest) solutions (13, 14). In

addition, iodine-based contrast agents could be added to the

perfusate to investigate vascular behavior in real-time. Finally,

specific drugs modifying heart contractility or causing vascular

dilation-contraction could be easily investigated using this setup.

One of the main constraints of synchrotron experiments

is the limited availability and duration of time slots. In the

presented methodology, the bulk of the time is dedicated

to the installation of the Langendorff system (∼6 h), its

synchronization with the beamline (∼2 h) and stabilization

of the perfusate temperature to the targeted ∼37oC (∼1

h). The time required for eventual refilling of perfusate is

minimized, since it can be pre-warmed and -oxygenated through

a parallel circuit while the system runs normally. Once these

steps are achieved, the time needed between the application of

anesthesia and a stable isolated, perfused heart is around 30 min.

Acquisition of projections, flats and darks as applied in this study

is well below 10 min. However, future more complex protocols

as discussed above could extend the preparation and acquisition

times. Therefore, one can assume that 1–2 h of experiment per

heart are required, which would potentially allow to perform

statistically supported studies.
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FIGURE 5

Series of representative window-reconstructed slices from 0–180o to 180–360o in 20o steps. Black and white arrows indicate example

structures progressively changing over time, thus indicating function and/or tissue degradation. The star marks a large variation on the heart

surface, probably due to sliding perfusate. Scale bar is 1 mm.

This manuscript presents the customization of an isolated,

perfused heart system compatible with tomographic PB X-PCI

experiments at the TOMCAT beamline. The development of

this type of setup opens the door to the dynamic study of heart

architecture at a quasi-single cardiomyocyte level. This includes

not only the study of normal heart structural dynamics, but also

the possibility to create ischemic models in situ or to investigate

the heart function effects of the administration of certain drugs

in the perfusion solution. In the future, further analysis of this

type of data could lead to more realistic computational models

(71, 72) and a better understanding of the effects of remodeling

in cardiac tissue deformation and heart function.
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Interchangeability of right
ventricular longitudinal
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transthoracic and
transoesophageal
echocardiography in the
perioperative setting: A
prospective study
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Florent Leviel1, Camille Daumin1, BenAmmar Ammar1,

Gilles Touati3, Bouzerar Roger4, Thierry Caus3, Hervé Dupont1,2,

Osama Abou-Arab1, Diouf Momar5 and Yazine Mahjoub1,2

1Department of Anesthesiology and Critical Care Medicine, Amiens University Hospital, Amiens,

France, 2UR UPJV 7518 SSPC (Simplification of Care of Complex Surgical Patients) Research Unit,

University of Picardie Jules Verne, Amiens, France, 3Department of Cardiac Surgery, Amiens

University Hospital, Amiens, France, 4Department of Biophysics and Image Processing, Amiens

University Hospital, Amiens, France, 5Department of Biostatistics, Amiens University Hospital,

Amiens, France

Background: Conventional transthoracic (TTE) and transoesophageal

echocardiography (TEE) parameters assessing right ventricle (RV) systolic

function are daily used assuming their clinical interchangeability. RV

longitudinal shortening fraction (RV-LSF) is a two-dimensional speckle

tracking parameter used to assess RV systolic function. RV-LSF is based on

tricuspid annular displacement analysis and could be measured with TTE

or TEE.

Objective: The aim of the study was to determine if RV-LSFTTE and RV-LSFTEE
measurements were interchangeable in the perioperative setting.

Methods: Prospective perioperative TTE and TEE echocardiography were

performed under general anesthesia during scheduled cardiac surgery in 90

patients. RV-LSF was measured by semi-automatic software. Comparisons

were performed using Pearson correlation and Bland-Altman plots. RV-LSF

clinical agreement was determined as a range of −5 to 5%.

Results: Of the 114 patients who met the inclusion criteria, 90 were included.

The mean preoperative RV-LSFTTE was 20.4 ± 4.3 and 21.1 ± 4.1% for RV-

LSFTEE. The agreement between RV-LSF measurements was excellent, with a

bias at −0.61 and limits of agreement of −4.18 to 2.97 %. All measurements

fell within the determined clinical agreement interval in the Bland-Altman plot.

Linear regression analysis showed a high correlation between RV-LSFTTE and
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RV-LSFTEE measurement (r = 0.9; confidence interval [CI] 95%:

[0.87–0.94], p < 0.001).

Conclusion: RV-LSFTTE and RV-LSFTEE measurements are interchangeable,

allowing RV-LSF to be a helpful parameter for assessing perioperative changes

in RV systolic function.

NCT: NCT05404737. https://www.clinicaltrials.gov/ct2/show/NCT05404737.

KEYWORDS

right ventricular shortening fraction, speckle tracking, interchangeability, right

ventricle, tricuspid

Introduction

Echocardiography is a non-invasive, simple, and helpful

technique in patients undergoing interventional cardiology

procedures, cardiac surgery, high-risk non-cardiac surgery,

and for diagnosing intra- or post-operative complications (1).

Two-dimensional transthoracic echocardiography (TTE) and

transoesophageal echocardiography (TEE) are routinely used

to qualitatively and quantitatively evaluate the structure and

function of the heart (2). TTE and TEE echocardiographic

assessment of the right ventricular (RV) systolic function

is challenging and requires a multiparametric approach that

combines conventional parameters, such as tricuspid annular

plane displacement (TAPSE), RV fractional area change (RV-

FAC), and advanced speckle tracking parameters (3).

In interventional cardiology procedures, TEE is used to

guide device placement and assess the periprocedural changes of

RV systolic function (4). During cardiac surgery, intraoperative

TEE is crucial in assisting surgical decision-making. It is

also a helpful monitoring tool for providing an immediate

point-of-care assessment of RV systolic function, especially

with TAPSE and RV-FAC parameters (1, 3, 5). In the

intensive care unit, RV systolic function is routinely assessed

using conventional parameters measured by transthoracic

echocardiography. This evaluation is crucial for RV failure

diagnosis, global hemodynamic management, and ventilator

parameters setting (5). In daily practice, RV systolic parameters

measured by TTE and by TTE are often used interchangeably

and assumed clinically equivalent, even if their measurement

must be done with caution (6). Actually, the values of

conventional RV-systolic function parameters obtained in TTE

and TEE were not comparable due to a large variability, a

Abbreviations: 2D-STE, two-dimensional speckle tracking

echocardiography; LOA, limits of agreements; RV, right ventricle;

RV-LSF, right ventricle longitudinal shortening fraction; TAD, tricuspid

annular displacement; TEE, transesophageal echocardiography; TTE,

transthoracic echocardiography.

poor correlation (8), and an underestimation with TEE (7).

For some authors, RV strain parameters and 3D RV ejection

fraction (3D-RVEF) should be used to avoid the variability and

angle dependency of the conventional RV systolic parameters

(6). However, the measurement of RV strain parameters and

3D-RVEF required high image quality and specific probes, thus

limiting their use in clinical routine.

The right ventricle longitudinal shortening fraction (RV-

LSF) is a two-dimensional speckle tracking echocardiography

(2D-STE) parameter based on the longitudinal tricuspid annular

displacement (TAD) that assesses the global RV systolic

function (9). RV-LSF is a semi-automatic, angle-independent,

and accurate 2D-STE parameter for assessing RV systolic

dysfunction in several clinical settings (10, 11). Besides, RV-LSF

is a fast and reproducible post-processing 2D-STE parameter less

dependent on image quality (12) and loading conditions (13)

than RV strain parameters. RV-LSF combines the longitudinal

displacement of the lateral (TADlat) and septal (TADsep) portion

of the tricuspid ring toward the RV apex. RV-LSF can be

measured by TTE or TEE (14). In TTE, RV-LSF is more

correlated to the RV ejection fraction, evaluated in magnetic

resonance imaging (9) or three-dimensional echocardiography

(12), than conventional and strain parameters. Besides, RV-

LSF is more accurate for identifying patients with RV

dysfunction (10).

However, to our knowledge, RV-LSF values measured by

TTE and TEE have not been compared.Mainly, there are no data

assessing the interchangeability of RV-LSFTTE and RV-LSFTEE.

In TEE, several factors could affect RV-LSF measurement and,

therefore, its interchangeability: TEE view is foreshortened

and does not fully display the apical portion of the RV,

which is crucial for ROI placement. Besides, the dynamic and

non-planarity of the tricuspid annulus could also affect the

measurement of TADlat and TADsep.

The first aim of the study was to determine whether RV-

LSFTTE and RV-LSFTEE measurements could be considered

interchangeable in the perioperative setting. The second aim was

to study the interchangeability of the two components of RV-LSF

(TADlat and TADsep).
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Methods

Study population

This prospective interventional study was conducted

at Amiens university hospital (Amiens, France) between

August 2021 and April 2022. We prospectively included all

adult patients (>18 years old) hospitalized for a scheduled

cardiac surgery under cardiopulmonary bypass that required

intraoperative TEE. Exclusion criteria were patients with a

contraindication to TEE performance (gastric or esophageal

pathology), a poor echogenicity on TEE, a TTE not allowing

evaluation of RV-LSF, and patients with a rapid supraventricular

rhythm disorder at the time of TEE and TTE.

Ethics

This is a single-center, prospective and interventional

study of patients hospitalized at Amiens University Hospital

for scheduled cardiac surgery under cardiopulmonary bypass

(CPB). The study was approved by the Amiens University

Hospital IRB (CHU–Place V. Pauchet, 80054 AMIENS Cedex)

and by an institutional ethics committee (Comité de Protection

des Personnes Ile de France VIII, ID-RCB 2021_A000908-33).

Oral and written information was provided to the patients.

Echocardiography procedure

Echocardiography images were obtained using high-quality

commercially available probes (S5-1 for TTE, X7-2T for TEE,

Philips Healthcare) and ultrasound systems (CX 50, Philips

Healthcare). To assess the interchangeability of RV-LSF, TTE

and TEE exams, respectively, were performed in patients under

general anesthesia immediately after induction of anesthesia,

oral intubation, and muscle blockade. The procedures for

general anesthesia andmechanical ventilation were standardized

for all patients. The TEE and TTE echocardiography protocols

followed the American Society of Echocardiography and the

European Society of Cardiology recommendations for assessing

RV systolic function (3, 15).

RV-LSF measurement

RV-LSF was measured using dedicated software (Automated

Cardiac Motion Quantification, QLAB version 15.0, Philips

Medical Systems, Andover, MA, USA). For RV-LSF analysis,

three regions of interest (ROI) were used to initialize the first

diastolic frame in a mild-esophageal four-chamber (ME-4CH)

view (Figure 1A, Supplementary Video 1) for the TEE procedure

and in an RV-focused apical four-chamber view for the TTE

procedure (Figure 1B, Supplementary Video 2). These ROI were

placed 1) on the tricuspid annulus at the insertion of the anterior

tricuspid valve leaflet (RV free wall), 2) on the tricuspid annulus

at the insertion of the septal leaflet, and 3) on the RV apex. The

software automatically tracked and calculated three parameters:

(1) the displacement between the RV free wall and the RV

apex (TADlat), (2) the displacement between the interventricular

septum and the RV apex (TADsep), and (3) the RV-LSF. RV-

LSF was calculated as the maximum end-systolic displacement

(LES) of the mid-annular point from the measured annular

motion and is expressed as a percentage of the end-diastolic

RV longitudinal dimension (LED): 100× (LED–LES)/LED. The

software automatically selected the mid-annular point.

RV-LSF was analyzed in a single beat, and the reported value

was the average of 3 measurements. All TTE and TEE RV-LSF

measurements were analyzed offline (separately and randomly)

by an expert sonographer 2 weeks after the inclusion period.

RV systolic conventional parameters

In TTE, conventional RV systolic parameters were measured

according to international guidelines: tricuspid annular plane

systolic excursion (TAPSE) was measured using M-mode with

a cursor placed at the junction of the lateral tricuspid leaflet and

the RV free wall. RV-S’ wave was measured in the apical four-

chamber view using Doppler tissue imaging mode. RV systolic

and diastolic areas were measured in the apical four-chamber

view in 2D mode. RV-fractional area change was calculated by

subtracting the end-systolic area from the end-diastolic area

and dividing this value by the end-diastolic area. The following

variables were recorded: age, gender, body weight, personal

medical history, logistic EuroSCORE II, type of cardiac surgery,

preoperative plasmatic creatinine, and hemoglobin.

Statistical analysis

Continuous variables were expressed as mean and

95% confidence interval or standard deviation. Categorical

variables are presented as absolute numbers and percentages.

The correlation between TTERV−LSF and TEERV−LSF

measurements was quantified using Pearson’s coefficient.

Bland-Altman (BA) analysis was performed to assess the level of

agreement between RV-LSFTTE and RV-LSFTEE.

Sample size calculation

Assuming a common standard deviation equal to 5 points

for each of the RV-LSF values (TTE and TEE), the standard

deviation of the difference between the two measures is

estimated to be 3.87 if a correlation coefficient (ρ) of 0.7 is

assumed between the two RV-LSF measures. Thus, according

to Bland and Altman (16), at least 90 evaluable patients would

be required to estimate the limits of agreement (LOA) with an
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FIGURE 1

TEE RV-LSF measurement (A) and TTE RV-LSF measurement (B). A lateral point (blue circle) and a septal point (orange circle) were placed at the

bottom of the RV free wall and the bottom of the interventricular septum. A third point was placed at the apex (yellow circle). TAD lateral, septal,

and RV longitudinal shortening fraction (RV-LSF) values were automatically displayed in percentage. The mid-annular point is automated and

selected by the software.

FIGURE 2

Flow chart of the study.

accuracy equal to 1 point in RV-LSF. We also performed Bland

and Altman analysis to evaluate the levels of agreement between

TADlat−TTE, TADlat−TEE, TADsep−TTE, and TADsep−TEE.

Limits of clinical relevance for RV-LSF: given that the mean

RV-LSFTTE from healthy volunteers was 25.6 ± 4.8% (13), we

expect a clinically insignificant difference between RV-LSFTTE
and RV-LSFTEE to be 5 % (clinical LOA was −5 to 5%). The

threshold for statistical significance was set to p < 0.05. To

analyze the discrepancy between the different measures, we

performed a Spearman correlation and a calculation of the intra-

class coefficient (ICC). All statistical analyses were performed

with R software (version 4.0.4).

Results

From August 2021 to February 2022, 201 consecutive

patients were hospitalized for scheduled cardiac surgery under
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TABLE 1 Demographics and echocardiographic data of

the population.

Variables Overall population
(n = 90)

Age (years) 63± 11

BMI (kg.m−2) 27.3± 5.8

Male gender (n %) 74 (82)

Medical history, n (%)

Angina severity according to CCS (n = 32)

1 7 (22)

2 7 (22)

3 12 (37)

4 6 (18)

Myocardial infarction 5 (6)

Peripheral vascular disease 11 (12)

Hypertension 53 (59)

Smoking 21 (23)

Diabetes mellitus 19 (21)

Dyslipidemia 57 (63)

Chronic renal disease 6 (6)

Stroke 11 (12)

Atrial fibrillation 20 (22)

Chronic obstructive pulmonary

disease

8 (9)

Logistic EuroSCORE (%) 4.3± 4

Hemoglobin (g/dl)

Creatinine (µmol/l)

14.1± 4.7

95± 60.9

Preoperative TTE

Left ventricular ejection fraction

(%)

59.1± 11.2

TAPSE (mm) 21.2± 4.8

RV-S’ (cm.s−1) 12.11± 5.6

RV-FAC (%) 47.1± 8.2

Cardiac surgery procedure, n (%)

Valve repair/replacement 33 (37)

CABG 26 (29)

Combined 26 (29)

Others 5 (6)

RV 2D-STE parameter in TTE

RV-LSF (%) 20.4± 4.3

TADlat (mm) 20.3± 4.8

TADsep (mm) 11.5± 3.1

(Continued)

TABLE 1 (Continued)

Variables Overall population
(n = 90)

RV 2D-STE parameter in TEE

• RV-LSF (%) 21.1± 4.1

• TADlat (mm) 17.8± 4.4

• TADsep (mm) 9.4± 3.1

Data are expressed as mean (standard deviation) and count (%).2D-STE, bi-

dimensional speckle tracking echocardiography; BMI, body mass index; CABG, coronary

artery bypass graft; CCS, Canadian cardiovascular society; RV, right ventricle; RV-

FAC, right ventricle fractional area change; RV-LSF, right ventricular longitudinal

shortening fraction; TAPSE, tricuspid annular plane systolic excursion; TADlat ,

tricuspid annular displacement of the lateral portio; TADsep , tricuspid annular

displacement of the septal portion; TEE, transoesophageal echocardiography; TTE,

transthoracic echocardiography.

cardiopulmonary bypass. Among the 114 patients who met the

inclusion criteria, 90 patients were included, and 24 patients

were finally excluded: 18 patients for poor TTE image quality,

five patients due to a failed ROI placement, and one for rapid

rhythm disorder (see Figure 2, Flow chart). Demographic and

preoperative data were summarized in Table 1. Among the 90

patients, 82% (n = 74/90) were men with an average age of

63 ± 11 years. The average logistic EuroSCORE II was 4.3 ±

4, and valve repair/replacement was the main cardiac surgical

procedure (n= 33/90, 37%).

TTE and TEE RV-LSF measurement

The mean preoperative RV-LSFTTE was 20.4 ± 4.3% and

21.1 ± 4.1% for RV-LSFTEE measurements. Bland-Altman

analysis showed an excellent agreement between RV-LSFTTE
and RV-LSFTEE measurements. The bias between the two

methods was −0.61%, with LOA ranging from −4.18 to 2.97%

(Table 2). Figure 3A showed that 95% of RV-LSF measurements

fell within the LOA (−4.18 to 2.97 %) and, therefore, within

the clinical relevance limits (−5 to 5%) that we had initially

determined. Linear regression analysis showed that there was a

strong positive correlation between RV-LSFTTE and RV-LSFTEE
with a Pearson linear correlation coefficient of 0.91 (CI95% =

[0.87–0.94]; P < 0.001) and with an excellent model fit (y= 0.36

+ 0.95x, r= 0.82, Figure 4A).

TTE and TEE for TADsep and TADlat

measurement

The mean preoperative TADlat−TTE was 20.3± 4.8mm and

17.8±4.4mm for TADlat−TEE measurement. Figure 3B showed

a reasonable agreement between the two echocardiographic

methods for TADlat measurement with a bias of 2.44mm and
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TABLE 2 Correlation coe�cient and di�erence between RV-LSF, TADsep, and TADlat measurement in TTE and TTE.

TTE RV−LSF vs. TEE RV−LSF
(%)

TTE TADsep vs. TEE TADsep

(mm)

TTETADlat vs. TEETADlat
(mm)

Difference between measurement −0,61 1.42 2.44

Lower limit of agreement −4.18 −4.91 −4.11

Upper limit of agreement 2.97 7.76 8.99

Pearson correlation coefficient [95% CI] r= 0.91 [0.87–0.94]; p < 0.001 r= 0.56 [0.40–0.69]; p < 0.001 r= 0.74 [0.63–0.82]; p < 0.001

Regression line equation y= 0.36+0.95x y= 7,1+0.44x y= 5.74+0,81x

Data are expressed as numbers. CI, confidence interval; RV-LSF, right ventricular longitudinal shortening fraction; TADlat , tricuspid annular displacement of the lateral portion; TADsep ,

tricuspid annular displacement of the septal portion; TEE, transoesophageal echocardiography; TTE, transthoracic echocardiography.

LOA ranging from −4.11 to 8.99mm (outside the range for

clinical agreement). The 2.44mm bias corresponded to 12.8%

relative bias compared to the overall TADlat measurements

with LOA from −21.6 to 47.3%. A good correlation was found

between TADlat−TTE and TADlat−TEE (r = 0.74, CI95% =

[0.63–0.82], P< 0.001, Figure 4B). For the TTE and TEETADsep

measurements, Figure 3C showed that TEE underestimated

the TADsep measurement compared to the TADsep−TTE

measurement with a bias of 1.42mm and LOA ranging from

−4.9 to 7.7mm. The corresponding relative bias of TADsep was

13.1% with LOA from−45.2 to 71.0% and moderate correlation

between two TADsep measurements (r = 0.56, CI95% = [0.40–

0.69], P < 0.001, Figure 4C). We found similar results after

calculating the Spearman correlation and intra-class coefficients

(Appendix Table 1).

Discussion

The main findings of the present study can be summarized

as follows: (1) RV-LSF measurements using TTE and TEE

techniques were interchangeable, (2) TADlat exhibited a limited

bias and good agreement between the two techniques but outside

acceptable clinical agreement, and (3) TEE underestimated

TADsep measurement.

RV-LSF agreement between TTE and TTE

Clinicians need interchangeable RV parameters between

TTE and TEE because an accurate assessment of RV systolic

function is of utmost importance for perioperative RV

monitoring and precise diagnosis of RV dysfunction during

postoperative follow-up. The most used TTE RV systolic

parameters were RV-FAC and TAPSE, which are assumed to

apply to TEE. In TEE, TAPSE measurement is challenging due

to a problematic M-mode alignment. Hence, modified methods

were proposed for assessing tricuspid systolic excursion with

controversial results (7). RV-FAC measurement is limited by

the endocardial border definition and its poor reproducibility

(8). Despite significant disagreement between TTE and TEE

measures (7, 8), RV systolic parameters are often used

interchangeably in daily practice.

In this study, we demonstrated that RV-LSF measurements

were interchangeable between TTE and TEE. The graphical

Bland-Altman analysis showed a limited bias and LOA

between the two ultrasound techniques. This is the first

study to report an excellent agreement between TTE and

TEE techniques using a clinical significance agreement (−5

to 5%) for a 2D-RV global systolic function parameter (8).

Several factors explain this result: first, RV-LSF is a highly

reproducible, repeatable, and accurate 2D-STE parameter

(10). Indeed, RV-LSF is measured semi-automatically by

the software (10). Second, unlike RV-strain assessment, RV-

LSF measurement does not require high-resolution images.

Moreover, during the TEE procedure, tricuspid annulus tracking

is less affected by acoustic shadowing than RV-free wall

myocardium (needed for strain analysis) (7). Hence, RV-LSF

might be helpful in clinical follow-up from admission to the

post-operative setting.

TTE and TEE measurement of TAD lateral
and TAD septal

This is the first study that reported data about TADlat and

TADsep measurement interchangeability. We found that TTE

and TEE TADsep measurements were poorly correlated (r =

0.5) and not interchangeable. We observed a good correlation

(r = 0.7) between TTE and TEE TADlat measurements.

However, the graphical Bland-Altman analysis showed that

both TADlat measurement were underestimated, and the LOA

between the two methods were too broad for reasonable

clinical interchangeability. The underestimation of the TEE

measurement was probably because the TEE ME-4CH view

may not represent the true long axis of the interventricular

septum and causes a “foreshortening” view. Foreshortening view

is a frequent problem in 2D echocardiography examinations. It

occurs when the ultrasound beam does not cut through the true

apex, leading to geometric distortion of the image. Therefore,

the long axis of the ventricle appears shorter. Previous studies on
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FIGURE 4

Scatter plots of TTE as a function of TEE measurements of (A) RV-LSF (B) TAD lateral, and (C) TAD septal.

LV function identified similar findings about underestimation of

volumes due to foreshortening of the transesophageal imaging

plane (17). The impact of the foreshortening view on RV-

LSF measurement was probably limited because RV-LSF is a

length ratio and because the underestimation of TADsep and

TADlateral values, on which RV-LSF value depends, is relatively

homogeneous (close to 12% for both).

Besides, as in our study, these results are probably related

to using the RV apex as the reference point. Selection of

RV apex can be challenging because TEE only partially

reveals the apical portion of the RV, which is truncated

or shortened; this leads to underestimating the measured

parameters. The use of 3D echocardiography for assessing

the RV systolic function is the best approach to avoid a

foreshortening view and an underestimation of ventricle size or

volumes (18).

Our results were close to that of other studies which assess

the interchangeability between the longitudinal displacement

analysis of the lateral portion of the tricuspid annular and

TAPSE. Markin et al. compared TTE TAPSE by M-mode

and TEE TAPSE by speckle tracking in 84 patients. They

found that TAPSE by M-mode was correlated with TAPSE

by speckle tracking in the ME-4CH view (Pearson r =

0.62), but they did not analyze the agreement between the

two methods. In the study by Mauermann et al., TAD

lateral (named speckle tracking TAPSE) was assessed in

TEE and compared to TTE TAPSE. The authors found a

significant correlation (r = 0.59) but with large LOA (−9.4 to

8.4mm) (7).

Strengths and limitations

This study had several strengths. First, this study

prospectively acquired TTE and TEE images under identical

clinical situations in mechanically ventilated patients under

general anesthesia. Secondly, we performed a sample size

calculation to assess clinical agreement between the two

techniques to avoid underpowered analysis. Nevertheless,

this study admits some limitations. First, RV-LSFTEE and

RV-LSFTTE were calculated from loops recorded in a supine

position, possibly resulting in a foreshortened apical view

in TTE. To limit the impact of a foreshortening apical view

on RV long-axis measurement due to supine position, we

measured RV-LSF in an RV-focused apical four-chamber

view as recommended (3). Second, we did not evaluate the

inter-observer reproducibility for TTE and TEE for RV-LSF

measurement. Indeed, because both ultrasound procedures

were performed just before the surgical draping of the patient,

we chose to shorten the duration of image acquisition to avoid

any extensive delay before starting the surgical procedure.

Third, TEE and TTE measurements were acquired by an

echocardiography expert (level III competence according to

the EACVI definition) (19) because the main issue is related

to the imaging window. The ROI positioning on the lateral

part of the tricuspid annular or the RV-apex may be limited

because the sector window is too narrow and requires an

optimal view. We believe that RV-LSF measurement should

be performed by a physician with advanced training in TTE.

Fourth, we failed to measure RV-LSFTEE in four patients

with large aortic root. Hence, the use of RV-LSF appears

to be limited for monitoring RV systolic function in aortic

root surgery. Finally, as with many 2D-STE parameters, the

software version is a potential limitation. It is possible that

RV-LSF values measured by the Philips QLAB version 15.0

may not reflect results from another version of the same

software (20, 21).

Conclusion

In this study, we showed that RV-LSFTTE and RV-

LSFTEE measured in the operating room for patients

undergoing cardiac surgery exhibited excellent clinical

agreement, and thus were interchangeable. RV-LSF could
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be helpful in assessing RV systolic function during and after

high-risk surgery.
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Appendix

TABLE A1 Spearman correlation coe�cient and ICC between RV-LSF,

TADsep, and TADlat measurement in TTE and TTE.

Spearman
correlation
coe�cient

ICC

RV-LSFTTE vs.

RV-LSFTEE

0.89 [0.82–0.93] 0.91 [0.86–0.96]

TADlat-TTE vs. TADlat-TEE 0.74 [0.63–0.82] 0.74 [0.63–0.82]

TADsep-TTE vs.

TADsep-TEE

0.46 [0.25–0.62] 0.44 [0.26–0.59]

Data are expressed in numbers and 95% confidence interval [-]. ICC, interclass

coefficient; RV-LSF, right ventricular longitudinal shortening fraction; TADlat , tricuspid

annular displacement of the lateral portion; TADsep , tricuspid annular displacement

of the septal portion; TEE, transoesophageal echocardiography; TTE, transthoracic

echocardiography.
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Purpose: Tissue Doppler imaging (TDI) is a sensitive marker of impaired

cardiac function and different phases of the TDI curve carry different

prognostic information. It is not known how continuous TDI curves change

with age in normal subjects, and whether these changes differ from changes

seen in individuals at risk of future cardiac events.

Methods: A total of 1,763 individuals from the general population were

examined with color TDI at the septal and lateral mitral sites. A low-risk group

was defined as without cardiac risk factors (hypertension, diabetes or ischemic

heart disease) at baseline and without any cardiac events (cardiovascular death

or admission due to either heart failure or acute myocardial infarction) during

10-years follow-up. All TDI curves were corrected for heart rate, and whole-

cycle analysis of age-related changes to TDI velocities was performed in both

low-risk (n = 881) and high-risk individuals (n = 882).

Results: In the low-risk population, four phases where myocardial velocity

differed most (p < 10−10) according to age were identified [in a standardized

cardiac cycle of 1 second (s)]: Systolic peak (0.09–0.13 s), systolic plateau

(0.18–0.27 s), early diastole (0.43–0.54 s) and late diastole (0.88–0.95 s).

With increasing age, systolic velocities decreased, early diastolic velocities

decreased and had delayed peak, and late diastolic velocities increased until

age 70 and then stopped increasing. In the high-risk population, comparison

to corresponding age groups of the low-risk population showed: Lower early

diastolic velocities in 20–40-year-olds; higher late diastolic velocities and

lower peak systolic velocities in 40–60-year-olds; further decreased systolic

velocities including the systolic plateau and decreased late diastolic velocities

in 60-year-olds. The time segments around the systolic peak (p = 0.002)

and early diastole (p < 0.001) differed significantly between the high-risk and

low-risk population, thus making it possible to use the individual age gap
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between a TDI-derived biological age and the real chronological age as a tool

to discriminate high-risk individuals from low-risk individuals.

Conclusion: We found that individuals with cardiac risk factors display findings

compatible with an accelerated aging of the heart and thus propose TDI-

derived biological age as a tool to identify high-risk patients.

KEYWORDS

tissue Doppler imaging, healthy aging, cardiac degeneration, accelerated aging,
biological age

Introduction

Measurement of myocardial velocities with tissue Doppler
imaging (TDI) has become an integrated part of the assessment
of diastolic heart function in clinical echocardiography (1).
Both systolic as well as diastolic TDI velocities have been
demonstrated to be sensitive markers of impaired cardiac
function (2–4) and prognosis (5–7), and there is a significant
association between TDI peak values and age (8–10). While
current recommendations and existing studies mainly focus on
peak values of TDI velocities, it has been shown that different
phases of the TDI curve carry different prognostic information
(11). It is not known how continuous TDI curves change with
increasing age in normal subjects, and whether these changes
differ qualitatively from changes seen in individuals at risk of
future adverse events. Computer-aided automated analysis of
TDI curves could allow the integration of information from a
large number of examinations to answer these questions.

Thus, we set out to achieve the following aims: (1) Perform
whole-cycle analysis of TDI myocardial velocities in a low-risk
population without cardiac risk factors to determine age-related
changes. (2) Compare whole-cycle TDI velocities in high-risk
individuals with cardiac risk factors to low-risk individuals at
different age levels. (3) Relate the effect of cardiac risk factors on
TDI velocities with changes during normal aging.

Materials and methods

Study population

This study is an echocardiographic sub-study of the 4th
Copenhagen City Heart Study, a Danish cohort study of
cardiovascular disease and risk factors (12, 13). The present
study includes 1,763 randomly selected men and women (20–
93 years old) from the general population who underwent an
echocardiographic examination including color TDI. Whether
a participant underwent echocardiography was independent
of health status and other risk factors. Individuals with atrial
fibrillation or significant valvular stenosis or regurgitation were
excluded. All subjects gave informed consent to participate.

The study was performed in accordance with the Helsinki
Declaration and approved by the regional ethics committee.

Health examination

Systolic and diastolic blood pressures were measured
on the left upper arm, in a sitting position after 5 min
of rest. Hypertension was defined as systolic blood
pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg
or use of antihypertensive medication. Diabetes was defined
as plasma glucose concentration ≥ 11.1 mmol/L, HbA1c

level > 7.0%, self-reported disease or use of insulin or another
antidiabetic medication. Ischemic heart disease (IHD) was
defined as ischemic alterations on the electrocardiogram
(Minnesota codes 1.1–3) or a history of hospital admission
due to acute coronary artery occlusion, percutaneous coronary
intervention or coronary artery bypass grafting.

Tissue Doppler imaging

Three experienced echo technicians performed all
echocardiograms. Color TDI loops were obtained in the
apical four-chamber view at the highest possible frame rate,
using GE Vingmed Ultrasound’s Vivid Five with a 2.5 MHz
probe (Horten, Norway). For each individual, one TDI loop
and the corresponding electrocardiogram were saved and
analyzed offline by investigators blinded to other information.
TDI velocity curves were obtained by measuring within a 6 mm
circular region of interest at the septal and lateral mitral annular
positions. The data of the septal and lateral TDI velocity curves
of one heart cycle and the concurrent electrocardiogram were
saved in one CSV file for each individual.

Outcome and definitions

Participants were followed from the examination in 2001
through 2003 until April 2013 or time of event. The primary
endpoint was a cardiac event within 10 years of follow-up,
defined as the combined endpoint of cardiovascular death
or admission due to either heart failure or acute myocardial
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infarction. Low-risk individuals were defined as being free of
hypertension, diabetes and IHD at baseline and without any
cardiac event at 10 years of follow-up. High-risk individuals
were defined as having one or more of the following:
Hypertension, diabetes or IHD at baseline, or cardiac event
within 10 years of follow-up. Follow-up data on cardiovascular
deaths were collected from the national Danish Causes of Death
Registry. Follow-up data on admissions with heart failure and
acute myocardial infarction were obtained from the Danish
National Board of Health’s National Patient Registry. Follow-up
was 100% complete.

Data analysis

Importing data
In order to analyze the entire TDI curve of all individuals

at once, all the CSV files were imported into a 3D array. Each
2D layer in the array was labeled with a unique study-ID and
contained the values of the TDI curves and electrocardiogram of
that individual. Baseline data and follow-up data were saved in
separate data frames but labeled by the same unique ID, making
all data easily accessible for analysis.

Standardizing heart cycles
In order to standardize the length of the TDI curves

of individuals with different heart rate, heart cycles were
standardized to a length of 1 s in the following way:

- Defining starting point of heart cycle: Time of R-peak in
the electrocardiogram was defined as the starting point of
time = 0 in the standardized heart cycle.

- Identifying length of systole and diastole: Start of systole
was defined as time = 0. End of systole was defined as
the time of the first negative TDI value (either septal or
lateral) after 0.2 s. The limit of 0.2 s was set to avoid
the initial negative TDI values at the beginning of systole
(isovolumetric contraction). Diastole was defined as the
rest of the heart cycle from end of systole.

- Standardizing length of systole: Fridericia’s cube-root
formula for QTc correction was used to correct the
duration of systole to fit a heart cycle of 1 s (14). The values
of the formula QTc = QT/RR1/3 were: QT = length of
systole; RR = length of heart cycle = maximum time value
of the TDI curve. Application of this method meant that
all the systolic time values of the TDI curve were divided
by RR1/3.

- Standardizing length of diastole: First, the time values of
the diastole were parallel shifted to fit the new time position
of the end of systole. Afterward, all the time values were
equally distributed between the time of end of systole to
time = 1 (end of heart cycle).

- Standardizing amount and frequency of time
observations: Due to different cycle lengths and the
standardization process, different individuals now
had a different amount of time observations and
time values. To make further analyses possible, we
defined that all individuals should have TDI values
each 0.01 s, making up 101 observations from t = 0.00
to t = 1.00. To impute TDI values at the exact 0.01
time-intervals, we made a linear fit through the TDI
values of the two nearest available time data points to
derive the TDI value that fitted the newly created 0.01
time-position.

Regression-based TDI velocities
To generate reference TDI velocities for any given age, we

made a regression model based on all the TDI curves of the
low-risk population. Septal and lateral TDI values for each
individual were averaged before performing regression. Linear
regression with a quadratic age-variable was performed in all
101 time-positions (from t = 0.00 to t = 1.00). A quadratic
age-variable was chosen because of non-linearity in some time-
positions. Normality was checked with QQ-plots. In Figure 1,
the presented normal reference TDI velocities are generated
from this regression model, and p-values were calculated for
each 0.01 time-position. In Figure 3, regression curves for the
high-risk population were generated from a similar regression
model based on the data of the high-risk population. The p-
values of the age-adjusted association between TDI values and
risk group were calculated for each 0.01 time-position.

Biological age
Based on the data of the low-risk population, a regression

model was made for the association between age and the mean
TDI values of each of the two important phases of the heart
cycle identified in Figure 3 (systolic peak and early diastole),
respectively. Then, for each individual, a biological age was
calculated for each phase by inserting their mean TDI values
of the phase into the corresponding regression model. Then
we subtracted their real chronological age from their calculated
biological age, yielding an individual age gap. These individual
age gaps are presented in Table 3 for each cardiac risk group,
including an average age gap based on both phases.

Statistics
In Table 1, Welch two-sample t-test was used for continuous

variables and Chi-square test for categorical variables. In
Table 2, comparisons between groups were done by ANOVA. In
Table 3, Welch two-sample t-test was used to compute p-values
in comparison to the reference (low-risk) group of same TDI
area.

All data analyses were performed in R statistical software
version 4.0.5 (15).
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TABLE 1 Population characteristics.

Low-risk High-risk p-value

n 881 882

Male sex, n (%) 372 (42) 389 (44) 0.45

Age, years (SD) 49.2 (±14.6) 66.3 (±12.0) <0.001

BMI, kg/m2 (SD) 24.4 (±3.3) 26.4 (±4.1) <0.001

Heart rate, bpm (SD) 65 (±10) 69 (±11) <0.001

Hypertension, n (%) 0 742 (84)

Diabetes, n (%) 0 179 (20)

IHD, n (%) 0 231 (26)

BBB, n (%) 11 (1.3) 36 (4.1) <0.001

LVEF,% (SD) 59.9 (±1.0) 59.6 (±2.5) 0.001

LAVI, mL/m2 (SD) 18.1 (±5.2) 20.0 (±7.0) <0.001

E,m/s (SD) 0.75 (±0.16) 0.68 (±0.16) <0.001

A,m/s (SD) 0.62 (±0.15) 0.77 (±0.18) <0.001

DT, ms (SD) 160 (±40) 180 (±40) <0.001

Creatinine, µmol/L (SD) 79.3 (±13.8) 81.6 (±18.8) 0.003

Cholesterol, mmol/L (SD) 5.3 (±1.1) 5.8 (±1.1) <0.001

Cardiac event at 10-year
follow-up, n (%)

0 202 (23)

- AMI admission, n (%) 0 56 (6.3)

- HF admission, n (%) 0 101 (11.5)

- Cardiac death, n (%) 0 107 (12.1)

Baseline characteristics and follow-up data. High-risk group defined as the presence
of hypertension, diabetes or ischemic heart disease at baseline or the occurrence of a
cardiac event at 10 years of follow-up. Continuous variables presented as mean (± SD).
Categorical variables presented as n (%). BMI, body mass index; bpm, beats per minute;
IHD, ischemic heart disease; BBB, bundle branch block; LVEF, left ventricle ejection
fraction; LAVI, left atrial volume index; E, transmitral E-wave; A, transmitral A-wave;
DT, deceleration time; AMI, acute myocardial infarction; HF, heart failure.

Results

The study population consisted of 1,763 persons of which
42% (n = 742) had hypertension, 10% (n = 179) had diabetes,
and 13% (n = 231) were known with IHD. During 10-year
follow-up (IQR 9.8–10 years), 11.5% (n = 202) had a cardiac
event defined as cardiac death or admission due to myocardial
infarction or heart failure.

The study population was divided into two groups: A
low-risk group (n = 881) without cardiac risk factors at
baseline (hypertension, diabetes, and/or IHD) and without any
cardiac events during a 10-year period, and a high-risk group
comprising the rest (n = 882) (see Table 1).

TDI curves in low-risk population

There was a significant association between age and peak
TDI velocities in both risk groups, as presented in Table 2. In the
low-risk population, automated whole-cycle analysis generated
reference TDI velocities for any given age. In Figure 1, reference
TDI curves are presented for ages of every 10 years.

As indicated by the background colors of Figure 1, there
was a significant association between age and TDI-values
throughout most of the heart cycle. Thus, Figure 1 illustrates
how TDI curves change according to chronological age in
low-risk individuals. Four phases of the heart cycle where the
velocity trace differed most according to age were identified
(p < 10−10; dark blue areas): Systolic peak (0.09–0.13 s),
systolic plateau (0.18–0.27 s), early diastole (0.43–0.54 s) and
late diastole (0.88–0.95 s). With increasing age, systolic velocities
decreased, early diastolic velocities decreased and their peak was
delayed, and late diastolic velocities increased until age 70 and
then stopped increasing (absolute velocity values are considered
when defining an increase/decrease here and in the following).

TDI curves in high-risk population

Figures 2A–C compare the median TDI curve for low-risk
and high-risk populations within the same age groups. In the age
group of 20–40-year-olds (Figure 2A), the high-risk population
was very small (n = 22) and thus the signal of the TDI curve is
less smooth. However, the high-risk group seems to have lower
early diastolic velocity.

In the high-risk group of 40–60-year-olds (Figure 2B), early
diastolic velocity is clearly lower and late diastolic velocity is
slightly higher. Peak systolic velocity was also lower, while the
systolic plateau remained the same compared to the low-risk
group.

TABLE 2 Mean peak velocities by age group.

Low-risk High-risk

20–40
years

40–60
years

> 60 years p 20–40
years

40–60
years

>60 years p

s’ (cm/s) 6.7 (± 1.3) 6.2 (± 1.3) 5.7 (± 1.5) p < 0.001 6.9 (± 1.4) 5.8 (± 1.2) 5.2 (± 1.2) p < 0.001

e’ (cm/s) 10.8 (± 2.0) 8.5 (± 1.9) 6.2 (± 1.8) p < 0.001 9.7 (± 1.7) 7.0 (± 1.9) 5.1 (± 1.6) p < 0.001

a’ (cm/s) 4.4 (± 1.5) 6.2 (± 1.7) 7.4 (± 1.8) p < 0.001 5.6 (± 1.9) 6.8 (± 1.8) 7.0 (± 2.0) p = 0.005

Presented as mean (± SD). s’, peak systolic velocity; e’, peak early diastolic velocity; a’, peak late diastolic velocity.
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FIGURE 1

Regression-based reference TDI curves of the low-risk population (n = 881). Colored lines represent reference TDI curves for each age.
Background colors indicate significance levels of the association between age and TDI values at each 0.01 s time-position. TDI values are
averaged for septal and lateral mitral sites, presented for one standardized heart cycle of 1 s.

In the high-risk group older than 60 years (Figure 2C), the
decrease of early diastolic and systolic velocities was further
accentuated, now also involving the systolic plateau. However,
the late diastolic velocity reached a turning point and now began
to decrease compared to the low-risk group.

Distinction between TDI curves in
high-risk and low-risk populations

Figure 3 presents automated whole-cycle analysis of the data
presented in Figure 2. The regression-based reference velocities
of the low-risk group (as presented in Figure 1) were compared
to the regression-based velocities of the high-risk group for the
corresponding age at each time point. To ease visual comparison
to Figure 2, TDI curves of 30-, 50-, and 70-year-olds are
illustrated. For the entire population, of the four important
phases identified in Figure 1, only the systolic peak (p = 0.002)
and early diastole (p < 0.001) differed significantly between
the low-risk and high-risk population, as velocities during these
periods were lower in high-risk individuals.

Biological age vs. chronological age

As a tool to discriminate high-risk individuals from low-

risk individuals, we present a concept of assessing the individual

age gap between the TDI-derived biological age and the real

chronological age of each individual. For each individual,

biological age was calculated based on their mean TDI values

in the two important phases of the heart cycle significantly

associated with risk group and age (systolic peak and early

diastole), and the corresponding individual age gaps are

presented in Table 3 for each cardiac risk group and for the

high-risk group as a whole.

Example for reading Table 3: An individual with a

chronological age of e.g., 60 years and known hypertension,

has systolic peak velocities like a 76-year-old low-risk individual

(real age + 16 years) and early diastolic velocities like a 69-

year-old (real age + 9 years). On an average, this 60-year-old

individual with hypertension has a heart in the same condition

as a 72-year-old low-risk individual (real age + 12 years).
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FIGURE 2

Comparison of median and interquartile range of measured TDI-values between low-risk and high-risk groups, divided into age groups of
20–40-year-olds [(A); low-risk n = 226; high-risk n = 22], 40–60-year-olds [(B); low-risk n = 432; high-risk n = 216] and > 60 year-olds [(C);
low-risk n = 223; high-risk n = 644]. TDI values are averaged for septal and lateral mitral sites, presented for one standardized heart cycle of 1 s.
Solid lines are median values. Transparent colored areas represent interquartile range.

Table 3 shows that all cardiac risk populations had a higher
biological age than their chronological age, when looking at the
systolic as well as the early diastolic TDI values.

Discussion

In this study, we present a novel and automated whole-
cycle approach to analyzing TDI velocity curves and apply
this analysis to a large group of individuals from the
general population. In this way, four highly significant phases
of the cardiac cycle that differ the most with age were
identified: The systolic peak, the systolic plateau, early diastole,
and late diastole. Using the same type of analysis, we
demonstrate significant differences between low-risk and high-
risk individuals during two of these phases, as TDI velocities
of high-risk and low-risk individuals differ significantly at

the systolic peak and early diastolic part of the TDI
curve. We found that individuals with cardiac risk factors
display findings compatible with an accelerated aging of the
heart, and we propose a way of quantifying the individual
age gap between the TDI-derived biological age and the
chronological age.

Myocardial velocities in healthy aging

In Figure 1, we show how whole-cycle TDI curves
change in normal healthy aging of the heart. Using a
regression model on standardized curves corrected for heart
rate, we found that there was a significant association
with age throughout most of the TDI curve, but with
large differences in the strength of the association during
different phases of the cardiac cycle. We identified four highly
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FIGURE 3

Regression-based TDI curves of selected age groups, comparing the low-risk population (solid lines) with the corresponding age group in the
high-risk population (dashed lines). Background colors indicate significance levels of the age-adjusted association between risk group and TDI
values at each 0.01 s time-position. Black horizontal bars indicate the four phases identified in Figure 1, where the TDI values differed most
according to age. TDI values are averaged for septal and lateral mitral sites, presented for one standardized heart cycle of 1 s.

TABLE 3 Individual age gap between biological and chronological age.

Low-risk High-risk, total Hypertension Diabetes IHD Cardiac event

(n = 881) (n = 882) (n = 742) (n = 179) (n = 231) (n = 202)

Systolic peak 0 (ref.) 15 (10–20) years 16 (10–21) years 11 (1–20) years 16 (8–25) years 21 (12–30) years

p < 0.001 p < 0.001 p = 0.02 p < 0.001 p < 0.001

Early diastole 0 (ref.) 8 (6–10) years 9 (7–11) years 7 (4–10) years 8 (6–11) years 8 (5–11) years

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Average 0 (ref.) 12 (8–15) years 12 (9–15) years 9 (3–14) years 12 (7–17) years 15 (10–20) years

p < 0.001 p < 0.001 p = 0.002 p < 0.001 p < 0.001

Individual age gap calculated as biological age subtracted by chronological age. Computed based on the two areas of the TDI curve significantly associated with risk group and age (systolic
peak and early diastole). Presented as mean age gap in years (95% confidence intervals). P-value computed in comparison to low-risk group based on same TDI area.

significant phases: The systolic peak, the systolic plateau,
early diastole and late diastole. The general pattern of age-
related changes—an early shift of diastolic velocities while
systolic velocities and thus the total heart movement remain
preserved until older age—is similar to previous findings (8,
9).

This presentation of standardized reference values for
the continuous TDI curve, and the identification of highly
significant areas, made it possible to compare the changes in
healthy aging in low-risk individuals with the differences in
myocardial velocities seen in high-risk individuals.

Changes to myocardial velocities
associated with cardiac risk factors

To evaluate the effects of cardiac risk factors separately
from normal age-related changes, we compared whole-cycle
TDI curves between low-risk and high-risk individuals within
each age group (Figure 2). Even though our study is cross-
sectional, the distinct TDI differences between low-risk and
high-risk individuals in each age group could be seen as the
chronological development of different TDI changes associated
with duration of cardiac risk factors, since older individuals are
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likely to have longer-lasting contribution from risk-factors than
younger individuals (16).

Our data suggest that the earliest degenerative change
associated with cardiac risk factors is a decrease in early
diastolic velocities. Later, there is an increase in late diastolic
velocities and decrease in peak systolic velocities. With further
duration, these changes are accentuated, and velocities of the
systolic plateau also begin to decrease. However, the increase
of late diastolic velocities will reach a turning point after which
they will start to decrease, which makes the late diastolic
phase less suited for discrimination between individuals at
high and low risk.

These changes seen in Figure 2 are also well illustrated in
the regression-based curves of Figure 3. Surprisingly, in the
regression curve of the youngest group, the whole systole seems
to be higher in the high-risk group than the low-risk group.
However, this deviation of the regression model is likely due
to the small number of high-risk individuals aged 20–40 years
(n = 22) and should be interpreted with caution. From the
regression model, we identified two important phases of the
heart cycle that were both strongly associated with age and
also significantly differed between risk groups after adjusting
for age. Thus, our data confirm that the systolic peak and the
early diastole are the best phases of the TDI curve to distinguish
high-risk individuals from low-risk individuals, as previously
suggested by other studies (11, 17, 18).

Individuals at high risk of cardiac
events show signs of accelerated aging
of the heart

Held together, our whole-cycle analyses demonstrate that
the changes in TDI velocities associated with cardiac risk factors
in subjects within the same age group appeared to be similar
to the changes of the TDI curve seen in healthy aging. Thus, it
suggests that conditions associated with increased cardiac risk
cause a general accelerated aging of the heart. In the literature,
the idea of a disease-related acceleration of normal cardiac aging
is also suggested in a study on hypertension (19).

Consequently, it might become possible to screen for high-
risk patients by taking the TDI curve of any given patient and
compare it to a set of normal reference TDI curves. If the
patient’s TDI curve corresponds to an older age than expected,
then the patient is likely to have some accelerated cardiac
deterioration and thus be at an increased risk of cardiac event.

To illustrate this potential application, we built a model to
estimate biological heart age based on the two highly significant
areas of the reference TDI curves (systolic peak and early
diastole). Based on this, we present a quantification of the
individual age gaps between biological age and chronological
age for different risk groups (Table 3). With further studies

and software development it might be possible to use this
approach to identify high-risk patients during echocardiography
by comparing the measured TDI curve with built-in reference
TDI curves.

Compared with 2D strain deformation imaging, TDI offers a
number of potential advantages. TDI directly measures motion,
and the temporal resolution is high, which allows a reproducible
determination of peak motion during individual phases of the
cardiac cycle. Only measurements from the mitral sites are
needed for TDI, and the examination is thus feasible in most
patients even when image quality is suboptimal.

Study strengths

This study has certain strengths. 1) The unique extensive
national Danish registries made it possible to have a 100%
complete follow-up of our large study population of 1,763
individuals. 2) This study is the first study to analyze whole-
cycle TDI velocity curves. Our method of correcting for heart
rate made it possible to compare standardized whole-cycle
curves for any individual in an automated manner and thus
allowed the hypothesis-free identification of important phases
of the heart cycle.

Study limitations

This study has certain limitations. 1) The inhabitants of
Denmark and thus the study population are predominantly
Caucasian, which may limit the generalizability of our findings.
2) Standardizing velocity curves of different heart rates is a
theoretical approach that might not be an exact reflection
of reality, thus risking a slight time-shift of individual peak
values, resulting in lower mean peak values in the standardized
reference values. An alternative to our approach would be to
identify temporal valve events and use these to define periods
of the cardiac cycle, which would also better allow analysis of
the isovolumetric phases. This approach would require manual
analysis and thus be less suited for the kind of automated
analysis we have developed here. 3) Averaging the septal and
lateral wall velocity curve serves to reduce variability but might
hide differences between the two walls.

Conclusion

In the general population, TDI myocardial velocities are
significantly associated with age throughout most of the cardiac
cycle, and individuals with cardiac risk factors display TDI
changes compatible with a general accelerated aging of the heart.
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The systolic peak and early diastolic part of the TDI curve are
best at distinguishing between low-risk individuals and high-
risk individuals and may thus be used to calculate a TDI-derived
biological age—a potential tool for identifying high-risk patients
at risk of future cardiac events.
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Myocardial inefficiency is an
early indicator of
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Kristina Haugaa2, Thor Edvardsen2 and Stein Ørn1

1Department of Cardiology, Stavanger University Hospital, Stavanger, Norway, 2ProCardio Center
for Innovation, Department of Cardiology, Oslo University Hospital, Rikshospitalet, Oslo, Norway,
3Department of Mathematics and Physics, University of Stavanger, Stavanger, Norway, 4Research
Department, Stavanger University Hospital, Stavanger, Norway, 5Department of Biochemistry,
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Background: The effect of prolonged, high-intensity endurance exercise

on myocardial function is unclear. This study aimed to determine the left

ventricular (LV) response to increased exercise duration and intensity using

novel echocardiographic tools to assess myocardial work and fatigue.

Materials and methods: LV function was assessed by echocardiography

before, immediately, and 24 h after a cardiopulmonary exercise test (CPET)

and a 91-km mountain bike leisure race. Cardiac Troponin I (cTnI) was used to

assess myocyte stress.

Results: 59 healthy recreational athletes, 52 (43–59) years of age, 73% males,

were included. The race was longer and of higher intensity generating

higher cTnI levels compared with the CPET (p < 0.0001): Race/CPET:

exercise duration: 230 (210, 245)/43 (40, 45) minutes, mean heart rate:

154 ± 10/132 ± 12 bpm, max cTnI: 77 (37, 128)/12 (7, 23) ng/L. Stroke volume

and cardiac output were higher after the race than CPET (p < 0.005). The

two exercises did not differ in post-exercise changes in LV ejection fraction

(LVEF) or global longitudinal strain (GLS). There was an increase in global

wasted work (p = 0.001) following the race and a persistent reduction in global

constructive work 24 h after exercise (p = 0.003).

Conclusion: Increased exercise intensity and duration were associated with

increased myocardial wasted work post-exercise, without alterations in LVEF
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and GLS from baseline values. These findings suggest that markers of

myocardial inefficiency may precede reduction in global LV function as

markers of myocardial fatigue.

KEYWORDS

myocardial work, sports cardiology, exercise, left ventricular function, myocardial
strain, exercise-induced cardiac fatigue, myocardial efficiency, athletes heart

Introduction

Increased physical activity increases health benefits (1–4).
However, prolonged high-intensity endurance exercise may be
associated with an increased risk of adverse clinical outcomes (5)
and alterations in left and right ventricular (LV and RV) function
(6, 7). These exercise-induced alterations in myocardial function
are often called exercise-induced cardiac fatigue (8–10).

Numerous studies have reported on post-exercise LV
function assessed by echocardiography (8). A large meta-
analysis reported an overall reduction in LV global longitudinal
strain (GLS), LV ejection fraction (EF), and diastolic function
after bouts of prolonged, high-intensity exercise exceeding 2 h of
duration (8). However, the studies included in the meta-analysis
did not compare the response to different exercise intensities
and durations within the same individuals. Furthermore,
echocardiographic parameters, such as LV volumes and GLS,
are influenced by pre- and afterload, potentially precluding the
assessment of the myocardial response to exercise (11, 12).

A novel echocardiographic method has been developed to
assess non-invasive parameters of myocardial work (MW) (13–
16). MW uses a combination of LV GLS and systolic blood
pressure (SBP) to obtain LV pressure-strain loops. These MW
parameters offer new insights into alterations in LV function
following exercise compared with traditional echocardiographic
parameters. Moreover, since MW parameters can identify
pathological alterations in myocardial function due to ischemia,
these parameters may present new insights into exercise-
induced cardiac fatigue (17, 18).

This study aimed to determine the LV response to increased
exercise workload by comparing two exercises of different

Abbreviations: BMI, Body mass index; CPET, Cardiopulmonary exercise
test; MET, Metabolic equivalent of task; cTnI, Cardiac Troponin I; SBP,
Systolic blood pressure; DBP, Diastolic blood pressure; HR, Heart rate;
CVD, Cardiovascular disease; Vo2 Max, Maximal oxygen consumption;
AT, Anaerobic threshold; E/A, Ratio of early to late diastolic transmitral
blood flow velocities; E8, Early diastolic myocardial tissue velocity;
LV, Left ventricle; RV, Right ventricle; LAVi, Left atrial volume index;
EDV, End diastolic volume; ESV, End systolic volume; GLS, Global
longitudinal strain; EF, Ejection fraction; SVi, Stroke volume index; CO,
Cardiac output; EDVi, End diastolic volume index; ESVi, End systolic
volume index; GWI, Global work index; GCW, Global constructive work;
GWW, Global wasted work; GWE, Global work efficiency; PSS, Post
systolic shortening; PSI, Post systolic shortening index; ESL, Early systolic
lengthening.

exercise intensity and duration, using both traditional and MW
echocardiographic parameters before and after exercise.

Materials and methods

Study participants were recruited among healthy, prior
participants in the NEEDED 2013 and 2014 studies (19, 20).
Exclusion criteria were age below 18 years of age, any prior
history, signs or symptoms of cardiac disease, pathological
ECG or echocardiographic findings, and a normal CT coronary
angiography, without obstructive CAD following exercise.

The present study was conducted in 2018.
Echocardiography was acquired before exercise, immediately
after, and at 24 h following two episodes of high-intensity
endurance exercise in 2018 (Figure 1). The first exercise was
a cardiopulmonary exercise test (CPET) (Supplementary
material 1). The second exercise was participating in the 91-km
North Sea Race Mountain bike leisure race in 2018. Cardiac
Troponin I (cTnI) was used as a biomarker of myocardial stress
(21). Blood samples were acquired before (baseline) and at 3-h
(the expected maximum elevation) and 24 h (to assess recovery)
following both exercises. During the race, power meters (Stages
Power Meters, Boulder, CO, US) were used to assess the
amount of work performed. Exercise intensity was assessed
by continuous heart rate measurement using Garmin heart
rate straps and Garmin Forerunner 935 Sport Watch (Garmin,
Olathe, KS, USA). A CT coronary angiography was performed
2–3 weeks after the race in 2018 to ensure the absence of
new coronary artery obstruction potentially influencing the
echocardiographic assessments and cTnI response. Informed
consent was obtained from all study participants prior to study
inclusion. The Regional Ethics Committee approved the study
(REK nr 2013/550).

Echocardiographic image acquisition

GE Vivid E 95 ultrasound systems and 4V probes
(Vingmed Horten, Norway) were used for all echocardiographic
assessments. Three medical doctors were responsible for
acquiring images in relation to the CPET, and six medical
doctors worked on parallel stations in relation to the cycle
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FIGURE 1

Flow chart of the study.

race to acquire images immediately after finishing the race.
Comprehensive imaging protocols were applied. Appropriate
frame rates were applied, to allow later high-quality post-
processing, including speckle-tracking strain analysis.

Analysis of myocardial function and
morphology

All echocardiographic analyses were performed offline on
EchoPAC V202 (General Electric Vingmed Ultrasound AS) by
a researcher blinded to clinical data and exercise information.
All echocardiographic parameters were calculated according to
the European Association of Cardiovascular Imaging (22, 23).
The Devereux formula was used to determine LV mass. Mitral
valve inflow was assessed using pulsed-wave Doppler at the
mitral valve leaflets; pulsed-wave tissue Doppler imaging was
performed to assess septal mitral annular velocity. LV volumes

and EF were assessed using three-dimensional imaging. Two-
dimensional speckle tracking imaging was used to study LV
deformation. LV GLS was calculated as an average longitudinal
strain value based on apical two-, three-, and four-chamber
views at a 60–70 frames/second frame rate using the automated
function imaging (AFI). Time to peak strain was defined as
the time from onset Q/R wave on ECG to peak negative
longitudinal strain during the entire cardiac cycle. Post-systolic
strain was calculated as the absolute difference between peak
global longitudinal strain (peak G) and peak longitudinal
strain during systole (peak S). Post-systolic index (PSI) was
defined as [(peak G–peak S)/peak G] × 100. Early systolic
lengthening was determined in 18 left ventricular segments,
and peak P represents the maximal positive strain value in
early systole. Mechanical dispersion (MD) was defined as the
standard deviation of time to peak negative strain in 18 left
ventricular segments.

Myocardial work (MW) analysis

Myocardial work (MW) calculation was performed offline
using EchoPAC software version 202 (General Electric Vingmed
Ultrasound AS). A commercially available algorithm was used
to calculate four MW parameters (see below). The LV pressure
curve was estimated using an empiric reference pressure curve
that was adjusted according to the duration of the isovolumic
and ejection phases. SBP was measured with a brachial cuff with
study subjects sitting. The opening and closure of the aortic and
mitral valves were determined manually in the three- and four-
chamber apical views based on Doppler signals and visualization
of valve opening and closure.

Pressure strain was generated in each myocardial segment
by the EchoPAC software, and global values were calculated
as mean values of all segments. The global work index (GWI)
parameter is the total work performed by the left ventricle,
using the area of the pressure-strain loop between the mitral
valve closure and opening. Global constructive work (GCW)
is the sum of positive work due to myocardial shortening
in systole and negative work due to myocardial lengthening
during isovolumetric relaxation. Global wasted work (GWW)
is the sum of myocardial lengthening in systole and shortening
in isovolumetric relaxation, reflecting the work that does not
contribute to LV ejection. Global work efficiency (GWE) is
constructive work divided by the sum of constructive work
and wasted work.

Cardiac Troponin I (cTnI)
measurements

The High sensitivity cTnI assay (STAT) from Abbott
Diagnostics was used for the measurement of cTnI, before
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exercise and at 3 and 24 h following exercise. The assay
was analyzed on an Architect SR2000i (Abbott Diagnostics,
Abbott Park, IL, USA). Overall 99th percentile is 26 ng/L (men:
34 ng/L and women: 16 ng/L) (IFCC Committee on Clinical
Applications of Cardiac Bio-Markers).

Statistical analysis

Normally distributed continuous variables are reported as
mean ± SD, while continuous variables with markedly skewed
distributions are reported as the median and interquartile
range (25th, 75th percentile). The Shapiro–Wilk test was
used to test for normality. For continuous variables, The
Mann–Whitney U test or a Student T-test was used to
compare groups, as appropriate. Spearman analysis was used
to calculate bivariate correlations. A two-tailed p-value < 0.05
was considered significant. SPSS version 26.0.0.1 was used for
statistical analyses.

Results

A total of 59 healthy, well-trained, recreational athletes, 52
(43, 59) years of age, 73% males, without obstructive coronary
artery disease (> 50% stenosis) verified by CT scans, were
included in the study (Table 1). The study participants had a
median training volume of 61 (47, 102) MET hours/week and a
median training experience of 10 (7, 21) years.

Before CPET (baseline), the mean SBP (systolic blood
pressure) was 136 ± 16 mmHg, and the heart rate (HR) was
59 ± 10 bpm. Echocardiographic recordings at baseline showed
a mean LV mass index of 87.5 ± 14.5 g/m2 and a mildly
elevated median LV end-diastolic volume index of 82 (69, 97)
mL/m2 compared to reference values (22). All other baseline
echocardiographic measurements were within normal ranges.

The impact of exercise on
physiological and echocardiographic
parameters

Both CPET and the race exercises were of high physical
intensity (Table 2). There was a highly significant increase in
cTnI after both exercises, with the highest values at 3 h after
exercise, with declining values at 24 h (Table 2).

Immediately after exercise, SBP and DBP (diastolic blood
pressure) decreased, but HR increased, and so did cardiac
output (CO) and mechanical dispersion (Table 3). Most
echocardiographic parameters were lower than pre-exercise
values immediately following exercise, including LV stroke
volume (SV), left atrial volume index (LAVi), LV diastolic and
systolic volumes (EDV and ESV), E/A ratio, E, E8, E/E8, LV GLS,

TABLE 1 Baseline characteristics (n = 59).

Characteristic

Age, years 51.1 ± 9.7

Male sex, n (%) 43 (72.9)

BMI, kg/m2 24.9 (23.3, 27.1)

Waist circumference, cm 85.0 (81.0, 93.0)

SBP, mmHg 135 ± 16

DBP, mmHg 82 ± 10

Former smoker, n (%) 27 (44.3)

Family history of CVD 4 (6.6)

Prior CVD, n (%) 0

Diabetes, n (%) 0

Training experience

Years of endurance training 10.0 (7.0, 21.3)

Number of prior competitions 10.0 (5.0, 20.0)

Exercise volume (MET hours/week) 61.3 (47.1, 101.7)

Cardiopulmonary exercise test (CPET)

Max VO2 (mL/min/kg) 41.2 ± 8.4

Power at max VO2 (watt/kg) 3.8 ± 0.8

HR at VO2 max (bpm) 177 ± 12

Power at AT (watt) 200 ± 47

HR at AT (bpm) 162 ± 13

Normally distributed values are reported as mean ± SD, and markedly skewed values are
reported as median (25th, 75th percentile). BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; CVD, cardiovascular disease; MET, metabolic
equivalent; HR, heart rate; AT, anaerobic threshold.

GWI, and GCW (Table 4). There were no significant differences
in LVEF following exercise.

Global wasted work (GWW) was significantly higher after
the race (p 0.001) compared with the pre-exercise value and
global work efficiency (GWE) was lower (p 0.006), this was not
observed following the CPET. Twenty-four hours after the race
GWW and GWE returned to baseline values.

Echocardiography at 24 h showed increased LV EDV and
ESV, but a decreased CO compared with pre-exercise values.

The impact of increased exercise
intensity and duration, comparison of
race, and CPET results

The race was of higher workload and longer duration
than the CPET, resulting in higher post-exercise cTnI values
(Table 2). Immediately following exercise, there was a
significant reduction in SBP and DBP for both exercises,
and still significantly lower than pre-exercise values at 24 h
(Supplementary materials 2, 3). The reduction in SBP from
before to after exercise was significantly larger for the race than
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TABLE 2 Physical measurements cardiopulmonary exercise test
(CPET) and race (n = 59).

Exercise
parameters

CPET Race P-value

Duration of exercise
(min)

43 (40, 45) 230 (210, 245) <0.001

ATHR (bpm) 162 ± 13

AT (Watt) 200 ± 47

HR peak (bpm) 177 ± 12 175 ± 12 0.08

HR mean (bpm) 132 ± 12 154 ± 10 <0.001

SBP peak (mmHg) 201 (181, 216) 230 (210, 245) <0.001

SBP mean (mmHg) 183 ± 14 166 ± 15 <0.001

DBP peak (mmHg) 83 (68, 94) 100 (90, 110) <0.001

DBP mean (mmHg) 83 ± 9 84 ± 8 0.54

Power (watt/kg), peak 3.8 ± 0.8 9.2 ± 6.8 0.001

Power (watt/kg), mean 2.9 ± 0.5 2.1 ± 0.5 <0.001

Work total (watt × min) 8650 ± 1778 40289 ± 7714 <0.001

Work/kg total
(watt/kg × min)

107 ± 21 496 ± 65 <0.001

Weight reduction (kg) 0.4 (0.2, 0.6) 1.3 (0.8, 1.8) <0.001

Delta creatinine 3 h
(µmol/L)

2.7 ± 4.5 11.0 ± 12.7 <0.001

cTnI

Pre-exercise (ng/L) 3.2 (2.0, 7.0) 4.0 (2.1, 7.5) 0.77

3-h post-exercise (ng/L) 11.6 (7.0, 23.2) 77.1 (37.1, 128) <0.001

24-h post-exercise (ng/L) 5.0 (2.9, 9.5) 15.7 (7.7, 32.1) <0.001

Normally distributed values are reported as mean ± SD, and skewed values are reported
as median (25th, 75th percentile). AT, anaerobic threshold; HR, heart rate; bpm,
beats per minute; SBP, systolic blood pressure; DBP, diastolic blood pressure; cTnI,
Cardiac Troponin I.

the CPET (p < 0.05). Post-race HR was only higher than CPET
immediately after the race returning to baseline values, equal
to the CPET values, at 24 h following the race (Table 3). At
all time-points following the race, there were smaller diastolic
and systolic volumes compared with the CPET, but higher SV,
larger cardiac output, and larger GWI compared with the CPET
(Tables 3, 4). There was a lower E/A ratio and smaller LAVi
immediately following the race that returned to baseline after
24 h with no difference compared with CPET. There was a
significant reduction in LV GLS immediately after both the
CPET and the race (p< 0.05), with a similar reduction after both
exercises. LVEF did not change after the CPET nor after the race.

There were no significant correlations between
echocardiographic parameters and cTnI after the CPET.
There was a weak positive correlation between cTnI and end
systolic- and diastolic volumes 24 h after the race (Spearman’s ρ

0.26 and 0.29, p = 0.05 and p = 0.03). There was also a positive
correlation between LV GLS immediately after the race and
cTnI 3 h after the race (Spearman’s ρ 0.275, p = 0.044) and

24 h after the Race (Spearman’s ρ 0.298, p = 0.028). There
were no significant correlations between cTnI, LVEF, diastolic
parameters, and MW parameters.

Differences in pre-exercise
measurements between the CPET and
the race

Comparing the pre-exercise assessment before the CPET
and the race revealed several significant differences (Tables 3, 4).
Before the race, there was a significantly (p < 0.001) higher
pre-exercise SBP than the CPET, but no difference in heart
rate. A large portion of the echocardiographic findings before
the race differed from pre-CPET findings (Tables 3, 4). The
following echocardiographic values were higher before the race
compared with the values before the CPET: CO (p = 0.005),
LV SV (p < 0.001), E8(p < 0.001), GWI (p < 0.001), GCW
(p = 0.006), GWE (p = 0.024), and post systolic shortening index
(p = 0.015). The following values were lower: ESV (p = 0.018),
E/E8 (p = 0.048), and post-systolic shortening (p = 0.009).

Percentual changes from baseline to
post-exercise

The difference in many pre-exercise parameters before
the CPET and the race indicates the presence of significant
confounders complicating a direct comparison between the
race and the CPET. In order to reduce the impact of baseline
confounders, the difference in post-exercise parameters between
the race and the CPET was assessed by the percentual change
from each pre-exercise value (Figure 2). When using this
approach, there were no significant post-exercise differences
regarding LV EF, LV GLS, GWI, and GWE. However, there
was increased GWW immediately after the race compared with
the CPET (p = 0.025), and there was a significant persisting
reduction in GCW 24 h following the race (p = 0.015). Figure 3
illustrates representative pressure-strain loops from one of the
study subjects after the CPET and the race with a significant
reduction in GWI immediately post-exercise for both CPET
and the race, with a reduction in the pressure-strain loop area.
Twenty-four hours after the CPET the area under the pressure
strain loop is back to baseline area but still reduced 24 h after the
race, illustrating a reduced ability to recover after the race.

Reproducibility

Intra- and inter-observer variability analysis confirmed high
reproducibility of the parameters LV GLS, four-chamber strain,
three-chamber strain, and two-chamber strain analyses, and the
myocardial work parameters GWI, GCW, GWW, and GWE
(Supplementary material 4).
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TABLE 3 Hemodynamic and echocardiographic parameters (n = 59).

CPET Race P-value

Blood pressure

SBP (mmHg) Baseline 135
(122, 146)

143
(129, 156)

<0.001

Post-exercise 128
(119, 136)

128
(122, 139)

0.037

24 h 126
(119, 137)

135
(126, 151)

<0.001

DBP (mmHg) Baseline 81
(74, 89)

78
(71, 87)

0.32

Post-exercise 78
(70, 84)

72
(68, 81)

0.10

24 h 78
(69, 86)

73
(69, 81)

0.08

Heart rate
(bpm)

Baseline 58
(51, 65)

57
(50, 66)

0.78

Post-exercise 79
(70, 90)

87
(83, 95)

<0.001

24 h 56
(50, 63)

55
(50, 66)

0.74

LV volume 3D

EDVi (mL/m2) Baseline 81.6
(69.1, 96.5)

81.4
(70.3, 90.3)

0.32

Post-exercise 79.8
(72.0, 88.9)

73.8
(64.2, 82.1)

<0.001

24 h 92.1
(85.4, 103.3)

88.1
(80.3, 100.0)

<0.001

ESVi (mL/m2) Baseline 33.8
(29.1, 39.4)

32.8
(28.0, 37.6)

0.018

Post-exercise 34.2
(31.7, 39.8)

30.5
(26.3, 36.5)

<0.001

24 h 39.4
(35.9, 42.9)

36.3
(32.9, 40.8)

0.002

LV function

E/A ratio Baseline 1.3
(1.1, 1.7)

1.2
(1.1, 1.6)

0.07

Post-exercise 1.0
(0.9, 1.2)

0.9
(0.8, 1.1)

<0.001

24 h 1.4
(1.1, 1.6)

1.3
(1.1, 1.7)

0.26

E8 septal
(m/sek)

Baseline 0.11
(0.09, 0.12)

0.12
(0.10, 0.14)

<0.001

Post-exercise 0.10
(0.09, 0.12)

0.11
(0.08, 0.12)

0.29

24 h 0.11
(0.09, 0.13)

0.11
(0.09, 0.14)

0.002

E/E8 septal Baseline 7.0
(6.0, 8.4)

6.9
(6.1, 7.9)

0.048

Post-exercise 6.6
(5.5, 7.9)

6.6
(5.2, 8.3)

0.95

24 h 7.2
(6.4, 8.9)

7.0
(6.0, 9.0)

0.38

EF (%) Baseline 59.0
(55.0, 60.0)

58.0
(56.0, 63.0)

0.10

Post-exercise 57.0
(55.0, 60.0)

58.0
(55.0, 61.5)

0.08

24 h 58.0
(56.0, 60.0)

59.0
(56.0, 61.0)

0.28

(Continued)

TABLE 3 (Continued)

CPET Race P-value

SVi (mL/m2) Baseline 43.0
(38.9, 52.0)

47.6
(42.8, 57.4)

<0.001

Post-exercise 39.7
(34.4, 46.6)

42.8
(38.0, 50.1)

0.014

24 h 43.3
(37.3, 50.6)

46.0
(41.6, 51.6)

0.001

CO
(mL/min/m2)

Baseline 2610
(2151, 3055)

2907
(2446, 3268)

0.005

Post-exercise 3328
(2724, 3831)

3772
(3311, 4379)

<0.001

24 h 2388
(2178, 2814)

2575
(2260, 3053)

0.008

GLS (%) Baseline 20.0
(18.0, 22.5)

20.8
(19.0, 22.4)

0.21

Post-exercise 19.0
(17.0, 20.0)

19.5
(18.0, 22.0)

0.013

24 h 20.0
(19.0, 22.0)

20.0
(18.0, 22.0)

0.54

Mechanical
dispersion
(msec)

Baseline 33.5
(29.0, 40.0)

31.5
(22.5, 40.8)

0.014

Post-race 39.0
(28.0, 49.0)

36.0
(31.0, 43.0)

0.64

24 h 35.0
(27.0, 41.5)

31.0
(24.5, 37.5)

0.025

Left atrial volume 3D

EDVi (mL/m2) Baseline 31.7
(25.0, 38.6)

30.6
(23.0, 37.8)

0.17

Post-exercise 26.2
(22.9, 33.3)

23.7
(19.9, 27.5)

<0.001

24 h 30.8
(25.1, 35.8)

31.8
(27.5, 39.0)

0.24

RV

RV base
diameter, mm

Baseline 40.0
(36.8, 42.0)

41.0
(37.8, 44.0)

0.12

Post-exercise 39.0
(36.0, 42.0)

39.0
(35.5, 42.0)

0.43

24 h 39.0
(37.0, 41.8)

40.0
(38.0, 42.0)

0.019

RV GLS, 3
segments, %

Baseline 27.0
(24.7, 28.8)

26.6
(23.8, 29.6)

0.98

Post-exercise 25.9
(21.3, 28.6)

25.6
(22.6, 30.0)

0.19

24-h 27.0
(25.1, 29.1)

25.9
(21.3, 28.6)

0.64

Values are median (25th, 75th percentile). SBP, systolic blood pressure; DBP, diastolic
blood pressure; LV, left ventricle; EDVi, end-diastolic volume index; ESVi, end-systolic
volume index; EF, ejection fraction; SVi, stroke volume index; CO, cardiac output; GLS,
global longitudinal strain; RV, right ventricle.

Discussion

This is the first study to provide evidence suggesting
myocardial inefficiency as an early indicator of exercise-
induced myocardial fatigue. The study is based upon multiple
echocardiographic assessments before and after exercise
comparing two different workloads, in well-trained middle-aged
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TABLE 4 Myocardial work parameters (n = 59).

CPET Race P-value

GWI
(mmHg%)

Baseline 2156
(1899, 2399)

2493
(2192, 2638)

<0.001

Post-exercise 1865
(1621, 2201)

2073
(1889, 2391)

<0.001

24-h 2011
(1764, 2208)

2312
(2104, 2496)

<0.001

GCW
(mmHg%)

Baseline 2383
(2152, 2668)

2601
(2360, 2811)

0.006

Post-exercise 2096
(1972, 2434)

2252
(2036, 2580)

0.005

24-h 2356
(2096, 2641)

2497
(2254, 2676)

0.43

GWW
(mmHg%)

Baseline 66.0
(37.5, 128.0)

53.0
(36.0, 81.0)

0.06

Post-exercise 58.0
(41.8, 104.3)

82.0
(41.5, 129.0)

0.21

24-h 49.0
(33.5, 88.0)

49.0
(30.8, 66.8)

0.12

GWE (%) Baseline 97.0
(95.0, 98.0)

98.0
(96.0, 98.0)

0.024

Post-exercise 96.0
(95.0, 98.0)

96.0
(94.8, 98.0)

0.83

24-h 97.0
(95.0, 98.0)

97.0
(97.0, 98.0)

0.012

PSS (%) Baseline −0.2
(−0.4, −0.1)

−0.4
(−0.9, 0.13)

0.009

Post-exercise −0.4
(−0.7, −0.2)

−0.6
(−2.1 to 0, 0.2)

0.005

24-h −0.1
(−0.3, −0.1)

−0.2
(−0.4, −0.1)

0.75

PSI (%) Baseline 1.2
(0.6, 1.9)

2.0
(0.7, 5.0)

0.015

Post-exercise 2.2
(1.1, 3.6)

2.7
(1.2, 11.5)

0.010

24-h 0.7
(0.4, 1.6)

0.8
(0.4, 1.7)

0.98

ESL (%) Baseline 1.7
(1.0, 2.8)

1.6
(0.9, 2.1)

0.28

Post-exercise 2.7
(1.6, 3.8)

2.0
(1.2, 3.7)

0.07

24-h 1.4
(0.8, 2.4)

1.8
(0.9, 3.0)

0.17

Values are median (25th, 75th percentile). GWI, global work index; GCW, global
constructive work; GWW, global wasted work; GWE, global work efficiency; PSS, post
systolic shortening; PSI, post systolic shortening index; ESL, early systolic lengthening.

athletes, without obstructive coronary artery disease verified by
CT scans. The study found that increased exercise workload was
associated with increased post-exercise wasted myocardial work
without alterations in LVEF and GLS adjusting for baseline

values. These findings suggest that markers of myocardial
inefficiency may precede reduction in global LV function as
markers of myocardial fatigue.

Exercise-induced cardiac fatigue is a reversible myocardial
dysfunction caused by strenuous exercise (24, 25). A large range
of parameters have been used to assess exercise-induced cardiac
fatigue, the most common are LVEF and LV-GLS (8, 26, 27).
Since echocardiographic parameters, such as LVEF and GLS
are influenced by pre- and afterload, it is unknown whether
post-exercise cardiac dysfunction represents a global vascular
load-related mechanism or a more local intrinsic mechanism in
the cardiomyocyte. The present study found exercise-induced
changes in left ventricular function consistent with cardiac
fatigue (8). LV GLS and GWI were reduced after both exercises.
In contrast, there was a significant increase in wasted myocardial
work (GWW) and mechanical dispersion after the highest
workload (the race) compared with the CPET. The level of
constructive myocardial work was reduced after both exercises
and remained reduced at 24 h after the race but not after the
CPET, suggesting that the increased workload during the race
resulted in reduced LV recovery.

Myocardial work by echocardiography combines strain
analysis with SBP providing a less load-dependent and
more comprehensive assessment of LV systolic function
(28). Myocardial work parameters may be used to evaluate
athletes’ hearts (29) and to distinguish pathology from athletic
remodeling (28, 30). A recent study of marathon runners
found a post-exercise increase in myocardial work (GWI) in a
subgroup of athletes with higher BNP values and heart rates
(31). However, no study has determined the role of myocardial
inefficiency in exercise-induced myocardial fatigue.

Muscular inefficiency occurs in skeletal muscle when
workloads exceed maximal oxygen consumption intensity (32).
The prolonged duration of these high-intensity workloads is
linked with a progressive reduction in muscular efficiency (33).
Exercise-induced skeletal muscular inefficiency is associated
with electromechanical delay, potentially leading to exercise
intolerance (34, 35). Several potential mechanisms are suggested
to be related to muscular inefficiency, including muscle
metabolite accumulation, decreased free energy of adenosine
triphosphate breakdown, increased muscle temperature, and
reactive oxygen species production (32).

Our echocardiographic findings suggest that there may be a
similar relation between workload and myocardial inefficiency,
as previously described in skeletal muscle. In our study, the
increased workload and the duration of work during the
race (Table 2) were associated with a post-exercise reduction
in myocardial efficiency, indicated by parameters such as
global wasted work (GWW), global constructive work (GCW),
post-systolic shortening, and mechanical dispersion. These
parameters of myocardial inefficiency may add additional
information to traditional parameters of exercise-induced
myocardial fatigue. The underlying mechanisms responsible
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FIGURE 2

The percentual change of echocardiographic measurements from baseline (before exercise) and immediately and 24 h following a
cardiopulmonary exercise test (CPET) and the North Sea Race in 2018 (Race). The following parameters were assessed (A) LVEF (left ventricular
ejection fraction), (B) GLS (global longitudinal strain), (C) GWI (global work index), (D) GCW (global constructive work), (E) GWW (global wasted
work), and (F) GWE (global work efficiency). ∗p < 0.05.

for the observed exercise-induced cardiac inefficiency are
unknown. However, exercise-induced alterations in cardiac
electromechanical delay may represent similar mechanisms to
those described in skeletal muscle. Chan-Dewar et al. (36)
reported an increase in post-exercise electromechanical delay
without changes in QRS duration, suggesting an intrinsic
myocyte mechanism responsible for exercise-induced cardiac
fatigue. Sahlèn et al. (37) found exercise-induced cardiac fatigue
associated with abnormalities in ventricular repolarization,
suggesting a transient state of electrical instability following
endurance exercise.

Our study also found increases in other parameters of
myocardial inefficiencies, such as post-systolic shortening (PSS)
and early systolic lengthening (ESL) immediately after both
exercises. Post-systolic shortening relates directly to LV systolic
function (38). Myocardial contraction after aortic valve closure
and lengthening of myocardial fibers during systole reflect
paradoxical deformation of the myocardial wall segments,
attenuating LV ejection. Since GWW considers SBP, it is less
load-dependent than PSS and ESL and, therefore, a more

accurate measure of LV efficiency. Post-race increase in GWW
and the persistent reduction in GCW following the race may
indicate an exercise-induced reduction in myocardial efficiency
caused by the prolonged myocardial work during the race.
In contrast, neither LV GLS nor LVEF showed any difference
between the two types of exercise, despite a large increase in
cTnI following the race, indicating increased myocardial stress
(21). Interestingly, in line with recent publications (25), there
was a significant increase in mechanical dispersion following
the race suggesting increased LV mechanical discoordination
and reduced mechanical efficiency during cardiac ejection after
prolonged high-intensity workload (39).

Left ventricular (LV) rotation and twist are important factors
of LV systolic and diastolic performance. During diastole, the
untwisting results in the abrupt release of the energy stored
in elastic components, resulting in a negative intraventricular
pressure gradient that facilitates LV filling at low filling pressure
(40, 41). Park et al. (42) found that rotation and twist both
showed higher values in the abnormal relaxation group than in
the healthy group, paralleled by the reduced peak velocity of the
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FIGURE 3

Representative global pressure-strain loops from the same person after (A) cardiopulmonary exercise test (CPET) and (B) Race. GWI, Global
work index. Amount of myocardial work performed by the left ventricle during systole: Area of the pressure-strain loop from mitral valve closure
to mitral valve opening (A + B + C). GCW, Global constructive work. Work that contributes to left ventricular ejection. Positive work performed
in (B) systole (shortening) + negative work performed in (C) isovolumetric relaxation (lengthening). GWW, Global wasted work. Work that does
not contribute to left ventricular ejection. Negative work performed in (B) systole (lengthening) + positive work performed in (C) isovolumetric
relaxation (shortening).
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early diastolic filling wave (E) and peak early diastolic annular
velocity (E8), similar to the findings in the present study. At
the end of systole and during isovolumic relaxation, myocytes
are still active and exert the force to oppose the ventricular
pressure and residual elastic forces due to the twist, which
is the highest at the apex. One may speculate that the faster
the untwisting, the more negative intraventricular pressure is
generated, thus unloading the myocytes, which can eventually
result in the myocyte shortening during isovolumic relaxation
and increased global wasted work (GWW). However, the
exact mechanisms and consequences for the observed reduced
cardiac inefficiency are unknown, and further work regarding
the mechanisms underpinning the reduced efficiency following
intense exercise is required.

In line with previous exercise studies, there were significant
post-exercise reductions in 3D-derived LV end-diastolic, left
atrial volumes, and alterations in diastolic function (6, 8,
43). A significantly increased post-exercise heart rate, reduced
LV filling time and left-sided volumes may explain some of
the observed alterations of the echocardiographic assessments
performed just after exercise. The interactions between the left
and right atria and ventricles are central in the post-exercise
alterations in cardiac function (44). Altered loading conditions
cause alterations in RV volumes and function with a subsequent
impact on left atrial preload, LV filling, and LV function (43).
In contrast to La Gerche et al. (43), the present study did not
find significant alterations in RV function. There may be several
explanations for this discrepancy. The study by La Gerche et al.
found a more significant reduction in RV functions in athletes
competing for a longer duration (up to 11 h). In the present
study, exercise duration was significantly shorter. We, therefore,
cannot exclude that alterations in right heart volumes and
functions had an impact on the present findings.

The present study used two different workloads to assess
the post-exercise response. The CPET was used to define
the reference LV response to standardized exercise intensity,
ensuring that all study individuals were exposed to an exercise
of similar duration with the same metabolic demands (lactate
threshold and max V02). Furthermore, the CPET allowed
interpretation of the implications of the work performed
during the race using power meters. The power meters
indicated a substantial increase in the exercise above max VO2
level during the race, increasing the likelihood of developing
myocardial inefficiency.

Impact of pre-exercise stress on
myocardial work parameters

As indicated by the significant increase in blood pressure the
day before the race, the race and the preparation for the next day
may have induced a stress response in the race contenders. To
adjust for this increased stress, echocardiographic parameters

were corrected by using the pre-exercise measurements as a
baseline, and the percentual change from each pre-exercise value
assessed the difference in post-exercise parameters.

The present study demonstrates pre-exercise stress’s impact
on assessing resting echocardiographic parameters. SBP was
higher before the race compared with the CPET. This increase
in SBP affects the MW parameters, causing increased GWI
and GCW compared with the assessment before the CPET.
The increased blood pressure is most likely due to the mental
stress caused by the competitive event, resulting in increased
myocardial work before the race. The present study’s findings
underscore the impact of emotional stress on myocardial work
and the need to consider the influence of emotional stress when
baseline MW parameters are interpreted.

Limitations

The study provides insights into the longitudinal cardiac
morphology changes and measures after prolonged exercise in
middle-aged recreational athletes. The present study addresses
morphological and functional changes in a population different
from younger athletes, and the current findings may not apply
to a younger population with a higher functional capacity.
When calculating MW, we used SBP as a substitute for force;
therefore, the use of pressure and strain does not provide a direct
measure of work (wall thickness and radius of curvature are
not included). Calculation of work is underestimated in dilated
ventricles because of higher wall stress at any given LV pressure,
and this could also be the case in our study, where study subjects
had mildly dilated ventricles. Calculating the myocardial work
parameters relies on global longitudinal strain measurements,
systolic blood pressure, and valvular events. Small changes in
the timing of valvular events could potentially lead to significant
differences in the work parameters, especially the global wasted
work and global work efficiency parameters. When assessing
and evaluating these parameters, it is essential to be aware of
these challenges.

Conclusion

Changes in left ventricular function, consistent with
exercise-induced fatigue, were seen after both exercises with
the varying workload. However, increased endurance exercise
duration and workload, as performed at the race, were
associated with decreased myocardial efficiency following
exercise. When correcting for alterations in baseline parameters,
there was no difference in LVEF and GLS comparing the two
exercise workloads and durations. These findings suggest that
myocardial work parameters may be more sensitive measures
of myocardial inefficiency than traditional markers of systolic
myocardial dysfunction.
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Object: Aortic stenosis and regurgitation are clinically important conditions

characterized with different hypertrophic types induced by pressure or volume

overload, respectively, but with comparable cardiac function in compensated stage.

Speckle-tracking based strain imaging has been applied to assess subtle alterations

in cardiac abnormality, but its application in differentiating these two types of

ventricular hypertrophy is still sparse. Here, we performed strain imaging analysis of

cardiac remodeling in these two loading conditions.

Methods: C57BL/6J mice were subjected to transverse aortic constriction (TAC)-

induced pressure overload or aortic regurgitation (AR)-induced volume overload.

Conventional echocardiography and strain imaging were comprehensively assessed

to detect stimulus-specific alterations in TAC and AR hearts.

Results: Conventional echocardiography did not detect significant changes in left

ventricular systolic (ejection fraction and fractional shortening) and diastolic (E/E’)

function in either TAC or AR mice. On the contrary, global strain analysis revealed

global longitudinal strain and strain rate were remarkably impaired in TAC while

preserved in AR mice, although global radial, and circumferential strain and strain

rate were significantly reduced in both models. Regional strain analysis in the long

axis demonstrated that longitudinal strain and strain rate in all or most segments

were decreased in TAC but maintained or slightly dented in AR mice, while radial

strain and strain rate indicated overt decline in both models. Moreover, decreased

radial and circumferential strain and strain rate were observed in most segments of

TAC and AR mice in the short axis.

Conclusion: Strain imaging is superior to conventional echocardiography to detect

subtle changes in myocardial deformation, with longitudinal strain and strain rate

indicating distinct functional changes in pressure versus volume overload myocardial

hypertrophy, making it potentially an advanced approach for early detection and

differential diagnosis of cardiac dysfunction.

KEYWORDS

strain imaging, transverse aortic constriction, aortic regurgitation, left ventricle, pressure
overload, volume overload
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1. Introduction

Heart failure is a leading cause of morbidity and mortality
worldwide, with cardiac hypertrophy as its independent risk factor
(1, 2). Pressure overload induced by hypertension and aortic stenosis
and volume overload induced by valve regurgitation are clinically
important pathogenesis to induce cardiac hypertrophy that are
increasingly common in the aging world population. Although
both pressure overload and volume overload are characterized with
increased mechanical overload, they present distinct hypertrophy
types, in which pressure overload causes concentric hypertrophy
while volume overload induces eccentric hypertrophy. It is recently
found that regression of heart failure is associated with early
normalization of ventricular hypertrophy that precedes restoration
of cardiac function (2). It is therefore especially important to monitor
left ventricular (LV) function to determine the efficacy of therapies.

Conventional echocardiography is widely used to evaluate
cardiac function and the severity of heart damage due to its non-
invasive and easily available feature. However, conventional LV
function indexes such as ejection fraction (LVEF) and fractional
shortening (LVFS) are not able to discriminate between the two
types of LV hypertrophy (3, 4). Our recent study demonstrates
that in compensated phase, LVEF and LVFS are preserved in mice
with pressure overload and volume overload (4). Thus, there is
an urgent need to identify early functional deficiency and further
undertake comparative analysis in LV hypertrophy under pressure
and volume overload.

Echocardiographic speckle-tracking based strain imaging, also
known as deformation imaging, is a technological advancement
that has been developed to objectively quantify global and regional
myocardial function (5, 6). Strain imaging has emerged as a
promising means for the evaluation of myocardial function both
in humans and animal models, being superior to the conventional
echocardiographic measurements (7–10). Previous studies have
shown that the indexes derived from strain imaging are consistent
with the parameters of cardiac magnetic resonance in assessing
cardiac volume and ejection fraction (11, 12). In addition, there
is a good correlation between strain imaging derived-metrics and
invasive cardiac hemodynamic measurements in the evaluation of
heart function (13, 14). With the advancement of high frequency
ultrasound, the strain imaging has been applied to murine models
of myocardial infarction (15), pressure overload (16), and aging
(10). However, few studies have ever evaluated the strain imaging
of ventricular hypertrophy under volume overload, in comparison
with that under pressure overload. In this study, we aim to utilize the
speckle-tracking based strain imaging to evaluate cardiac dysfunction
in mouse models of pressure overload and volume overload, and to
elaborate the differences in LV myocardial activities between these
two pathophysiological conditions.

2. Materials and methods

2.1. Animal models

The animal study protocol was approved by Animal Care and
Use Committee of Zhongshan Hospital, Fudan University and were
in accordance with National Institutes of Health Guide for the

Care and Use of Laboratory Animals (No. 85-23, revised 1996,
Bethesda, MD, USA). Adult C57BL/6J male mice (10–12 weeks
old) were obtained from the Shanghai Branch of the National
Rodent Laboratory Animal Resources (Shanghai, China). Animals
were fed at 24 ± 2◦C with 12 h-light/12 h-dark cycles. We used
transverse aortic constriction (TAC) model and aortic regurgitation
(AR) model to induce pressure overload and volume overload,
respectively, as we described previously (4). Mice were randomly
assigned into four groups: Sham-T group (sham TAC operation,
n = 8), TAC group (n = 12), Sham-A group (sham AR operation,
n = 8), and AR group (n = 12). Briefly, surgeries were performed
under mixed anesthesia (i.p. 150 mg/kg ketamine and 10 mg/kg
xylazine). For TAC model, 27-gauge needle were placed on the
aorta between the innominate artery and the left common carotid
artery. After ligated with 6–0 silk, the needle was removed to
generate aortic constriction. The Sham-T group underwent a similar
surgical procedure but without the ligation. For AR model, a
flexible catheter containing a metal wire was inserted into the
right common carotid artery and advanced to the aortic orifice
under the guidance of ultrasound imaging, and then the metal
wire was pushed to puncture the aortic valvular cusp repeatedly.
When Doppler ultrasound showed diastolic flow reversal [around
400 mm/sec, we chose this peak velocity to ensure the mean LV
wall stress was similar in both TAC and AR mice (4, 17)] at the
aortic arch, the catheter with wire were withdrawn. The Sham-A
group was performed the same procedure but without puncturing
the aortic valve. We chose two weeks post-surgery as the end point
of the observation, because our preliminary study showed that
the compensated cardiac hypertrophy was observed 2 weeks after
surgeries of TAC and AR, with LVEF and LVFS comparable between
the mice with pressure/volume overload and the sham-operated
controls (4).

2.2. Conventional echocardiography

Transthoracic echocardiography was performed 2 weeks after
surgery. Briefly, mice were placed on a heating pad to maintain
temperature at 37◦C and limb electrodes were used to record the
electrocardiogram. Mice were anesthetized with 1.5% isoflurane
to keep the heart rate (HR) above 450 beats per minute during
the procedure. Echocardiographic parameters were acquired from
the Vevo 2100 system (VisualSonics, Toronto, Canada) with a
30 MHz transducer. B-model and M-mode images were obtained in
parasternal long-axis view and mid-papillary level short-axis view.
Then conventional echocardiographic parameters were measured or
calculated as follows: LVEF, LVFS, LV internal dimension in systole
and diastole (LVIDs and LVIDd), LV posterior wall thickness in
systole and diastole (LVPWs and LVPWd), LV end-systolic and
end-diastolic volume (LVESV and LVEDV) (Table 1). Moreover,
pulsed wave Doppler was performed at the tip of the mitral leaflet
in the apical four-chamber view. By simultaneously recording the
mitral inflow curves, peak velocity of the early ventricular filling
wave (E wave) and tissue Doppler mitral annular velocity, ratio
of E wave to E’ wave (E/E’), isovolumic relaxation time (IVRT),
isovolumic contraction time (IVCT), and ejection time (ET) were
evaluated (Figure 1). Considering merged mitral E and A waves
were found in most cases of AR mice, which has been similarly
reported in mice with AR or other heart diseases (18, 19), we
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TABLE 1 Conventional echocardiographic characteristics of mice subjected to pressure or volume overload.

Parameter Sham-T (n = 8) TAC (n = 7) P-value Sham-A (n = 8) AR (n = 9) P-value

HR (bpm) 542± 4 532± 6 0.07449 551± 13 547± 13 0.8057

PSVa (mm/s) 911.73± 67.99 3785.05± 227.84** **1.098E-13 970.44± 91.54 1442.65± 103.46** **0.000000126

PDVa (mm/s) 0.00± 0.00 0.00± 0.00 / 0.00± 0.00 427.88± 67.52 /

HW/BW 4.68± 0.15 6.19± 0.04* *0.0219 4.37± 0.06 6.54± 0.15* *0.012

EF (%) 60.05± 1.76 58.08± 1.77 0.371 61.99± 1.51 59.58± 1.02 0.0667

FS (%) 32.77± 2.64 31.68± 1.16 0.384 33.17± 1.03 31.79± 0.72 0.141

LVIDd (mm) 4.11± 0.12 4.17± 0.23 0.719 4.11± 0.15 4.99± 0.25**## **0.000172
##0.000418

LVIDs (mm) 2.81± 0.23 3.28± 0.28 0.078 2.81± 0.17 4.03± 0.17**## **0.00000371
##0.00158

LVPWd (mm) 0.71± 0.04 1.05± 0.12** **0.0000571 0.74± 0.02 0.81± 0.08## ##0.00157

LVPWs (mm) 1.09± 0.13 1.31± 0.06* *0.0495 1.14± 0.08 1.01± 0.05## ##0.00321

LVEDV (µl) 72.00± 2.38 76.66± 7.59 0.487 75.53± 1.67 111.25± 5.44**## **0.00000786
##0.000306

LVESV (µl) 23.60± 1.30 46.95± 3.30** **0.00481 30.22± 1.05 75.00± 7.02**## **0.00000913
##0.000413

E/E’ 26.66± 1.58 39.66± 2.76** **0.000404 27.56± 1.47 35.34± 5.62** **0.00471

IVRT (ms) 14.10± 0.78 13.26± 1.70* *0.0206 14.37± 1.03 15.54± 1.48## ##0.00264

IVCT (ms) 10.00± 1.66 11.58± 0.54 0.0698 10.62± 1.23 15.58± 0.96**## **0.0000590
##0.00125

ET (ms) 49.72± 3.98 51.67± 4.41 0.826 51.66± 2.96 54.17± 2.57## ##0.0067

Tei index 0.50± 0.14 0.47± 0.01 0.681 0.56± 0.13 0.60± 0.04## ##0.000244

HR, heart rate; PSVa and PDVa, peak velocities of aortic arch flow in systole and diastole; HW/BW, heart weight/body rate; EF, ejection fraction; FS, fractional shortening; LVIDd and LVIDs, left
ventricular internal dimension in diastole and systole; LVPWd and LVPWs, left ventricular posterior wall thickness in diastole and systole; LVEDV and LVESV, left ventricular end-diastolic and
end-systolic volume; E/E’, ratio of mitral valve early diastolic maximum velocity to peak mitral annular velocity during early filling; IVRT, isovolumic relaxation time; IVCT, isovolumic contraction
time; ET, ejection time. All values are represented as Mean± SD.
*P < 0.05 vs. corresponding Sham; **P < 0.01 vs. corresponding Sham; ##P < 0.01 vs. TAC. Italic values represent the statistical values.

FIGURE 1

Representative images of conventional echocardiography. (A) Mouse B-mode and M-mode images of left ventricle in long-axis view. (B,C) Tissue
Doppler imaging (TDI) and mitral valve (MV) Doppler was performed to record mitral annular velocity and mitral inflow curves. (D) Aortic valve (AV)
Doppler was conducted to generate aortic arch flow in systole and diastole. Sham-T, sham TAC operation; TAC, transverse aortic constriction; Sham-A,
sham AR operation; AR, aortic regurgitation.

used E/E’ to assess diastolic function as described previously (20).
Meanwhile, Tei index was calculated by the following formula: Tei
index = (IVRT + IVCT)/ET, as we previously reported (18). To

confirm successful establishment of TAC and AR, the peak velocities
of aortic arch flow in systole (PSVa) and diastole (PDVa) were
recorded, respectively.
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2.3. Speckle tracking based strain imaging

The strain imaging analysis was performed using VevoStrain
software in an offline workstation (VisualSonics Inc., Toronto,
Canada) on the aforementioned B-mode image cineloop acquired
at a frame rate higher than 200 fps. Global and regional strain and
strain rate were calculated by tracking the movement of endocardium
and epicardium border in three consecutive cardiac cycles. Global
longitudinal strain (GLS), radial strain (GRS), circumferential strain
(GCS), longitudinal strain rate (GLSR), radial strain rate (GRSR),
and circumferential strain rate (GCSR) were calculated (Figure 2).
In addition to global measurements, regional myocardial strain was
available for the six wall segments of the LV automatically assigned by
the computer either in the long or short axis view (Figure 3). In the
long axis, LV wall was divided into basal posterior (BP), mid posterior
(MP), apical posterior (AP), apical anterior (AA), mid anterior (MA),
and basal anterior (BA). In the short axis view at mid-papillary level,
LV wall was divided into anterior free wall (AFW), lateral wall (LW),
posterior wall (PW), inferior free wall (IFW), posterior septum (PS),
and anterior septum (AS). All measurements were repeated three
times and data processing was performed by a blinded investigator.

2.4. Intra and inter-observer variability

The original investigator re-analyzed the echocardiography data
at an interval of two weeks to assess the intra-observer variability.
Two different observers analyzed the same data to determine the
inter-observer variability. Data are presented as means of the absolute
differences between measurements and by the interclass correlation
coefficient (ICC).

2.5. Statistics

All data are presented as means ± standard deviation.
All statistical results were obtained using GraphPad Prism v6
(GraphPad Software, San Diego, CA, USA). The continuous variable
between two groups were compared by Student’s t-test. Multiple
comparisons were conducted by one-way analysis of variance
(ANOVA) with the Student-Newman-Keuls (S-N-K) test. The
conventional echocardiographic assessment had good inter- and
intraobserver agreement, as we reported previously (2, 4, 18). Inter-
and intraobserver variability of strain related parameters was assessed
by ICC using a two-way mixed model with absolute agreement.
P < 0.05 was considered statistically significant.

3. Results

3.1. Conventional echocardiography
demonstrates preserved systolic function
but impaired diastolic function in pressure
overload and volume overload mice

Conventional echocardiography was performed to recapitulate
the structural and functional changes in TAC and AR murine hearts.
Two weeks post-operation, PSVa or PDVa was satisfactorily elevated

in TAC or AR mice, respectively (Table 1), indicating pressure
overload or volume overload model was successfully established. The
heart weight/body weight ratio (HW/BW) was comparably increased
in TAC and AR mice. In TAC group, LVPW was remarkably increased
compared to Sham-T animals, whereas LVID showed no significant
changes, indicating concentric cardiac hypertrophy (Table 1). On
the contrary, in AR group, LVPW was comparable to Sham-A
counterparts, while LVID was robustly enlarged, suggesting eccentric
cardiac hypertrophy (Table 1).

Compared with their corresponding sham mice, both TAC
and AR mice showed preserved systolic function as evidenced by
comparable LVEF and LVFS. As a sensitive marker for cardiac
diastolic function, E/E’ were prolonged in both TAC and AR mice
compared to corresponding sham group. As for other parameters
of diastolic function, IVRT was decreased in TAC group, whereas it
showed a trend of increase but without statistical significance in AR
mice. Intriguingly, IVCT was more increased than ET in AR versus
TAC mice, leading to an increase in Tei index in AR mice.

3.2. Global strain analysis shows more
compromised function in TAC mice
compared with AR mice

To analyze both inter-observer and test–retest intra-observer
reliability of strain related parameters, ICC were calculated and
demonstrated in Table 2. All ICC coefficients were greater than
0.80, indicating a satisfactory inter- and intra-observer test–retest
reliability.

The LV undergoes a complex pattern of deformation which
can be examined in the longitudinal, radial, and circumferential
directions in both systole and diastole (15). Strain imaging analyses
trace the endocardium and epicardium frame-to-frame during the
cine loop of cardiac cycles, providing assessment of the global
and regional deformation reflected by strain and strain rate in
each of these directions. Representative longitudinal, radial and
circumferential curves from TAC and AR mice are shown in
Figures 2A–C. Analysis was conducted to differentiate global
myocardial deformation between TAC and AR mice. In TAC animals,
strain measurements revealed that GRS and GLS obtained from
parasternal long axis were significantly reduced relative to the
corresponding parameters in Sham-T mice. However, in AR group,
only GRS from parasternal long axis was decreased versus sham-A
animals, while GLS showed no significant differences between AR
and sham-operated animals (Figures 2D, F). In addition, GRS and
GCS in short axis were significantly reduced in both TAC and AR
group (Figures 2H, J). The GRSR, GLSR, and GCSR showed similar
results corresponding to their specific global strain measures in the
two models (Figures 2E, G, I, K).

3.3. Regional strain analysis unveils
different pattern of myocardial
dysfunction between pressure overload
and volume overload models

Strain imaging allows the assessment of regional myocardial
function by dividing the LV into six distinct segments in the short-
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FIGURE 2

Strain and strain rate in pressure overload and volume overload models. (A–C) Representative longitudinal, radial and circumferential strain curves, and
time-to-peak analysis in different models. (D,E) Global radial strain (GRS) and strain rate (GRSR) in long axis; (F,G) global longitudinal strain (GLS) and
strain rate (GLSR) in long axis; (H,I) GRS and GRSR in short axis; (J,K) global circumferential strain (GCS) and strain rate (GCSR) in short axis. Data are
shown as mean ± SD. **P < 0.01, compared with corresponding sham-operated group. ##P < 0.01, compared with TAC group.

and long-axis (Figure 3A). In order to further investigate the nuanced
differences in LV dysfunction caused by TAC and AR, strain and
strain rate of each segment were analyzed. Consistent with the results
of global strain analysis, RS and RSR of all segments in the long axis
were decreased in both TAC and AR groups, whereas the former
owned more reduction in MP and AP (Figures 3B, D). Moreover,
compared with corresponding sham-operated groups, decreased LS
was observed in all segments except BA region in both TAC and
AR mice, and the decrease was more pronounced in TAC mice.
LSR decreased greatly in BP, MP, and BA region only in TAC
group, while no significant alterations were detected in AR group,
although LSR showed a declining trend with no statistical significance
(Figures 3C, E).

Consistently, in both TAC and AR mice, regional strain analysis
in short axis also revealed decreased RS and RSR in most segments,
with the exception of AS segment, in which RS and RSR were
comparable among all groups. (Figures 3F, H). CS and CSR of the
two group were significantly decreased in PW, IFW, PS, and AS
(Figures 3G, I). Specifically, CS and CSR changes in PW and IFW
segments were slightly more dented in AR model than TAC model

(Figures 3G, I). CS and CSR were largely preserved in AFW and LW
in both murine models (Figures 3G, I).

3.4. Observer variability data

Intra- and interobserver variability of speckle tracing data are
analyzed and shown in Table 2. In general, these results revealed
acceptable intra- and interobserver variabilities.

4. Discussion

In this study, speckle tracking based strain imaging was
employed to comparatively assess the cardiac function in mouse
models of pressure overload and volume overload. Our results
revealed that in compensated cardiac remodeling reflected by
preserved LVEF and LVFS, strain imaging could detect early subtle
changes in myocardial deformation and cardiac function, and
LS and LSR could be used to distinguish functional changes in
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FIGURE 3

Comparison of changes in regional strain in pressure overload and volume overload mice. (A) Tracing the border of endocardium and epicardium and six
segments of myocardium in both the long and short axis; BA, basal anterior; MA, mid anterior; AA, apical anterior; AP, apical posterior; MP, mid posterior;
BP, basal posterior; AS, anterior septum; PS, posterior septum; IFW, inferior free wall; PW, posterior wall; LW, lateral wall; AFW, anterior free wall; (B,C) RS
and LS in long axis; (D,E) RSR and LSR in long axis; (F,G) RS and CS in short axis; (H,I) RSR and CSR in short axis; BP, basal posterior; MP, mid posterior; AP,
apical posterior; BA, basal anterior; MA, mid anterior; AA, apical anterior; AFW, anterior free wall; LW, lateral wall; PW, posterior wall; IFW, inferior free wall;
PS, posterior septum; AS, anterior septum. Data are shown as Mean ± SD. *P < 0.05, compared with corresponding sham group. #P < 0.05, compared
with TAC group.

myocardial hypertrophy induced by different mechanical overload,
being more sensitive than the conventional echocardiographic
measurements.

Although conventional echocardiography parameters, such as
LVEF, LVFS, and E/E’, are widely used in assessing cardiac structure
and function in clinical and basic studies, it reflects the overall
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TABLE 2 Intra- and interobserver variability of strain parameters.

Longitudinal
strain

Radial
strain

Circumferential
strain

Mean −15.86± 8.21 −33.45± 8.74 −20.55± 2.46

Intraobserver variability

Mean absolute
difference, %

5.93± 4.58 3.23± 2.21 2.25± 1.21

ICC 0.97 0.95 0.94

Interobserver variability

Mean absolute
difference, %

8.46± 3.66 5.52± 2.80 2.39± 2.28

ICC 0.88 0.93 0.97

Values are means± SE. ICC, interclass correlation coefficient.

performance of heart and lacks sufficient sensitivity to reflect subtle
cardiac function (10, 15, 21). Thus, changes detected by conventional
echocardiography are often considered late manifestations of disease
(15), making it difficult to identify early changes in cardiac function
of the two types of hypertrophic hearts, for both pressure overload
and volume overload induced cardiac remodeling characterized by
myocyte enlargement and loss, fibrosis, metabolic abnormalities, and
mitochondrial dysfunction, in “compensated” cardiac hypertrophy
(22). Nevertheless, in clinical practice, subtle abnormalities in
myocardial activity are typically uncovered by strain imaging even
in the setting of normal cardiac function by conventional measures
(21). Myocardial strain measurement was associated with subclinical
ventricular dysfunction and the outcome in patients with aortic
stenosis and preserved LVEF (22, 23). Moreover, strain analysis
was applied to assess the left ventricular contraction patterns and
the severity of cardiac remodeling in patients with chronic aortic
regurgitation and preserved ejection fraction (24, 25). In basic
studies, recently developed strain imaging designed specifically for
rodents allows for early detection of intrinsic myocardial dysfunction
in the setting of pressure overload, myocardial infarction, aging, and
epirubicin treatment (6, 10, 15, 26). We in this study further found
that when LVEF and LVFS remained normal, the strain and strain rate
in radial and circumferential direction were decreased in both TAC
and AR mice, suggestive of higher sensitivity and superiority of strain
imaging over conventional echocardiography in murine models of
mechanical stress.

Strain analysis is based on combined speckle tracking algorithms,
thus strain and strain rate are supposed to reflect the global and
regional myocardial function (14, 27). In this study, we found that
LS and LSR were decreased evidently in TAC mice but largely
unchanged in AR mice. Our findings suggest that LS and LSR could
be used to distinguish the effects of different types of mechanical
overload. It is documented that LS related parameters mainly depend
on the condition of sub-endocardial myofibers and thus reflects
the subendocardial status (6, 28). Recent studies further reported
that LS is a particularly sensitive marker of the subendocardial
myofiber dysfunction that occurs early during hypoperfusion or
mechanical stress (15, 29). Coincidingly, previous studies from us
and others indicate lateral hypertrophy in TAC cardiomyocytes
while longitudinal hypertrophy in AR cardiomyocytes (3, 18).
Thus, the stimulus-specific remodeling pattern of cardiomyocytes
may contribute to the difference of LS related parameters in
these two models.

Myocardial fibrosis defined as excessive deposition of
extracellular matrix proteins, including collagens, is another
conspicuous characteristic in the hearts of mechanical overload (30).
Fibrosis increases ventricular stiffness and diffusion distance
of oxygen to cardiomyocytes, leading to impaired cardiac
function (3, 30). Previous comparative studies, including ours,
demonstrate more prominent cardiac fibrosis is in TAC versus
AR hearts (3, 4, 18). Based on these, we speculated that the
distinguishing effect of LS and LSR may be closely associated
with differential fibrosis between pressure and volume overload
hearts. In addition, Bi and colleagues recently demonstrated
in epirubicin treated mice that the collagen content in sub-
endocardial layer was more prominent and LS was more reduced
compared with that in sub-epicardial layer (6), strengthening the
notion that LS and LSR served as the most specific indicator of
all strain indexes.

Pressure overload and volume overload induce concentric and
eccentric hypertrophy, respectively (4). The two types of cardiac
hypertrophy also manifest different sensitivity and outcomes to
similar therapeutics (3, 18). It is still controversial that which
type is more maladaptive than the other. Several studies have
suggested that volume overload is more harmful to the ventricle,
because an augmentation of end-diastolic dimension and wall
stress is already presented in the compensated phase of aortic
regurgitation (21). On the other hand, other studies, including one
from ours, have proposed that pressure overload is more detrimental,
as pressure overload causes more fibrosis. The more prominent
fibrosis in TAC mice is supposed to be associated with more
activation of pro-hypertrophy effectors including Ca2+/calmodulin-
dependent protein kinase II (CaMKII) (4), which induces NLRP3
inflammasome activation in response to pressure overload (31).
The novelty of this study is to investigate this issue by a
direct comparison using state-of-the-art strain imaging, and unveil
that LS and LSR are reduced in pressure rather than volume
overload cardiac hypertrophy. Our findings thus support the
notion that volume overload induces a more benign phenotype of
cardiac hypertrophy.

4.1. Limitations

A comparative exploration in the association between cardiac
fibrosis and strain alteration would more comprehensively elucidate
the role of fibrosis in the discrepancy of strain changes between TAC
and AR hearts. However, our previous study showed that cardiac
fibrosis was more prominent in TAC heart and suggested that fibrosis
contributed to the discrepancy. More in-depth analyses in different
sections (such as sub-endocardial layer versus sub-epicardial layer)
are warranted in future studies.

5. Conclusion

By using high frequency ultrasound, we successfully undertake
global and regional strain analyses in mouse models of pressure
overload and volume overload cardiac hypertrophy, and discover that
reduction of strain and strain rate precedes changes of conventional
echocardiographic parameters such as LVEF and LVFS. Pressure
overload causes more reduction of strain and strain rate than volume
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overload, identifying LS and LSR as the most specific indicator
of all strain indexes to differentiate left ventricular functional
changes under distinct mechanical overload. The stimulus-specific
heterogeneity in strain measurements makes it a sensitive approach
for early detection of myocardial dysfunction in mechanistic and
pharmacological studies.
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Case report: Multiple biventricular
aneurysms in arrhythmogenic
cardiomyopathy
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Arrhythmogenic cardiomyopathy (ACM) is a genetic disease characterized by

fibro-fatty myocardial replacement and is clinically associated with malignant

ventricular arrhythmias and sudden cardiac death. It presents a major diagnostic

and therapeutic challenge due to its complex clinical presentation and

multiparametric diagnostic scoring system that includes structural, histological,

and electrocardiographic data. A 57-year-old man with a history of palpitation

and premature ventricular contractions (PVC) experienced syncope and sustained

ventricular tachycardia at a rate of 213 bpm, which was successfully rescued

by synchronized cardioversion. Multiple ventricular aneurysms were found in

the right ventricular free wall and the left ventricular apical regions, as well as

mild biventricular systolic dysfunction, according to echocardiography and high-

frequency ultrasound. The genetic analysis revealed the following desmoplakin genes,

chr6-7585274-7585275, NM_004415, exon24, and c.7780delT (p.S2594Pfs∗9), a

heterozygous and likely pathogenic mutation, as the mutation sites in the patient

and his 24-year-old daughter. During the 21-month follow-up, the patient did not

experience syncope or pre-syncope symptoms while on β-blocker (bisoprolol)

therapy. Among the multimodality imaging techniques of the ACM, late gadolinium

enhancement on cardiac magnetic resonance (CMR) is accepted as a more objective

indicator of myocardial fibrosis. Left ventricular systolic dysfunction, fibrosis on CMR,

and frequent PVC are the primary and most sensitive clinical signs of desmoplakin

cardiomyopathy. However, echocardiography continues to be the most commonly

used imaging modality for assessing focal ventricular movement and structural

abnormalities. The pathological characteristics of arrhythmogenic cardiomyopathy

of the right ventricular anterior free wall and apical regions near the transducer can

be better shown using high-frequency linear ultrasound with a higher resolution.

KEYWORDS

arrhythmogenic cardiomyopathy, echocardiography, desmoplakin, high-frequency

ultrasound, sustained ventricular tachycardia, syncope

Introduction

An international task force proposed diagnostic criteria for arrhythmogenic right ventricular

cardiomyopathy (ARVC) in 1994, based on identifying structural abnormalities, fatty or

fibro-fatty replacement of the right ventricular myocardium, electrocardiographic changes,

arrhythmias of right ventricular origin, and familial disease (1). In 2010, these criteria were

revised to improve sensitivity for early diagnosis (2). A definite, borderline, or possible diagnosis

of ARVC was established based on the fulfillment of major and/or minor criteria. Padua’s
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diagnostic criteria for arrhythmogenic cardiomyopathy included

dominant-right, biventricular, and dominant-left phenotypes

(ACM) (3). The clinical profiles of asymptomatic family members

with concealed structural abnormalities and no arrhythmias in

symptomatic patients experiencing arrhythmic cardiac arrest or

requiring a heart transplant because of refractory heart failure are

only a few examples of how the phenotypic expression of ACM

can differ (4). Diagnosis of ACM remains difficult due to the lack

of a single gold standard diagnostic tool, poor specificity of ECG

findings, multiple possible causes of right ventricular arrhythmias,

difficulty evaluating the right ventricle using imaging, and occasional

inconclusiveness of the pathogenicity of genetic variants detected

(4). In this case report, we describe the case of a patient with ACM

who had multiple ventricular aneurysms in both ventricles and mild

biventricular systolic dysfunction. Although only 17% of probands

had focal right ventricular sacculations (5), the sacculation may be a

relatively specific echocardiographic phenotype of ACM.

Timeline

Date Progress

2013 A history of palpitation with normal physical examination

findings.

2019 Electrocardiographic frequent PVC.

November 2020 Sustained ventricular tachycardia with 213 bpm was

immediately terminated by synchronized cardioversion.

The coronary angiogram was normal. Holter monitoring

showed 4,082 (4.4%) frequent different morphological

PVC.

November 2020 Echocardiography showed multiple biventricular

aneurysms with mild systolic dysfunction.

December 2020 The mutation site was the desmoplakin gene, likely a

pathogenic mutation.

February 2021 Holter monitoring showed 4,065 (4.4%) frequent PVC.

May 2022 Echocardiographic findings were similar to November

2020. The patient did not experience syncope during the

21-month follow-up.

Case description

In 2013, a 57-year-old man had palpitation with normal

physical examination findings. He was diagnosed with

frequent premature ventricular contractions (PVCs) in

2019 despite not taking the antiarrhythmic medication

regularly. He had palpitations, dyspnea, and sweating,

followed by syncope during emotional disturbance, and

regained consciousness ∼10 minutes later, in November

2020. He experienced another loss of consciousness and

hemodynamic instability in the emergency department of

an outside hospital, with a blood pressure of 84/50 mmHg.

The 213 bpm electrocardiographically sustained ventricular

tachycardia was quickly terminated by synchronized cardioversion

(Figure 1A). Because of his normal coronary angiogram

and echocardiographically normal systolic function without

Abbreviations: ACM, arrhythmogenic cardiomyopathy; ARVC, arrhythmogenic

right ventricular cardiomyopathy; CMR, cardiac magnetic resonance; PVC,

premature ventricular contractions.

structural heart disease, he was diagnosed with idiopathic

ventricular arrhythmias.

The patient was referred to our institute 20 days later. The

12-lead standard electrocardiogram revealed a single PVC with

right bundle branch block (RBBB) morphology and a superior

axis, indicating that the PVC originated in the left ventricle

(Figure 1B). In November 2020, Holter monitoring revealed

4,082 (4.4%) frequent different morphological PVCs, including

165 couplets and 2 triplets. Different morphological PVCs

have been identified, which may have originated in different

regions (Figure 1C). Based on observational data and expert

consensus, the patient was referred for appropriate radiofrequency

ablation for PVC and/or implantable cardioverter defibrillator

therapy for fast ventricular tachycardia. Despite informed

consent, the patient refused radiofrequency ablation and/or an

implantable cardioverter defibrillator. β-Blocker (bisoprolol)

therapy was administered to the patient during the follow-up to

alleviate symptoms.

Holter monitoring revealed 1,226 (1.5%) frequent PVCs

in December 2020, including 30 couplets, and 4,065 (4.4%)

frequent PVCs in February 2021, including 131 couplets and 1

triplet, with no non-sustained ventricular tachycardia over three

consecutive PVCs.

Following the collection of clinical characteristics,

electrocardiograms, echocardiograms, and laboratory examinations,

a genetic analysis was performed. The peripheral venous

blood samples of the patient and his 24-year-old daughter

were sent to the medical laboratory of Beijing Mygenostics

Co., Ltd. for relevant gene capture, gene enrichment, and

Sanger sequencing. The desmoplakin genes, chr6-7585274-

7585275, NM_004415, exon24, c.7780delT (p.S2594Pfs∗9), a

heterozygous and likely pathogenic mutation, were the sites of

their mutation.

The first transthoracic echocardiographic examination of

our institute was performed in November 2020, and subsequent

echocardiography was performed in January 2021, July 2021, and

May 2022, respectively. With mild biventricular systolic dysfunction

(left ventricular ejection fraction of 47% and right ventricular

ejection fraction of 40%), echocardiography revealed similar

results with multiple ventricular aneurysms in the right ventricular

free wall and left ventricular apical regions. The high-frequency

ultrasound images were obtained using a commercial Philips EPIQ

7C ultrasound machine (Philips Medical Systems, Andover, MA,

USA) equipped with a 3–12 MHz high-frequency linear transducer

probe with a vascular carotid preset. The aneurysm measured by

two-dimensional echocardiography was 13 (width) ×10 (depth)

mm in the right ventricular apical free wall, 7 × 9 and 11 × 16mm

in the right ventricular anterior free wall, and 15 × 19mm in the

left ventricular apical region. High-frequency linear ultrasound

with a higher resolution could better show and measure ventricular

aneurysms near transducer regions (Figure 2). The patient was

diagnosed with arrhythmogenic cardiomyopathy (ACM) after

having echocardiographic multiple ventricular aneurysms and

mild biventricular systolic dysfunction, after having sustained

ventricular tachycardia, when diagnosed with >500 ventricular

extrasystoles per 24 h (Holter), and upon the identification of

a pathogenic mutation categorized as associated or probably

associated with ACM (2, 3) or was diagnosed with arrhythmogenic

cardiomyopathy (ACM) with a phenotype of multiple
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FIGURE 1

Ventricular arrhythmias. The height and weight of the patient were 170cm and 55 kg, respectively. (A) Electrocardiography revealed that synchronized

cardioversion restored ventricular tachycardia to sinus arrhythmia (arrow). (B) A 12-lead standard electrocardiogram revealed relatively low QRS-complex

voltage at all leads, as well as a single PVC with RBBB morphology and a superior axis, indicating that the PVC originated in the left ventricle. (C) Holter

demonstrated various morphological singles and triplets of PVC (arrows) that may have originated from di�erent sites.

biventricular aneurysms. The echocardiography, 12-lead standard

electrocardiogram, and Holter analysis of his daughter were all

normal. During the 21-month follow-up, the patient did not present

with syncope.

Discussion

Arrhythmogenic cardiomyopathy is believed to be a heredo-

familial cardiac disease characterized by fibro-fatty myocardial

replacement and an increased risk of sudden cardiac death. It

is a heritable, progressive cardiac disease with a wide range of

phenotypes. Although ARVC is the most common phenotype,

several other ACM phenotypes have been recognized and described

(1–3). Desmoplakin cardiomyopathy is increasingly being recognized

in distinct arrhythmogenic cardiomyopathies with prominent

involvement of the left ventricle, as opposed to the classical

forms of ARVC (6). We present a patient with the phenotype of

multiple biventricular aneurysms; it seems that the morphological

abnormality of the right ventricle is more visible than that of

the left ventricle. On the 12-lead standard electrocardiogram

and Holter record, there were several morphological PVCs.

The different morphological PVCs may have originated from

different regions.

Although echocardiography is the most commonly used imaging

technique, cardiac magnetic resonance (CMR) is the preferred

initial test for patients with suspected ARVC due to its accuracy,

availability, safety, and low cost (7). Among the multimodality

imaging of the ACM, late gadolinium enhancement on CMR is

accepted as a more objective indicator of myocardial fibrosis. Left

ventricular systolic dysfunction, fibrosis on CMR, and frequent

PVCs are the primary and most sensitive clinical signs of

desmoplakin cardiomyopathy (6). CMR may increase the risk of

ACM misdiagnosis due to the difficult and operator-dependent

interpretation of RV wall motion abnormalities, which are the major

diagnostic criteria (8).

When evaluating ventricular wall motion, echocardiography

has a better temporal resolution than CMR. The high-frequency

linear ultrasound with superior spatial and temporal resolution

revealed a focal ventricular aneurysm and abnormal ventricular

motion in the right ventricular anterior free wall and apical regions

near the transducer. However, high-frequency ultrasound with

higher attenuation has a limited penetration depth; the optimal

exploration distance is <3–4 cm from the transducer to the region

of interest.

To the best of our knowledge, this is the first case report that

uses high-frequency ultrasound to assess a focal ventricular aneurysm

associated with arrhythmogenic cardiomyopathy. It can better
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FIGURE 2

Transthoracic echocardiography and high-frequency linear ultrasound showed multiple biventricular aneurysms. (A). Transthoracic echocardiography

revealed an anterior right ventricular free wall aneurysm (asterisk) in the parasternal long axis view (see Supplementary Video 1), which had previously

been identified using high-frequency linear ultrasound (B, C). Transthoracic echocardiography revealed a right ventricular apical free wall aneurysm

(asterisk) in the apical four-chamber view that was demonstrated by high-frequency linear ultrasound (D), (see Supplementary Video 2), with a yellow

arrow pointing to the apical epicardial coronary artery and a red arrow pointing to the parietal pericardium (E). Transthoracic echocardiography revealed

a left ventricular apical aneurysm (asterisk) in the apical four-chamber view, and high-frequency linear ultrasound revealed both ventricular apical

aneurysms (F), (asterisk) with an apical left ventricular thickness of 2mm. High-frequency ultrasound can also reveal ventricular aneurysmal wall

thickness, apical coronary artery, epicardial fat, and parietal pericardial thickness (B, D, F). AO, aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV,

right ventricle.
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demonstrate the pathological characteristics of arrhythmogenic

cardiomyopathy near the probe.
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Diagnostic value of real-time
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echocardiography on the
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Objectives: This study aims to evaluate the diagnostic value of real-time four-

dimensional transesophageal echocardiography (RT4D-TEE) for implant-related

thrombus (IRT).

Methods: We collected 1,125 patients with atrial fibrillation from May 2019

to February 2022 in our hospital. All patients accepted transesophageal

echocardiography (TEE) examination to exclude any thrombi before

the LAAC procedure.

Results: There were 760 patients with LAAC, 66 patients with CIED, and 299 patients

without any implantations. A total of 40 patients with an established diagnosis of IRT

were further analyzed. The accurate detection rate of IRT by RT4D-TEE was 4.8%

(40/826), which was higher than 3.8% (31/826) by 2D-TEE (P = 0.004). No IRT was

found on TEE in the rest of the 786 patients. These 40 patients were divided into

LAAC (n = 23) and CIED (n = 17) groups according to the results of RT4D-TEE. In

the LAAC group, IRT distributed on different parts of the LAA occluder surface, 91.3%

(21/23) with clumps of thrombi, and 8.7% (2/23) with a thin layer of thrombi covering

the surface of the occluder. In the CIED group, thrombi were seen attached to the

leads in the right atrium and right ventricle. The thrombi were beaded in 17.6% (3/17),

corded in 17.6% (3/17), and clotted in the remaining 64.7% (11/17) of cases. After

adjusting the anticoagulant dosage and following up for 6 months, 20% (8/40) of

cases were successfully resolved, 67.5% (27/40) became smaller, and 12.5% (5/40)

showed no changes.

Conclusion: The accurate detection rate of IRT by RT4D-TEE was significantly

higher than that by 2D-TEE. 2D-TEE has limitations, but RT4D-TEE can be used

as an effective complementary method. Imaging and some clinical features differ

significantly between IRT on occluder and IRT on CIED lead.

KEYWORDS

implant-related thrombus, real-time four-dimensional transesophageal echocardiography,
left atrial appendage closure, cardiac implantable electronic device, imaging
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1. Introduction

Transcatheter left atrial appendage closure (LAAC) devices and
cardiac implantable electronic device (CIED) are both increasingly
used in clinical practice. A potentially fatal complication following
the device implantation is thrombus formation (1–4). The majority
of patients with implant-related thrombus (IRT) are diagnosed by
some imaging methods during early routine follow-up (1). Timely
intervention by increasing the dosage of anticoagulants could usually
result in excellent outcomes. Two-dimensional transesophageal
echocardiography (2D-TEE) and computed tomography have
been adopted for the diagnosis of IRT (4–8). Two-dimensional
transesophageal echocardiography has been reported to be a
common and useful tool for diagnosis (9–11). However, the
incidence of IRT is underestimated by 2D-TEE due to some missed
diagnoses (4, 5, 12, 13). Real-time four-dimensional transesophageal
echocardiography (RT4D-TEE) is an appealing alternative because
of its superior characteristics, such as high spatial resolution,
multiplanar capabilities, four-dimensional viewing, and independent
of the discrepancy among different operators. Nevertheless, there has
been no study using RT4D-TEE for the diagnosis of IRT on occluder
and CIED lead. Moreover, differences in their IRT features between
2D-TEE and 4D-TEE have not been systematically demonstrated.
Our study aims to assess the value of RT4D-TEE in detecting IRT
and to summarize the echocardiographic features of IRT.

2. Materials and methods

2.1. Patients

This was a retrospective single-center study of consecutive
patients who underwent LAAC with either the Watchman nitinol
cage device (Atritech, Boston Scientific, Natick, Massachusetts)
or LACbes device (Pushi, Shanghai), and/or CIED, including
pacemaker, implantable cardioverter defibrillator (ICD), and cardiac
resynchronization therapy defibrillator (CRT-D) at Xinhua Hospital
from May 2019 to February 2022. Recruited patients eligible for
LAAC and CIED were selected according to appropriate local
and European guidelines (7). The study was approved by the
Ethics Committee of Xinhua Hospital affiliated with Shanghai Jiao
Tong University School of Medicine (No. XHEC-D-2022-073) and
complies with the Declaration of Helsinki.

The echocardiographic data were collected from records
of follow-up during the same period. All patients underwent
transthoracic echocardiography (TTE) and TEE examinations.
Patients who received LAAC were scheduled for routine follow-
ups with TEE after the procedures. TEE examinations were also
performed for patients with CIED who had new-onset AF or
recurrent AF to exclude the thrombi prior to the establishment of
further therapy or to assess the suspected thrombus attached to the
leads by TTE in detail as indicated. TTE and TEE were performed
on a commercially available system (SC2000, Siemens Healthcare,
Forchheim, Germany) equipped with broadband 4V1 and Z6Ms
transducers. Imaging of 2D-TEE and 4D-TEE was collected from
each patient during the course of the examination, especially for
the LAAC device and/or CIED lead in the 4D mode in one to
three cardiac cycles. Echocardiographic experts analyzed the 2D-TEE
images first and then the 4D-TEE images to confirm the diagnosis.

In case of disagreement in diagnosis occurred between the two
echocardiographers, a third experienced cardiologist was invited to
make diagnoses until reaching a consensus. IRT by TEE was defined
as a homogenous echo-dense mass visible in multiple planes with
independent motion and adherence to the atrial surface of the LAAC
device (1, 14). Thrombus formation in patients with CIED was
defined as the aforementioned description and adherence to the
CIED lead (5). The therapeutic decision to initiate anticoagulation
or adjust preexisting anticoagulation was predominantly based on
findings from TEE.

Antithrombotic therapy following LAAC consisted of oral
anticoagulation (OAC), single antiplatelet therapy (APT), dual
antiplatelet therapy (DAPT), or OAC plus APT for 1–6 months.
The team of physicians performing follow-up visits gave a
general recommendation to patients after CIED. Other indications
were necessitated (i.e., percutaneous coronary intervention, PCI).
Decisions on the duration of therapy were made according to the
physician’s judgment (15).

2.2. Statistical analysis

Statistical analysis was performed using SPSS 26.0 (v16.0, IBM
Corp., Armonk, NY) software. Continuous data were described as
mean ± standard deviation (SD) and as counts and percentages
if categorical. Differences in continuous and categorical variables
were assessed by the chi-square test or Fisher’s exact test (if the
expected value in any cell was <5), respectively. Normally distributed
continuous variables were assessed by independent samples t-test.
A P-value of <0.05 was considered statistically significant.

3. Results

We collected 1,125 patients with AF from May 2019 to February
2022 in our hospital. All patients accepted the TEE examination to
exclude any thrombi. There were 760 patients with LAAC, 66 patients
with CIED, and 299 patients without any implantations. A total of 40
patients with an established diagnosis of IRT were further analyzed.
The accurate detection rate of IRT by RT4D-TEE was 4.8% (40/826),
which was higher than 3.8% (31/826) by 2D-TEE (P = 0.004). No IRT
was found on TEE in the rest of the 786 patients. These 40 patients
were divided into LAAC (n = 23) and CIED (n = 17) groups according
to the results of RT4D-TEE (Figure 1).

(1) The characteristics of the patients with IRT

The general characteristics of the 40 patients identified with IRT
are summarized in Table 1. There were no significant differences
in age, gender distribution, or any other recorded clinical variable.
The right atrium (RA) was dilated with different degrees of tricuspid
regurgitation (TR) by echocardiography. Values of these parameters
except the volume of RA were significantly higher in the CIED
group compared with the LAAC group (P < 0.05). The time
history of device implantation was in different patients. It was
97.12 ± 82.14 months from implantation to the end of data collection
in the CIED group and 29.20 ± 20.46 months during the same period
in the LAAC group.
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FIGURE 1

Flowchart of the study group.

TABLE 1 Clinical characteristics of the patients with implant-related thrombus.

Variables LAAC group (n = 23) CIED group (n = 17) t/x2 P-value

Age, x ± s, y 70.96 ± 7.18 69.82 ± 10.60 −0.381 0.706

Sex, n (%) 1.153 0.284

Male, n (%) 16/23 (69.57) 9/17 (52.94)

Female, n (%) 7/23 (30.43) 8/17 (47.06)

Comorbidities and medical history

History of LAA thrombus, n (%) 2/23 (8.70) 2/17 (11.77)

Prior PCI, n (%) 1/23 (4.38) 3/17 (17.65)

Prior stroke, n (%) 1/23 (4.38) 2/17 (11.77)

systemic embolism, n (%) 2/23 (8.70) 0

2D-TTE

LAV, ml 66.83 ± 21.29 75.61 ± 45.96 0.809 0.423

RAV, ml 42.94 ± 12.36 65.82 ± 30.36 3.277 0.002

LVEF, x ± s,% 59.78 ± 6.29 57.12 ± 10.03 −0.961 0.346

CHA2DS2-VASc Score, x ± s 3.35 ± 1.19 3.47 ± 1.97 0.228 0.822

HAS-BLED score, x ± s 3.17 ± 1.11 3.82 ± 2.19 1.122 0.274

Anticoagulant therapy 0.001

No OAC, no APT, n (%) – 8/17 (47.06) 0.001

Single APT, n (%) 1/23 (4.38) – 1.000

Dual APT, n (%) – 2/17 (11.77) 0.340

OAC, no APT, n (%) 21/23 (91.30) 6/17 (35.29) 0.001

OAC plus APT, n (%) 1/23 (4.38) 1/17 (5.88) 1.000

INR, x ± s 1.12 ± 0.26 1.05 ± 0.13 −1.029 0.311

LAAC, left atrial appendage closure; CIEDs, cardiac implantable electronic devices; MI, myocardial infarction; PCI, percutaneous coronary intervention; 2D-TTE, two-dimensional transthoracic
echocardiography; LAV, left atrial volume; RAV, right atrium volume; LVEF, left ventricular ejection fraction; OAC, oral anticoagulation; APT, antiplatelet therapy; INR, international
normalized ratio.
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TABLE 2 Thrombus diagnosed by real time four-dimensional
Transoesophageal echocardiography.

Variables LAAC
group

(n = 23)

CIED
group

(n = 17)

P-
value

Optimal implantation placement, n
(%)

0.248

Yes 20/23 (86.96) 17/17 (100.00)

No 3/23 (13.04)

LAA device-related thrombus, n (%) 23/23 (100.00) –

Position of thrombus

Center, n (%) 3/23 (13.04) –

Periphery, n (%) 16/23 (69.57) –

Edge, n (%) 2/23 (8.70) –

Thin layer covering the surface, n
(%)

2/23 (8.70) –

Peri-device leakage

<5 mm, n (%) 7/23 (30.44) –

>5 mm, n (%) 1/23 (4.35) –

Residual leakage through the fabric,
n (%)

3/23 (13.04) –

Incomplete endothelization, n (%) 10/23 (43.48) –

CIEDs-related thrombosis, n (%) – 17/17 (100.00)

Position of thrombus

RA and RV lead, n (%) – 5/17 (29.41)

RA and RAA leads, n (%) – 2/17 (11.77)

RA lead, n (%) – 7/17 (41.18)

RV lead, n (%) – 1/17 (5.88)

RA lead and in LCS, n (%) – 1/17 (5.88)

RA lead and in LAA, n (%) – 1/17 (5.88)

Atrial septal puncture closed, n (%) 19/23 (82.61) –

6-month follow-up 0.002

Thrombus resolved, n (%) 7/23 (30.44) 1/17 (5.88)

Thrombus become small, n (%) 16/23 (69.57) 11/17 (64.71)

Thrombus without change, n (%) 0 5/17 (29.41)

LAA, left atrial appendage; RA, right atrium; RV, right ventricular; RAA, right atrial appendage;
LCS:, left coronary sinus.

(2) The characteristics of IRT in patients detected by RT4D-TEE,
compared with that of 2D-TEE

In total 40 patients were precisely diagnosed with IRT by RT4D-
TEE, while 77.5% (31/40) of patients were directly diagnosed with
2D-TEE. The characteristics of IRT in patients detected by RT4D-
TEE are revealed in Table 2. A total of 18 out of 23 (78.26%) patients
with IRT were diagnosed by 2D-TEE in the LAAC group and 5
out of 23 (21.74%) patients missed diagnosis. In addition, 13 out
of 17 (76.47%) patients with IRT were diagnosed by 2D-TEE in the
CIED group and 4 out of 17 (23.53%) patients missed diagnosis. Two
patients with thrombosis attached to the leads were confirmed by
RT4D-TEE, which were suspected of thrombus by TTE. There were
no significant differences in the rate of IRT missed diagnosing by
2D-TEE between the two groups (P = 0.893).

In the LAAC group, we found that most of the IRT originated
from the periphery. IRT was evaluated with RT4D-TEE in 13.0%
(3/23) of cases at the top of the center, 69.6% (16/23) at the periphery,
8.7% (2/23) at the edge, and 8.7% (2/23) with a thin layer of thrombi
covering the surface of LAA occluder (Figure 2 and Supplementary
Video 1). IRT was described as laminar in 8.7% (2/23), pedunculated
in 8.7% (2/23), and massed in 82.6% (19/23) of cases. Compared with
2D-TEE, four patients missed the diagnosis. RT4D-TEE found more
scattered IRT on the surface of the occluder in three patients and
showed more clearly than that of 2D-TEE. One patient with moderate
mitral regurgitation was detected by 2D-TEE, the beam rushed to
the surface of the occluder, which masked the thrombus. Here, only
three patients had failed to cover the rim of the left atrial appendage
(LAA) with significant thrombi on the edge of the device because the
occlusive device selected was too small. The mobile thrombus was
seen only in two patients who pedunculated and had a neck attached
to the fabric (Supplementary Video 2), and a sessile thrombus was
seen in the other 19 patients. Residual leakage into the LAA was
observed in five patients at the time of thrombus detection. A major
peri-device leak (>5 mm) was detected in 4.4% (1/23) of patients
during TEE follow-up, and a small peri-device leak (flow <5 mm)
was revealed in 30.4% (7/23) of patients. Residual leakage into the
LAA through the fabric was found in 13.0% (3/23) of patients. Ten
patients with incomplete endothelialization have been observed.

In the CIED group, the thrombi attached to the leads of the right
chambers were detected by RT4D-TEE in all 17 patients (Figure 3
and Supplementary Video 3). Their thrombi were beaded in three
cases (Supplementary Video 4), corded in three cases, and the other
11 cases were clots (Figure 4). In addition, thrombi were found
simultaneously in LAA and the left aortic sinus attached to the aortic
valve in one case (Supplementary Video 5), whereas four of the lead-
attached thrombi detected by RT4D-TEE could not be visualized by
2D-TEE.

(3) Clinical Events and Follow-Up

A total of 40 patients with thrombus were regularly followed
up under standardized medical treatment. At the time of finding
implant-associated thrombus, the antithrombotic medication
regimen consisted of oral anticoagulation in 67.5% (27/40) of
patients, OAC plus APT in 5% (2/40) of patients, dual APT in
5% (2/40) of patients, single APT in 2.5% (1/40) of patients, and
no antithrombotic therapy in 20% (8/40) of patients. Among
those, antithrombotic therapy was mandated in 10% (4/40) of
patients due to the need for prolonged triple therapy following
percutaneous coronary intervention. Anticoagulants consisting
of OAC or single APT were routinely administered to patients
following LAAC. 2D-TEE results showed that the change of thrombi
after adjusting anticoagulant in 31 patients coincided with that of
4D-TEE. The remaining nine cases of missed diagnosis by 2D-TEE
were still unclear.

The incidence of IRT after LAAC was 3.0% (23/760) and clinical
outcomes of thrombi were as follows: At 6-month follow-up after
adjusting anticoagulant, 4D-TEE results showed that the thrombi
were either completely resolved in 30.4% (7/23) of patients and
became smaller in 69.6% (16/23) of patients. In the CIED group,
the thrombi of three patients attached to the leads illustrated
unchanged, which were detected by RT4D-TEE. Of note, their
implanted pacemakers had been more than 10 years. The organized
thrombi on the pacing lead did not dissolve during our follow-up.
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FIGURE 2

Transesophageal echocardiography follow-up images after LAAC showing optimal device placement and device-related thrombus. (A) 2D-TEE showed
an echo-dense mass attached to the LACbes device, occupying most area of the occluder (arrow). Note severe spontaneous echo contrast throughout
the left atrium. (B) RT4D-TEE demonstrated a thin layer of thrombi covering the whole surface of the well-seated LACbes device (arrow) after LAAC, as
compared with 2D-TEE. (C) RT4D-TEE indicated complete LAA closure with the Watchman device, meanwhile demonstrating a mobile thrombus
pedunculated with a neck attached to the occluder (arrow). (D) RT4D-TEE detected optimal device placement and a couple of scattered clots on the
surface of the Watchman occluder (arrow). There was no residual peri-device leak at the LAA ostium detected by color Doppler. RT4D-TEE: Real-time
four-dimensional echocardiography. LAAC, left atrial appendage closure; 2D-TEE, two-dimensional transesophageal echocardiography.

The incidence of IRT after CIED was 25% (17/66) and the clinical
outcomes of thrombi were as follows: At 6-month follow-up after
adjusting anticoagulant, their thrombi were completely resolved in
5.9% (1/17) of cases, became smaller in 64.7% (11/17), and remained
unchanged in 29.4% (5/17) of patients as shown by 4D-TEE.

4. Discussion

The novel findings of our prospective study were as follows:
First, IRT was an overall relatively infrequent event. Second, the
detection rate of IRT by RT4D-TEE was 4.8%, significantly higher
than that of 3.8% by 2D-TEE. Third, during a 6-month follow-up
after adjusting the anticoagulant dosage, RT4D-TEE showed IRT
completely dissolved in 20% of patients, became smaller in 67.5%
of patients, and showed no change in 12.5% of patients. Compared
with 2D-TEE, nine patients still missed the diagnosis. Therefore,
RT4D-TEE was superior to 2D-TEE in the accurate diagnosis of IRT.

(1) Implant-related thrombus on occluder detected by RT4D-TEE

In the current study, RT4D-TEE found more scattered IRT on
the surface of the occluder and was capable to detect some thrombus
masked by mitral regurgitation with more clear imaging than that

of 2D-TEE. IRT typically appeared morphologically different, with
a large laminar base centering on the atrial facing surface of the
device, which limited thrombosis mobility (16–18), and our results
were in agreement with the aforementioned reports. The difference
in the location where the thrombus stuck between our study and
that of Sedaghat et al. (19), following LAAC may be related to a
different type of LAA device, device malpositioning, or displacement
after the procedure. Bai et al. (17) thought optimal implantation
without peri-device gap, individual antithrombotic regimens, and
careful monitoring with TEE follow-up could be conducive to the
prevention of IRT. In most of the patients, they did not achieve
optimal device placement, which was likely to be responsible for
thrombus formation (18). In this study, the position of the thrombus
stuck to the Watchman device was observed by RT4D-TEE on the
central portion, periphery, or edge of the device, respectively. While
a thin layer of thrombus was observed covering the surface of the
LACbes occluder in two patients. To the best of our knowledge, the
Watchman occluder is a plug blocking device, it is implanted slightly
deeper into the appendage, leaving a volume of uncovered appendage,
which may cause a potential space for the formation of thrombus.
Nevertheless, the LACbes occluder is a type of disc blocker device
with a slightly larger surface area, which may partly explain the thin
layer of thrombus formation. Two patients with AF performed RFCA

Frontiers in Cardiovascular Medicine 05 frontiersin.org175

https://doi.org/10.3389/fcvm.2023.1018877
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-10-1018877 January 21, 2023 Time: 15:20 # 6

Yu et al. 10.3389/fcvm.2023.1018877

FIGURE 3

Real-time four-dimensional-TEE evaluating the pacemaker lead-related thrombus, as compared with 2D-TEE. (A) 2D-TEE showed two clots stuck to the
lead of the pacemaker in the right atrium (arrow). Note severe spontaneous echo contrast throughout the right atrium. (B) RT4D-TEE demonstrated
more clots attached to the lead of the pacemaker in the right atrium and more clearly than 2D-TEE (arrow). (C) RT4D-TEE showed more scatter clots on
the lead of the pacemaker in the right atrium from a different angle (arrow). (D) RT4D-TEE revealed more lead-related thrombi throughout the lead of
the pacemaker in the right atrium.

and LAAC of one stop operation after implanting CIED, and RT4D-
TEE detected thrombi on the LAAC device. Nonetheless, OAC or
OAC plus APT had been recommended in our present data. In this
study, a patient with thrombi on both the occluder and the CIED lead
did not appear at the same time.

Another finding from our study was residual shunt after LAAC
was detected. Peri-device leak due to incomplete occlusion of
the LAA can connect the residual LAA pouch to the systemic
circulation (20). The degree of “acceptable” residual peri-device leak
(jet of <5 mm in width) was not associated with an increased
risk of thromboembolism in a post hoc analysis of the Watchman
implantation cohort in the PROTECT-AF study (21). In contrast,
the presence of a residual shunt of >5 mm typically leads to the
continuation of anticoagulation treatment, which may mask the
contribution to IRT formation from the residual leak (22, 23).
Moreover, the time node of LAA device endothelialization was also
an important factor, and it was difficult to form a thrombus after full
device endothelialization (21, 24). Pracon et al. (25) demonstrated
that IRT was observed early, late, and very late after LAAC in
their real-world series, and it was related to patient and procedural
characteristics but not to post-implantation DAPT duration. In the
LAAC group, at 6-month follow-up after adjusting anticoagulant,
4D-TEE results showed that thrombi were completely resolved in
30.4% (7/23) of cases and the others became smaller. Compared with
2D-TEE, four of them still missed diagnoses. This may be associated

with the 2D-TEE can see only a limited angle. Two-dimensional
transesophageal echocardiography sections from 0 to 180 degrees do
not show the full view of the occluder. Only analyzed by 3D-TEE
and 4D-TEE using the software, the entire surface of the occluder
can be fully displayed. Thus, it can be seen, thrombus formation on
LAA occluder remains a clinical challenge, the evidence regarding the
optimal antithrombotic strategy is still under debate as some studies
support short-term OAC, whereas others favor single or DAPT only
(26, 27).

(2) Implant-related thrombus on CIED lead detected by RT4D-TEE

In our study, RT4D-TEE revealed thrombi throughout the right
atrial and ventricular leads and/or right auricula dextra pacing lead
by multiple sectional views. The thrombi were non-occlusive, mobile,
and either lead attached or in their immediate vicinity among which
beaded thrombi were easily missed diagnosis by 2D-TEE. RT4D-
TEE demonstrated thrombi on the leads and the other parts of the
heart in several patients with an implanted pacemaker for more than
10 years. Even after adjusting the anticoagulant dosage, these thrombi
were still difficult to resolve because they had been organized for
a long time. Two patients with implanted CIED after RFCA and
LAAC of one stop operation. The most frequent indications for
CIED were systemic sinus arrest, sick sinus syndrome, or bradycardia.
Conversely, Dukkipati et al. (12) demonstrated that after LAAC, most
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FIGURE 4

Real-time four-dimensional-TEE evaluating the pacemaker lead-related thrombus and additional thrombus, as compared with 2D-TEE. (A) 2D-TEE
showing local thickening of the two leads of the pacemaker in the right atrium (arrow) from the double atrial section view and the beaded thrombi
(arrow). Note severe spontaneous echo contrast in the left atrium and right atrium. (B) RT4D-TEE visualizing the beaded thrombi fused to the pacemaker
wire in the right atrium (arrow). (C) On the aortic root short axis view, 2D-TEE shows a round mass thrombus in the left aortic sinus attached to the aortic
valve (arrow). Note severe spontaneous echo contrast throughout the left atrium and right atrium. (D) RT4D-TEE demonstrating an echogenic mass,
looks like a round clot thrombus in the left aortic sinus attached to the aortic valve and more clearly than 2D-TEE (arrow) (Movie I–V). Movie I. At a
6-month follow-up, a 64-year-old man revealed a thin layer of thrombus covering the whole surface of the LACbes occluder by RT4D-TEE. Movie II.
RT4D-TEE detected a mobile thrombus pedunculated on the face of the Watchman device. Thrombus adhered to the periphery of the occluder. Movie
III. RT4D-TEE showed a lead-related floating thrombus in the right atrium. Movie Iv. RT4D-TEE evaluating the beaded thrombi fused to the pacemaker
wires in the right atrium. Movie V. RT4D-TEE demonstrating the round mass thrombus in the left aortic sinus from the aortic root short axis view.

systemic embolism occurred in patients without IRT. At that point,
the post-implantation antithrombotic regimen was highly variable
with patients receiving OAC. In this situation, the implantation may
become a marker rather than the cause, and these patients may be
suitable candidates for longer durations of anticoagulation therapy to
treat what could be more systemic emboli issues.

The evolving indications and uses for CIEDs have led to
a significant increase in the number of implanted devices each
year (28). CIED lead-related thrombus may involve only the
leads or the whole CIED system, even the extracardiac organs.
Although numerous studies have documented an association of
systemic embolism (such as cerebral embolism or massive pulmonary
embolism) of a patient with a pacemaker (29–31), there are
limited data for CIED subjects that our study provides. Generally,
TEE is the first convenient tool in visualizing the intra-cardiac
portion of the CIED lead. The finding of a free-floating thrombus
attached to a pacing lead is much more uncommon. Moreover, it
can be more life-threatening due to the high risk of pulmonary
embolism. Furthermore, it has been described that the presence
of right heart thrombi in acute pulmonary embolism is associated
with hemodynamic compromise, right ventricular (RV) hypokinesis,

congestive heart failure, poor prognosis, and a higher mortality rate
(32). It is evident that massive pulmonary embolism or paradoxical
embolism is the cause of the fatal outcome if the thrombus is
mobile or free-floating. TEE plays an integral role in evaluating these
pacemaker-related complications (33), but the diagnosis of thrombi
by 2D-TEE may be technically challenging in patients with small or
scattered thrombi. 2D-TEE can only detect parts of the lead from
different views, while the whole lead cannot be shown simultaneously
in the same section. Ho et al. (4) reported a part of mobile thrombi
on transvenous leads was not detected until patients underwent lead
extraction, and we think some small clots on the leads are not found
by 2D-TEE. Thus, it is crucial to recognize that RT4D-TEE is a
novel technique, it can further enhance the detection of lead-related
thrombus in one cardiac cycle, and it has the advantage of imaging
the lead in multiple views. The detection of thrombi by RT4D-
TEE is invaluable by providing direct visualization, measurements
of mass, and the ability to assess for associated cardiac involvement.
By imaging in more than one RT4D-TEE plane, thrombus can be
seen and confirmed, as oscillating intra-cardiac masses on the device
lead. In addition, RT4D-TEE has a powerful ability to visualize the
entire intra-cardiac route of the leads from the upper vena cava to
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the RV apex, even the lead in the right auricle, resulting in much
higher sensitivity and specificity for this technique. On the other
side, the clots on the pacing lead were difficult to resolve in case
of longstanding thrombi. In general, anticoagulant drugs were not
routinely used after pacemaker implantation, and it took a long time
to find out thrombus or detect it by chance during an examination, as
we have studied. But in that analysis, the number of patients included
was relatively small, the thrombus attached to the lead was found at
the time of TEE examination, limited imaging was available, and most
importantly.

Notably, the volume of RA in the CIED group was much larger
than in the LAAC group. Herein, we hypothesize that the risk of
thrombus formation may be increased because the volume of RA
has progressed to blood stasis in these patients. In reviewing the
development of significant tricuspid regurgitation (TR) following
the CIED placement, a number of different mechanisms of RV
intra-cardiac lead-related TR should be considered, which might
explain the RA dilation and AF occurrence. The aforementioned
predisposing factor, combined with chambers dilated and evidence
of hemodynamic impairment with signs of congestive heart failure,
might have contributed to the CIED lead thrombus.

5. Limitations

First, this was not a randomized study, the sample size was
relatively small, and the follow-up was not long enough to predict
long-term improvement. Second, it could not further divide the
patients into subgroups by different types of LAAC occluders and/or
electronic devices. Third, we did not compare RT4D-TEE for the
detection of IRT with other modalities such as cardiac computed
tomography angiography and nuclear studies. However, these
limitations may not affect echocardiographic findings. A multicenter
study should be scheduled in the future to address these issues.

6. Conclusion

In summary, the accurate detection rate of IRT by RT4D-TEE was
4.8%, higher than that of 3.8% by 2D-TEE. The limitations of 2D-TEE
include that cannot show the full view of the occluder and that reveals
the whole lead simultaneously in one section. Thus, RT4D-TEE is a
sensitive method. Imaging and some clinical features are also quite
different between IRT on occluder and CIED lead.
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Comparison of the left and right
ventricular size and systolic function
of low-risk fetuses in the third
trimester: Which is more dominant?
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Rui Liu1 and Yun-Yun Ren1*
1Department of Ultrasound, Obstetrics and Gynecology Hospital of Fudan University, Shanghai, China,
2Department of Information Technology, Obstetrics and Gynecology Hospital of Fudan University,
Shanghai, China, 3Department of Obstetrics, Obstetrics and Gynecology Hospital of Fudan University,
Shanghai, China

Objective: To quantify fetal cardiovascular parameters utilizing fetal-specific 2D
speckle tracking technique and to explore the differences in size and systolic
function of the left and right ventricles in low-risk pregnancy.
Methods: A prospective cohort study was performed in 453 low-risk single fetuses
(28+0–39+6 weeks) to evaluate ventricular size [i.e., end-diastolic length (EDL),
end-systolic length (ESL), end-diastolic diameter (ED), end-systolic diameter (ES),
end-diastolic area, end-systolic area, end-diastolic volume (EDV), and end-
systolic volume (ESV)] and systolic function [i.e., ejection fraction (EF), stroke
volume (SV), cardiac output (CO), cardiac output per kilogram (CO/KG), and
stroke volume per kilogram (SV/KG)].
Results: This study showed that (1) the reproducibility of the interobserver and
intraobserver measurements was good to excellent (ICC 0.626–0.936); (2) with
advancing gestation, fetal ventricular size and systolic function increased,
whereas right ventricular (RV) EF decreased and left ventricular (LV) EF was not
significantly changed; (3) LV length was longer than RV length in diastole (2.24 vs.
1.96 cm, P < 0.001) and systole (1.72 vs. 1.52 cm, P < 0.001); (4) LV ED-S1 and ES-
S1 were shorter than the RV ED-S1 and ES-S1 (12.87 vs. 13.43 mm, P < 0.001;
5.09 vs. 5.61 mm, P < 0.001); (5) there were no differences between the LV and
RV in EDA or EDV; (6) the mean EDV ratio of right-to-left ventricle was 1.076
(95% CI, 1.038–1.114), and the mean ESV ratio was 1.628 (95% CI, 1.555–1.701);
(7) the EF, CO and SV of the LV were greater than the RV (EF: 62.69% vs. 46.09%,
P < 0.001; CO: 167.85 vs. 128.69 ml, P < 0.001; SV: 1.18 vs. 0.88 ml, P < 0.001); (8)
SV and CO increased with ED-S1 and EDL, but EF was not significantly changed.
Conclusion: Low-risk fetal cardiovascular physiology is characterized by a larger RV
volume (especially after 32 weeks) and greater LV outputs (EF, CO, SV, SV/KG and
CO/KG).

KEYWORDS

fetal echocardiography, fetal heart, ultrasound, speckle tracking, fetalHQ, ventricular size,

systolic function

Introduction

The size and function of the left and right ventricles in normal fetuses are an important

basis and reference for cardiac remodeling studies. Nonetheless, the fetal heart cannot be

measured directly in utero. Thus, echocardiography is crucial for indirectly obtaining fetal

ventricular size and function parameters and includes three general methods. (1) For
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conventional Doppler and tissue Doppler, the assessment of the

fetal ventricular diastolic function of the cardiac cycle is

performed with conventional Doppler through the flow velocity

of atrioventricular valves (1) and with tissue Doppler through the

displacement velocity of the atrioventricular annulus (2). (2) For

2D image and speckle tracking, the length and width of the

ventricles are measured first, then the Simpson method is used to

calculate the ventricular area and volume (3, 4), and finally the

systolic and diastolic volumes are calculated to obtain the

parameters of vetricular systolic function. (3) For 3D and 4D

sonography the STIC and VOCAL techniques was used to obtain

ventricular volume data without assuming geometric shapes (5,

6), then the systolic function parameters are further obtained.

However, these methods have limitations. Doppler velocity is

angle-dependent and can make it more difficult to obtain correct

images and good measurement reproducibility due to the

influence of fetal position (1). It is also more difficult to

successfully acquire good images using the 3D/4D method; it

takes longer to analyze the images to obtain the data; and the

results obtained are only close to (3), or possibly better than

(5, 6) 2D measurements. In contrast, the use of 2D speckle

tracking is more “cost effective”. Previously, analysis of the

rapidly beating fetal heart often resulted in biased measurements

of fetal cardiac function parameters due to the low frame rate of

ultrasound video and the limitations of the 2D speckle tracking

software for adults (7).

The novel fetal-specific speckle tracking software (fetalHQ)

solves this problem. The fetalHQ is a specialized software for the

quantitative analysis of fetal heart. This software tracks

myocardial speckle motion, identifies the endocardial boundaries

sensitively and accurately, divides the ventricle into 24 segments,

and calculates ventricular volumes using the Simpson method,

then further obtain ventricular function parameters (3).

The objectives of this study were (1) to describe a reproducible

approach to quantify ventricular volume calculations utilizing

fetalHQ and (2) to explore the differences in the size and systolic

function of the left and right ventricles in low-risk pregnancy at 28–

39 weeks.
Methods

Study design and participants

We conducted a prospective study of singleton pregnant

women who received prenatal examinations at the Obstetrics and

Gynecology Hospital of Fudan University between April 2020

and July 2021 in Shanghai, China. The flowchart for the

selection of the study population is shown in Figure 1. All

participants signed a written informed consent form. The study

was approved by the Ethics Committee of the Obstetrics and

Gynecology Hospital of Fudan University (No. 2020-52).

The inclusion criteria for the study were as follows: (1) singleton

pregnancy; (2) gestational age from 28+0 to 39+6 weeks; (3) complete

prenatal ultrasound measurements (including growth ultrasound

measurements and fetal echocardiography); and (4) delivery in our
Frontiers in Cardiovascular Medicine 02181
hospital with a complete medical history. The exclusion criteria

were (1) irregular menstrual cycle, unclear last menstruation, or no

crown-lump length record; (2) fetal malformation chromosomal

abnormality or structural abnormalities identified by prenatal

ultrasound; or (3) any clinical condition potentially associated with

cardiovascular remodeling, such as conception by assisted

reproductive technology (ART), maternal pregestational diabetes,

hypertensive disorder complicating pregnancy (gestational

hypertension, chronic hypertension, preeclampsia or eclampsia) or

small for gestational age (EFW <10th centile) at the time of the scan.

EFW was calculated with the Hadlock-4 formula (8).

According to the updated ISUOG guidelines (9), the EFW

percentile standard recommends selecting criteria based on

data from prospective low-risk population studies. The

INTERGROWTH-21st standard meets this requirement, and the

study data included Chinese low-risk fetuses. Therefore, we

selected the INTERGROWTH-21st standard (10) as the EFW

percentile standard for this study. The neonatal birth weight

percentile evaluation criteria used the latest criteria for low-risk

neonatal weight in China published in 2021 (11).
Fetal echocardiography

Two cardiac sonologists with more than 5 years of experience

(CZ and ML) performed the ultrasound assessments following a

strict protocol (12). All echocardiogram videos were reviewed

and approved by the chief sonologist with more than 20 years of

experience (Y-YR). All examinations were performed using a

Voluson E10 BT19 and BT20 ultrasound device (GE Healthcare,

Zipf, Autria) with a transabdominal transducer (GE C2–9,

2–9 MHz, C1–6, 1–6 MHz). All videos were obtained in the

absence of fetal body motion and respiratory-like movements,

and the pregnant women were asked to hold their breath. Three-

second four-chamber loops of the fetal heart were acquired and

saved, and during the acquisition time, the heart rate needed to

remain stable.

The fetalHQ speckle tracking software (build-in the Voluson

E10 ultrasound system) measures ventricular parameters as

follows: (1) the M-Mode line is drawn from the apex through the

lateral base of the left ventricle (mitral valve lateral anulus), and

one cardiac cycle is selected (Figure 2A); (2) left ventricular end-

systolic endocardial tracing is defined, and the three red anchor

points and blue dots can be adjusted (Figure 2B); (3) left

ventricular end-diastolic endocardial tracing is defined, and the

red dots can be adjusted (Figure 2C); (4) the endocardial border

of the right ventricle at end-systole and end-diastole is traced

sequentially (Figures 2D,E); and (5) measurements are

completed, with the results exported and reported (Figure 2F).

The parameters of the left and right ventricular size

[24-segment end-diastolic transverse diameter (ED), 24-segment

end-systolic transverse diameter (ES), end-diastolic length (EDL),

end-systolic length (ESL), end-diastolic area (EDA), end-systolic

area (ESA), end-diastolic volume (EDV), end-systolic volume

(ESV)] and systolic function (EF, SV and CO) were measured

and calculated on a four-chamber view by fetalHQ software.
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FIGURE 1

Study flowchart. ART, assisted reproductive technology; GDM, gestational diabetes mellitus.
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Reproducibility

The interobserver reproducibility was estimated by comparing

the measurements of two ultrasound sonologists (CZ and ML).

Both repeatedly practiced tracing data from 30 pregnancies (10

patients per one of the following gestational ages: 28–31, 32–36

or 37–39 weeks) using fetalHQ software, with repeatability tests

performed after 1 month. The first test measured the same 30

videos and was completed within 2 days. To assess intraobserver

reproducibility, repeated measurements of the stored images of

the same 30 videos were taken by the two researchers 1 week later.
Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for

Windows, Version 25.0 (SPSS Inc., Chicago, IL, United States).

Intraclass correlation coefficient (ICC) and 95% confidence interval

(CI) were used to determine the interobserver and intraobserver

variability of the fetal cardiac measurements. Continuous data that
Frontiers in Cardiovascular Medicine 03182
were normally or approximately normally distributed are expressed

as the means ± standard deviations (SD), categorical data are

expressed as n (%), and nonnormal variables are presented as

the medians (25th and 75th). Student’s t-test was used to compare

the means, the Mann–Whitney U test was used to compare the

medians, and the chi-square test or Fisher’s exact test was used in

the analysis of proportions between the two groups. P < 0.05 was

considered statistically significant for all comparisons.
Results

Population characteristics

Of the 883 singleton pregnancies that were initially eligible for

inclusion, 430 were excluded due to FGR noted on fetal ultrasound

(n = 213), fetal chromosome abnormality (n = 2), ART (n = 3),

maternal hypertension and preeclampsia (n = 57), maternal diabetes

(n = 137) or loss to follow-up (n = 18). Therefore, a total of 453 low-
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FIGURE 2

fetalHQ speckle tracking software measures left and right ventricular parameters. (A) Selection of one cardiac cycle (M-Mode); (B) defining of left
ventricular end-systolic endocardial tracing; (C) defining of left ventricular end-diastolic tracing; (D) defining of right ventricular end-systolic
endocardial tracing; (E) defining of right ventricular end-diastolic tracing; (F) obtaining of results and report.
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risk singleton pregnancies were finally included in the data analysis

(Figure 1). Fetal echocardiography data were collected once in each

case, and the data from the first scan were selected for those

pregnancies with more than two scans. A statistical summary of the

characteristics of the research subjects is shown in Table 1. The

median maternal age was 30 (28–33) years. Most women (77.9%)

were nulliparous. The median gestational age at ultrasound scan was

32.5 (31.2–36.1) weeks, the median gestational age of delivery was

39 (38–40) weeks, the mean birth weight was 3228.5 ± 414.6 g, and

the median birth weight percentile was 46.7%, interquartile range

(24.0%–75.1%).
Reproducibility

The reproducibility analysis showed that after 1 month of

training, the interobserver reproducibility was good-to-excellent

(ICC 0.626–0.907), and the intraobserver reproducibility was also
Frontiers in Cardiovascular Medicine 04183
good-to-excellent (ICC 0.654–0.936) for all of the cardiac

parameters evaluated (Table 2).
Comparison of left and right ventricular size

Fetal heart rate did not change with gestational age (R = 0.019,

P = 0.679) from 28 to 39 weeks of gestation, median 142 bpm,

range (116–177 bpm) (Figure 3).

The left and right ventricular ESL, EDL, ES-S1 and ED-S1

increased with gestational age (left: R = 0.420–0.494, P < 0.001;

right: R = 0.0.471–0.581, P < 0.001). The EDL and ESL of the left

ventricle were longer than those of the right ventricle (EDL:

2.24 ± 0.36 cm vs. 1.96 ± 0.34 cm, P < 0.001; ESL: 1.72 ± 0.29 cm

vs. 1.52 ± 0.28 cm, P < 0.001). The left ventricular ED-S1 and

ES-S1 were shorter than the right ventricular ED-S1 and ES-S1

(ED-S1: 12.87 ± 1.78 mm vs. 13.43 ± 2.18 mm, P < 0.001; ES-S1:

5.09 ± 0.75 mm vs. 5.61 ± 0.94 mm, P < 0.001) (Table 3).
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TABLE 1 Maternal and pregnancy characteristics of the study population
of 453 low-risk singleton pregnancies.

Parameters Value
Maternal age (years) 30 (28–33)

Pregestational BMI (kg/m2) 20.5 (19–22.3)

Prenatal BMI (kg/m2) 25.6 (23.7–27.9)

Parity

Nulliparous 353 (77.9)

Parous 100 (22.1)

GA at time of the scan (weeks) 32.5 (31.2–36.1)

EFW 2,028 (1,684–2,518)

EFW centile 52.4 (29.8–75.0)

Mode of delivery

Vaginal 297 (65.6)

Cesarean 156 (34.4)

GA at delivery (weeks) 39 (38–40)

Preterm delivery 15 (3.3)

Birth weight (g) 3226.9 ± 415.2

Birth-weight centile 46.7 (24.0–75.1)

Neonatal gender

Male 217 (47.9)

Female 236 (52.1)

5-min Apgar score* 9 (8–9)*

SGA 38 (8.4)

Adverse perinatal outcome 0

NICU admission 0

*Median (minimum–maximum).

Data are given as the mean± SD, n (%), median (interquartile range) GA, gestational

age; BMI, body mass index; EFW, estimated fetal weight; NICU, neonatal intensive

care unit; SGA, small for gestational age (defined as birth weight <10th centile).

TABLE 2 Intraclass correlation coefficients and interobserver and intraobserv

Parameters ICC

Interobserver

LV RV
Ventricular size

ED-S1 0.699 (0.458–0.844) 0.691 (0.446–0.8

ED-S12 0.704 (0.465–0.847) 0.727 (0.501–0.8

ED-S24 0.646 (0.377–0.814) 0.626 (0.348–0.80

ES-S1 0.706 (0.469–0.849) 0.759 (0.552–0.87

ES-S12 0.695 (0.451–0.842) 0.761 (0.556–0.87

ES-S24 0.651 (0.385–0.817) 0.686 (0.438–0.83

EDL 0.824 (0.632–0.916) 0.888 (0.740–0.94

ESL 0.764 (0.565–0.880) 0.854 (0.638–0.93

EDA 0.888 (0.731–0.950) 0.907 (0.803–0.95

ESA 0.817 (0.648–0.907) 0.877 (0.683–0.94

EDV 0.881 (0.707–0.948) 0.798 (0.619–0.89

ESV 0.748 (0.538–0.871) 0.802 (0.624–0.9

Ventricular function

EF 0.740 (0.459–0.876) 0.681 (0.429–0.83

SV 0.782 (0.541–0.896) 0.668 (0.411–0.82

CO 0.803 (0.489–0.915) 0.713 (0.480–0.85

SV/KG 0.692 (0.447–0.84) 0.663 (0.402–0.82

CO/KG 0.641 (0.370–0.811) 0.626 (0.348–0.80

ICC, intraclass correlation coefficient; LV, left ventricle; RV, right ventricle; ED, end-d

segment 24; EDL, end-diastolic length; ESL, end-systolic length; EDA, end-diastolic a

EF, ejection fraction; SV, stroke volume; CO, cardiac output; KG, kilogram.
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The left and right ventricular ESA and EDA increased with

advancing gestational age (left: R = 0.412–0.504, P < 0.001; right:

R = 0.665–0.710, P < 0.001). The left ventricular EDA was not

significantly larger than that of the right (2.18 ± 0.54 cm2 vs.

2.11 ± 0.54 cm2, P = 0.050), and the ESA was shorter than that of

the right (1.16 ± 0.34 cm2 vs. 1.38 ± 0.41 cm2, P < 0.001) (Table 3).

The left and right ventricular ESV and EDV increased

with gestational age (left: R = 0.386–0.486, P < 0.001; right:

R = 0.640–0.678, P < 0.001). The right-to-left ventricular volume

ratios increased with advancing gestational age (EDV ratio: R =

0.248, P < 0.001; ESV ratio: R = 0.252, P < 0.001), the mean EDV

ratio was 0.987 (95% CI, 0.940–1.034) at 28–32 weeks, 1.170 (95%

CI, 1.112–1.229) at 33–39 weeks, and 1.076 (95% CI, 1.038–1.114)

at 28–39 weeks (Figure 4A), and the mean ESV ratio was 1.628

(95% CI, 1.555–1.701) at 28–39 weeks (Figure 4B). The left

ventricular EDV was not significantly different from the right,

whereas the left ventricular ESV was significantly smaller than that

of the right (EDV: 1.89 ± 0.71 ml vs. 1.92 ± 0.75 ml, P = 0.565;

ESV:0.71 ± 0.33 ml vs. 1.04 ± 0.47 ml, P < 0.001) (Table 3).
Comparison of left and right ventricular
function

The left ventricular EF showed no significant change with

gestational age (R = 0.021, P = 0.655) (Figure 5A), and the right

ventricular EF decreased with gestational age (R =−0.131,
er variability for fetal cardiac measurements.

(95% confidence interval)

Intraobserver

LV RV

4) 0.762 (0.559–0.879) 0.767 (0.566–0.882)

6) 0.742 (0.526–0.869) 0.792 (0.607–0.895)

2) 0.871 (0.747–0.937) 0.766 (0.565–0.881)

7) 0.800 (0.621–0.899) 0.752 (0.542–0.874)

9) 0.733 (−0.51 to 0.863) 0.776 (0.582–0.887)

7) 0.736 (0.516–0.865) 0.695 (0.452–0.842)

9) 0.824 (0.632–0.916) 0.870 (0.726–0.938)

6) 0.846 (0.679–0.926) 0.902 (0.777–0.955)

6) 0.918 (0.808–0.963) 0.923 (0.838–0.963)

7) 0.857 (0.701–0.932) 0.936 (0.866–0.970)

9) 0.926 (0.825–0.967) 0.804 (0.628–0.902)

) 0.842 (0.667–0.925) 0.854 (0.716–0.928)

4) 0.712 (0.449–0.856) 0.704 (0.465–0.847)

7) 0.822 (0.575–0.920) 0.710 (0.475–0.851)

2) 0.832 (0.620–0.923) 0.742 (0.525–0.868)

4) 0.732 (0.510–0.863) 0.660 (0.398–0.822)

2) 0.680 (0.428–0.834) 0.654 (0.390–0.819)

iastolic diameter; ES, end-systolic diameter; S1, segment 1; S12, segment 12; S24,

rea; ESA, end-systolic area; EDV, end-diastolic volume; ESV, end-systolic volume;
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FIGURE 3

Scatterplots of heart rate, according to gestational age (weeks), in 453 low-risk singleton pregnancies from 28 to 39 weeks gestation. Regression lines
with the 5% and 95% confidence intervals are plotted with the regression equation. HR, heart rate.

TABLE 3 Comparison of the left and right ventricular size of low-risk
fetuses in the third trimester.

Parameters Left ventricle Right ventricle P value
Ventricular size

ED Segment 1 (mm) 12.87 ± 1.78 13.43 ± 2.18 <0.001

Segment 12 (mm) 10.82 ± 1.66 11.85 ± 2.05 <0.001

Segment 24 (mm) 2.09 ± 0.44 1.74 ± 0.43 <0.001

ES Segment 1 (mm) 5.09 ± 0.75 5.61 ± 0.94 <0.001

Segment 12 (mm) 3.51 ± 0.76 4.89 ± 0.96 <0.001

Segment 24 (mm) 0.65 ± 0.13 0.73 ± 0.13 <0.001

EDL (cm) 2.24 ± 0.36 1.96 ± 0.34 <0.001

ESL (cm) 1.72 ± 0.29 1.52 ± 0.28 <0.001

EDA (cm2) 2.18 ± 0.54 2.11 ± 0.54 0.050

ESA (cm2) 1.16 ± 0.34 1.38 ± 0.41 <0.001

EDV (ml) 1.89 ± 0.71 1.92 ± 0.75 0.565

ESV (ml) 0.71 ± 0.33 1.04 ± 0.47 <0.001

Ventricular function

EF (%) 62.69 ± 8.20 46.09 ± 9.06 <0.001

SV (ml) 1.18 ± 0.46 0.88 ± 0.37 <0.001

CO (ml/min) 167.85 ± 64.30 128.69 ± 54.37 <0.001

SV/KG (ml/kg) 0.57 ± 0.18 0.42 ± 0.14 <0.001

CO/KG (ml/min/kg) 81.27 ± 26.38 61.36 ± 21.13 <0.001

Data are given as the mean± SD. ED, end-diastolic diameter; ES, end-systolic

diameter; EDL, end-diastolic length; ESL, end-systolic length; EDA, end-diastolic

area; ESA, end-systolic area; EDV, end-diastolic volume; ESV, end-systolic

volume; EF, ejection fraction; FS, fractional shortening; SV, stroke volume; CO,

cardiac output; KG, kilogram.
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P = 0.005) (Figure 5B). The ratio of right-to-left ventricular EF

decreased with gestational age (R =−0.123, P = 0.009), the mean

EF ratio was 0.745 (95% CI, 0.730–0.760) at 28–39 weeks

(Figure 5C). The EF of the left ventricle was larger than that of

the right ventricle (62.69 ± 8.20% vs. 46.09 ± 9.06%, P < 0.001)

(Table 3).

The left and right ventricular SV increased with gestational

age (left: R = 0.477, P < 0.001; right: R = 0.559, P < 0.001)

(Figures 6A,B). The ratio of right-to-left ventricular SV

decreased with gestational age (R = 0.156, P = 0.001), the mean

SV ratio was 0.802 (95% CI, 0.769–0.835) at 28–39 weeks

(Figure 6C). The SV of the left ventricle was larger than that

of the right ventricle (1.18 ± 0.46 vs. 0.88 ± 0.37, P < 0.001)

(Table 3).

The left and right ventricular CO increased with gestational

age (left: R = 0.458, P < 0.001; right: R = 0.552, P < 0.001)

(Figures 7A,B). The ratio of right-to-left ventricular CO

decreased with gestational age (R = 0.165, P < 0.001), the mean

CO ratio was 0.828 (95% CI, 0.793–0.863) at 28–39 weeks

(Figure 7C). The CO of the left ventricle was larger than that of

the right ventricle (167.85 ± 64.30 vs. 128.69 ± 54.37, P < 0.001)

(Table 3).

The left and right ventricular SV/KG and CO/KG increased with

gestational age (left: R = 0.209–0.236, P < 0.001; right: R = 0.011–
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FIGURE 5

Scatterplots of left ventricular EF (A), right ventricular EF (B) and right-to-left ventricular EF ratio (C), according to gestational age (weeks), in 453 low-risk
singleton pregnancies from 28 to 39 weeks gestation. Regression lines with the 5% and 95% confidence intervals are plotted with the regression equation.
LV, left ventricle; RV, right ventricle; EF, ejection fraction.

FIGURE 4

Scatterplots of right-to-left ventricular EDV ratio (A) and ESV ratio (B), according to gestational age (weeks), in 453 low-risk singleton pregnancies from 28
to 39 weeks gestation. Regression lines with the 5% and 95% confidence intervals are plotted with the regression equation. LV, left ventricle; RV, right
ventricle; EDV, end-diastolic volume; ESV, end-systolic volume.
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0.018, P = 0.706–0.820). The SV/KG of the left ventricle was

larger than that of the right ventricle (0.57 ± 0.18 vs. 0.42 ± 0.14, P

< 0.001). The CO/KG of the left ventricle was larger than that of

the right ventricle (81.27 ± 26.38 vs. 61.36 ± 21.13, P < 0.001)

(Table 3).
Frontiers in Cardiovascular Medicine 07186
Relationship between ventricular
end-diastolic size and systolic function

The EF of the left and right ventricles did not significantly

change with increasing ED-S1 (left: R = 0.002, P = 0.958; right:
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FIGURE 6

Scatterplots of left ventricular SV (A), right ventricular SV (B), and right-to-left ventricular SV ratio (C), according to gestational age (weeks), in 453 low-risk
singleton pregnancies from 28 to 39 weeks gestation. Regression lines with the 5% and 95% confidence intervals are plotted with the regression equation.
LV, left ventricle; RV, right ventricle; SV, stroke volume.
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R = 0.063, P = 0.180) or EDL (left: R = 0.018, P = 0.702; right:

R = 0.004, P = 0.943).

The SV of the left and right ventricles increased with

ED-S1 (left: R = 0.705, P < 0.001; right: R = 0.727, P < 0.001) and

EDL (left: R = 0.644, P < 0.001; right: R = 0.565, P < 0.001).

The CO of the left and right ventricles increased with ED-S1

(left: R = 0.694, P < 0.001; right: R = 0.710, P < 0.001) and EDL

(left: R = 0.630, P < 0.001; right: R = 0.554, P < 0.001) (left:

Figure 8A; right: Figure 8B).
Discussion

The main findings of this study were as follows: (1) the

reproducibility of the interobserver and intraobserver

measurements was good to excellent after full training; (2) fetal

ventricular size and systolic function increased with advancing

gestation, whereas right ventricular EF decreased and left

ventricular EF was not significantly changed; (3) left ventricular

length was longer than the right; (4) left ventricular ED-S1

and ES-S1 were shorter than the right; (5) there were no

differences between the left and right ventricles for EDA or

EDV; (6) the ratio of right-to-left ventricular volume increased

with gestational age, and the right ventricle was found to be
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volumetrically greater in both EDV and ESV, especially after 32

weeks; (7) The mean EF, CO and SV ratio of right-to-left

ventricle were less than 1 at 28–39 weeks, and the left ventricular

EF, CO and SV were greater than the right; and (8) SV and

CO increased with ED-S1 and EDL, whereas EF was not

significantly changed.
Ventricular dominance in low-risk fetuses in
terms of size

In this study, the two ventricular sizes increased with

gestational age, whereas the right ventricle size was more

associated with gestational age than the left ventricle size. The

EDL and ESL of the left ventricle were significantly larger than

those of the right ventricle (P < 0.001), which is consistent with

the findings of DeVore et al. (13) (20–40 weeks). Meanwhile, in

our study, the ED-S1 and ED-S12 of the left ventricle were

significantly shorter than those of the right ventricle, but the ED-

S24 was larger than that of the right ventricle (P < 0.001). The

left ventricular EDA was not significantly larger than the right

ventricular ESA (P = 0.05), but the ESA was shorter than the

right ventricular EDA (P < 0.001). These results indicate that the

left ventricle is longer than the right ventricle, that the right
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FIGURE 7

Scatterplots of left ventricular CO (A), right ventricular CO (B), and right-to-left ventricular CO ratio (C), according to gestational age (weeks), in 453 low-
risk singleton pregnancies from 28 to 39 weeks gestation. Regression lines with the 5% and 95% confidence intervals are plotted with the regression
equation. LV, left ventricle; RV, right ventricle; CO, cardiac output.

FIGURE 8

Correlation between end-diastolic ventricular size (ED-S1, EDL) and ventricular systolic function parameters (EF, SV, CO). (A) Left ventricle; (B) right
ventricle. LV, left ventricle; RV, right ventricle; ED-S1, end-diastolic diameter segment 1; EDL, end-diastolic length; EF, ejection fraction; SV, stroke
volume; CO, cardiac output.
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ventricle is wider than the left ventricle and that the apical portion

of the left ventricle is more rounded than the right ventricle, which

is consistent with the anatomy of the right and left ventricles.

Previous studies have reported inconsistent results

regarding the comparison of the area and diameter of the

two ventricles. For example, DeVore et al. (13) (20–40 weeks)

suggested that the EDA and ED-S1 of the left ventricle

were significantly larger than those of the right ventricle.

Schneider et al. (14) (15–39 weeks) suggested that the EDA of

the left ventricle was significantly smaller than that of the right

ventricle, and Gabbay-Benziv et al. (15) (16–38 weeks) and

Sharland et al. (16) (17–41 weeks) suggested that the left

ventricular ED-S1 was significantly smaller than that of the right

ventricle.

Ventricular volume changes are most closely related to

systolic function. This study analyzed the ratio of right-to-

left ventricular volume and found the right ventricle was

volumetrically greater in both EDV and ESV, especially after

32 weeks. When we compared ventricular volumes in end-

systole, the right ventricle remained greater than the left

ventricle, but in end-diastole, there was no difference between

right and left ventricles. Many previous studies (5, 17–19)

have shown that the EDV of the right ventricle was

significantly greater than that of the left ventricle. However, the

guidelines for performing the “basic” and “extended basic”

cardiac scans (20, 21) and the study by Sutton (22) (20 weeks to

term) reported that both ventricles of normal fetal hearts appear

similar in size, consistent with the results of our study.

Meanwhile, our study demonstrated the right ventricular

dominance in the larger volume measurements, especially after

32 weeks.

Changes in ventricular size and morphology, particularly

ventricular enlargement, are one of the manifestations of cardiac

remodeling (23) and are important in the evaluation of

intrauterine growth restriction (24). In contrast, fetal anomalies

such as Ebstein’s malformation, pulmonary valve stenosis and

cardiomyopathy (25) can also present with abnormalities in the

left or right ventricular area.
Ventricular dominance in low-risk fetuses in
terms of systolic function

The theory of normal fetal right ventricular dominance that

most researchers currently accept was first derived from the

results of left and right ventricular output in animal studies

(26, 27). However, some researchers have challenged this theory

with the equal weight of the right and left ventricles in cadaveric

fetal specimens (28). Other researchers have argued that it is

unreasonable to use the weight of the heart of a stillborn fetus to

infer the predominance of the heart of a living fetus (19).

However, the debate on the issue of fetal ventricular dominance

is ongoing. There has been debate as to whether the right

ventricular output is actually greater, the same as (5, 22, 28)

(19–38 weeks), or less than that of the left ventricle (29, 30)

(fetal lamb).
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The EF, CO and SV can reflect ventricular volume changes. In

our study, the mean EF, CO and SV ratio of right-to-left ventricle

were less than 1 at 28–39 weeks, and the EF, CO, SV, CO/KG and

SV/KG of the left ventricle were greater than those of the right

ventricle. Although most studies consider right ventricular

dominance in the fetal period, there are authoritative studies that

have reported the same results as ours. Hamill et al. (5) (19–38

weeks) suggested that the left ventricular EF was significantly

higher than the right ventricular EF, but there was no difference

in the CO between the two ventricles using 4D-STIC and

VOCAL. Meanwhile, early results from some animal tests

support the notion that the output of the left ventricle is greater

than that of the right ventricle (29, 30). There is support for the

idea that humans have a much larger brain size and metabolic

requirements than small animals (31). Under this reasoning, it is

also reasonable that the left ventricle needs to contract more

than the right ventricle to pump more blood to distribute to the

developing brain (5). Anatomically, the right ventricular

myofibers are thin, the epi-myocardial circumferential fibers

are contiguous with the epi-myocardial oblique fibers of the

left ventricle, and the subendomyocardial longitudinal fibers of

the right ventricle are contiguous with the fibers of the

interventricular septum. The myofibers of the left ventricle

are thicker and composed of 3 layers of fibers. In addition to

having the same subendomyocardial longitudinal fibers as the

right ventricle, the left ventricle has an additional layer of

circumferentially oriented fibers in the middle, which play a

role in determining the range and extent of myocardial

deformation (32).

Therefore, it is reasonable that the contractile force of the left

ventricle is higher than that of the right ventricle. On the other

hand, umbilical artery resistance decreases with gestational age,

and fetal pulmonary vascular resistance is higher than systemic

vascular resistance before birth (33). This makes the ESV of the

left ventricle smaller than that of the right ventricle, and the EF,

SV, and CO, among others, are greater for the left ventricle.

However, it is important to be reminded that many studies, as

mentioned above, suggested that the volume of the right ventricle

in the fetal period was larger than that of the left ventricle,

especially in late pregnancy, which was contrary to the results of

this study. The main reasons may be as follows. The structure of

the right ventricle is relatively complex, including the right

ventricular inflow tract, trabecular part and outflow tract.

Because the measurements obtained in this study were based on

the four-chamber view, the outflow tract would not be included

in the right ventricle, so the EDV, ESV and CO parameters of

the right ventricle would be underestimated, which may affect

the results of this study.

Abnormal changes in fetal heart function, as well as

disproportionate left and right ventricular ratios (34), suggest an

abnormal fetal status. Devore et al. showed that (3) EF, SV, SV/

KG, CO and CO/kg were significantly reduced in fetuses with

severe aortic stenosis and severe anemia; SV, SV/KG, CO and

CO/KG were significantly increased in fetuses with

cardiomyopathy; and SV and SV/KG were not significantly

increased in fetuses with growth restriction.
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Relationship between ventricular
end-diastolic size and systolic function

The results of our study showed that the ventricular size (end-

diastolic length and diameter) was highly correlated with the

output parameters (SV and CO) in low-risk fetuses but had a

low correlation with EF. The correlation between ED-S1 and

ventricular SV and CO was higher than that of EDL. Therefore,

the effect of the changes in ED-S1 on systolic function was

greater than that of EDL. Recent literature has reported that

fetuses with an EFW <10th centile had an increased area of the

4-chamber view and an abnormal size of the ventricles. The

proportion of global transverse width increase was the highest

(24). In addition, FGR fetuses have wider left and right ventricles

than normal fetuses (35).
Strengths and limitations

The greatest strength of our study is the finding of higher left

ventricular systolic function (including EF, SV, CO, SV/KG and

CO/KG) than right ventricle in low-risk fetuses using novel fetal-

specific 2D speckle tracking software, followed by the right

ventricle was found to be volumetrically greater in both EDV

and ESV (especially after 32 weeks), then the finding that ED-S1

has a greater impact on systolic function than EDL.

The limitations are that (1) there remains a lack of a gold

standard for validation of ventricular size and systolic function

calculation methods, but previous study showed that the method

of using volumetric measurements to calculate SV and CO is

accurate and reliable (36); and (2) although the combined time

for a four-chamber view video acquisition and 2D speckle

tracking analysis is 4 min at most, it takes time to learn the

professional knowledge that is needed and that a certain sample

size for operation training is required to skillfully use the

fetalHQ software.
Conclusion

In summary, the findings of this study suggest that right

ventricular dominance was demonstrated by volume

measurements, especially after 32 weeks, but that left ventricular

dominance was observed in systolic function parameters

(EF, CO, SV, SV/KG and CO/KG). ED-S1 has a greater impact

on systolic function than EDL. These findings can provide some

insights for further research demonstration in the field.
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The clinical application of
longitudinal layer specific strain as
a diagnostic and prognostic
instrument in ischemic heart
diseases: A systematic review and
meta-analysis
Shreeya Sharma1*, Mats Christian Højbjerg Lassen1,2,3,
Anne Bjerg Nielsen1, Kristoffer Grundtvig Skaarup1,2,3

and Tor Biering-Sørensen1,2,3

1Department of Cardiology, Copenhagen University Hospital – Herlev and Gentofte, Copenhagen,
Denmark, 2Center for Translational Cardiology and Pragmatic Randomized Trials, Department of
Biomedical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen,
Denmark, 3The Copenhagen City Heart Study, Copenhagen University Hospital – Bispebjerg and
Frederiksberg, Copenhagen, Denmark

Background: 2-dimensional Speckle-Tracking Echocardiography, to obtain
longitudinal layer specific strain (LSS), has recently emerged as a novel and
accurate non-invasive imaging technique for diagnosis as well as for prediction
of adverse cardiac events. This systematic review and meta-analysis aimed to
give an overview of the possible clinical implication and significance of
longitudinal LSS.
Methods:We conducted a systematic review and meta-analysis with all the studies
involving layer specific strain in patients with ischemic heart disease (IHD). Of 40
eligible studies, 9 met our inclusion criteria. Studies that were included either
investigated the prognostic value (n= 3) or the diagnostic value (n= 6) of
longitudinal LSS.
Results: The pooled meta-analysis showed that longitudinal LSS is a significant
diagnostic marker for coronary artery disease (CAD) in patients with IHD.
Endocardial LSS was found to be a good diagnostic marker for CAD in IHD
patients (OR: 1.28, CI95% [1.11–1.48], p < 0.001, per 1% decrease). Epicardial (OR:
1.34, CI95% [1.14–1.56], p < 0.001, per 1% decrease), Mid-Myocardial (OR: 1.24,
CI95% [1.12–1.38], p < 0.001, per 1% decrease) and endocardial (OR: 1.21, CI95%
[1.09–1.35], p < 0.001, per 1% decrease) LSS all entailed diagnostic information
regarding CAD, with epicardial LSS emerging as the superior diagnostic marker
for CAD in patients with SAP. Endocardial LSS proved to be the better diagnostic
marker of CAD in patients with non-ST elevation acute coronary syndrome
(NSTE-ACS). LSS was shown to be a good prognostic maker of adverse cardiac
events in IHD patients. Two studies found endocardial circumferential strain to
be the good predictor of outcome in CAD patients and when added to baseline
characteristics. Epicardial LSS emerged as best predictor in acute coronary
syndrome (ACS) patients.
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Conclusion: In patients with SAP, epicardial LSS was the stronger diagnostic marker while in
NSTE-ACS patients, endocardial LSS was the stronger diagnostic marker. In addition,
endocardial circumferential strain is the better predictor of adverse outcome in CAD
patients whilst in ACS patients, epicardial LSS was found to be a better predictor of
outcome.

KEYWORDS

longitudinal layer specific strain, ischemic heart disease, coronary artery disease, acute coronary

syndome, 2 dimensional speckle tracking echocardiography
Introduction

Despite the extensive and commendable advances in

therapeutic treatments, cardiovascular diseases (CVDs)

continue to be a leading cause of death worldwide (1),

affecting 85.6 million American adults while accounting for

approximately one of every three deaths in the United States

as of 2016 (2).

Conventionally, cardiac function and contractility is assessed

using non-invasive imaging techniques such as echocardiography

(1). However, conventional echocardiography is not without

limitations, as some CVDs (coronary artery disease) do not

necessarily display wall abnormalities detectable by conventional

echocardiographic methods (3). Additionally, the conventional

methods fail to distinguish the non-homogenous nature of the

myocardium with its three layers ranging from endo- to

epicardium (4).

With ongoing technological advancements, studies performed

during the last decade provide evidence for global longitudinal

strain (GLS) obtained from 2-dimensional speckle-tracking

echocardiography (2DSTE), as being a robust technique in

evaluating left ventricular (LV) systolic function along with being

an objective diagnostic marker (5–8). Strain, obtained by 2DSTE

is a measure of deformation (5), defined as the percentage

change in myocardial segmental length (6).

Novel echocardiographic software can now be used to

sectionalize the myocardium in its individual layers allowing for

obtainment of the layer specific strain (LSS). This distinction is

relevant, especially in ischemic heart disease (IHD), since

longitudinally oriented myocardial fibers located in the

endocardium region are more susceptible to ischemia (7), as they

are located furthest from supplying arteries (8). Longitudinal

strain is also impaired amongst patients with subtle cardiac

impairment and a preserved left ventricular ejection fraction

(LVEF) (9). At the same time, longitudinal layer specific strain

(LSS) emerges as a more powerful predictor of outcome than

LVEF, as it may reflect even more subclinical LV systolic

function (10, 11).

Thus, 2DSTE is likely to contribute further to the

pathophysiological and morphological understanding of cardiac

diseases (6).

Therefore, the aim of this systematic review and meta-analysis

was to evaluate the diagnostic and prognostic value as well as

clinical relevance of using 2DSTE measured LSS in patients with

suspected or prevalent IHD.
02193
Methods

Search process

A trained investigator searched the following databases:

PubMed, Embase and Cochrane Library on January 27th 2019.

The search strategy included terms and phrases relevant for the

subject of the review. The search utilized MeSH terms and free

text terms, such as “Layer Specific Strain”, “Speckle Tracking

Echocardiography”, “2DSTE”, “Myocardial Strain”, “Global

Longitudinal Strain”, “GLS” and “Left ventricular GLS”.

Additional search strategies involved reviewing references in the

search result to identify further relevant studies to be included.

Two investigators (SS and MHL) independently reviewed the

results of the searches to determine whether the articles qualified

for inclusion in this review.

The search strategy of PubMed is displayed in (Supplementary

Table S1).
Eligibility criteria and study selection

All full text articles describing the prognostic and diagnostic

value of 2DSTE measured LSS, in patients with ischemic heart

diseases were included in this review. Abstracts, other literature

and systematic reviews, conference abstracts, poster

presentations, editorials as well as studies reporting results

obtained from 3D tracking techniques were excluded from this

study.

Search results were primarily screened based on title and

abstract as depicted in the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses PRISMA diagram

(Figure 1).

From 40 full text articles, 23 were eliminated as the articles

were not related to ischemic heart diseases, were reviews, were

not LSS or used strain gradient instead of reporting absolute

strain values. Furthermore, eight other articles were excluded as

they did not use odds ratio (OR) hazard ratio (HR) or area

under the curve (AUC) to report their findings.

The qualified studies were divided into two groups; Group 1:

studies assessing the diagnostic value (6 studies/Table 1) and

Group 2: studies assessing the prognostic value of longitudinal

LSS (3 studies/Table 2).

From Group 1, studies reporting their results as OR were

included in this meta-analysis. Three studies (4, 12, 13) reported
frontiersin.org
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FIGURE 1

PRISMA flow diagram. PRISMA flow diagram displaying process of finding eligible studies for this review. Abbreviations: PRISMA, preferred reporting items
for systematic review and meta-analysis.
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OR with 95% confidence intervals (CI) for endo-, myo- and

epicardium after multivariable adjustments whilst only one of the

three studies also reported univariable OR with CI for all three

layers. A fourth (5) study also reported OR with CI with both

uni- and multivariable adjustments for the endocardial layer

only. However, while the first three studies investigated the

diagnostic value of LSS in diagnosing CAD in patients with SAP,

the fourth study investigated LSS in diagnosing of CAD in

NSTE-ACS patients. Pathophysiologically two different

conditions are seen and hence the studies were not pooled

together. Therefore, three studies were included in this meta-

analysis. Because of the heterogeneity amongst the patients in the

included studies, a random effect model was utilized. The

remaining two studies could not be included in the meta-analysis
Frontiers in Cardiovascular Medicine 03194
since they did not report their results with OR. The findings are

discussed in the discussion section.

Of the total six studies in the group, five studies (3, 5, 12)

provided AUC values for multivariable adjustments whilst only

two (3, 5) of the five studies reported the AUCs with 95% CI.

Hence, due to lack of sufficient studies reporting AUCs with

confidence intervals, AUCs were not included in this meta-analysis.

Group 2 constituted of three studies assessing the prognostic

value of LSS in patients with IHD. Out of three studies included

in the assessment of prognostic usefulness, one study (14)

reported their results as HR whilst the other two studies (15, 16)

used AUC. However, the two latter could not be pooled for

meta-analysis as the studies used different multivariable

adjustment models that could not be pooled together. Due to
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TABLE 1 Studies evaluating the diagnostic significance of LSS.

Author
Year

Country Measurements investigated Sample size
(n)

Mean
age of
CAD pt

EF(%)
of CAD

pt

Population
characteristics

LSS significant as
a diagnostic

marker for CAD?
Hagemann
2018*

Denmark Longitudinal LSS (Endo, Epi,
Myocardial), CAG

80
(control = 40

with stenosis = 28
without

stenosis = 12)

63 ± 11 56 ± 4 Patients with reversible
ischemia (SAP)

Yes (Epi-GLS)

Hagemann
2019*

Denmark Longitudinal LSS (Endo, Epi,
Myocardial), CAG, Global
Circumferential strain (Endo, epi,
myocardial)

285 63.8 ± 10.0 58 ± 4 Patients with SAP Yes (Epi-GLS)

Yilmaztepe
2018

Turkey Longitudinal LSS (Endo, Epi,
Myocardial), regional longitudinal strains

79 60 ± 9.8 65.4 ± 5.3 Patients with SAP Yes

Ejlersen,
2017*

Denmark WM, Longitudinal LSS (Endo, Epi,
Myocardial), CAG

132 65.7 Sd
(7.2)

63 Sd
(10)

Patients with chest pain
referred for an invasive
coronary angiography

Yes (Epi- GLS)

Sarvari,
2013*

Norway Territorial longitudinal strain,
Longitudinal LSS and Circumferential
LSS (for all the cardiac layers)

77
(Coronary

occlusion: 28
Stenosis: 21

No stenosis:28)

63.3 ± 9.3 59.0 ± 6 Patients with NSTE-ACS
referred to hospital for
coronary angiography

Yes (Endo-GLS)

Zhang, 2016 China Territorial longitudinal strain, Territorial
circumferential strain, Longitudinal LSS
and Circumferential LSS (for all the
cardiac layers)

139 55.4 ± 6.0 61.5 ± 2.0 Patients with NSTE-ACS
recommended for
undergoing coronary
angiography

Yes (Endo-GLS)

*Studies that were included in the meta-analysis.

TABLE 2 LSS as a predictor for adverse cardiac events in IDH patients.

Author
Year

Country Sample
size (n)

Population characteristics Length of
follow-up

Outcome/Event(s) Number of
events

LSS
prognostic
value?

Scharrenb-
roich 2018

Germany CAD: 137 CAD and AMI patients Mean: 3.6 ± 1.2
years

Cardiac death, Hospitalization
due to MI, Unstable Angina
Pectoris, heart insufficiency

AMI: 22 Yes
(Endo-LSS and
Endo-GCS)

AMI: 94 CAD: 47

Skaarup 2018 Denmark 465 ACS patients Median: 4.6
(IQR: 0.2–6.3)
years

Heart failure or cardiovascular
death

199 Yes
(epi-LSS)

Hamada
2016

Germany 390 Patients with chronic ischemic
cardiomyopathy (defined as known
CAD and LVEF ≤50%

Mean: 4.9 ± 2.2
years

Readmission/worsenin-g of heart
failure, ventricular arrhythmias,
death of any cause.

133 Yes
(Endo-GCS)

Sharma et al. 10.3389/fcvm.2023.980626
this, the studies could not be included in the meta-analysis, but

their finding were explored in the results and discussions section.

While all the studies included in the discussion of prognostic

value of LSS focus on longitudinal LSS, two studies (15, 16) also

included results of the value of circumferential strain which was

also included in this review. Circumferential strain differs from

longitudinal strain as it measures the systolic shortening of the

short axis of the ventricles while longitudinal strain measures

myocardial shortening from base to apex (17).
Quality assessment

Quality assessment for the risk of bias and the applicability of

the included diagnostic studies was evaluated using the Quality

Assessment of Diagnostic Accuracy Studies questionnaire

(QUADAS-2) (18) (Supplementary Tables S2 and S3). The
Frontiers in Cardiovascular Medicine 04195
QUADAS-2 addresses domains regarding the applicability and

risk of bias in the studies investigating diagnostic ability. The

four domains for risk of bias assessment include patient

selection, index test, reference test and flow and timing whilst

three domains for applicability include: patient selection, index

and reference test. The domains are designated a rating as high,

low or moderate risk of bias.

Quality assessment of the studies investigating the prognostic value

of LSS were evaluated using the Newcastle–Ottawa Quality Assessment

Scale for cohort studies (Supplementary Table S4). This questionnaire

consists of three categories: selection, comparability and outcome.
Statistics

The meta-analysis was conducted using STATA statistics/data

analysis, SE 15.0 (StataCorp, College Station, TX, United States).
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TABLE 3 Baseline characteristics of patients included in the diagnostic
studies (group 1).

Patients Patients with P-value

Sharma et al. 10.3389/fcvm.2023.980626
The pooled analyses were performed by using OR extracted from

the included studies.

The results are presented as forest plots. A two-tailed p-value

of < 0.05 was defined as statistical significance. The I2 index was

used to assess heterogeneity between studies. All pooled

analyses were performed using a fixed effects model and, if

heterogeneity was observed (defined as I2 > 50% or Chi2

p-value < 0.10), a random effects model was deployed

instead. The possibility of publication bias was assessed using

the Egger’s test and by visual inspection of funnel plots

(Figure 2).

without CAD
(n = 400)

CAD (n = 360)

General characteristics

Age 59.1 (53.6–63) 61.9 (55.4–65.7) 0.29

Gender (% male) 52.4 (33.3–79) 76.4 (55–89) 0.12

Smoking (%) 26.3 (19–34) 25.5 (20–36) 0.22

BMI (kg/m2) 23 (26–29.7) 27.9 (26.9–29) 0.66

Comorbidities

Hypertension (%) 60.3 (52–88.9) 69.9 (46–88.4) 0.42

Diabetes (%) 22.8 (10–27.8) 29.7 (15–62) 0.27

Hypercholestrolemia/
Dyslipidemia (%)

46.9 (29–69) 57.5 (37–83) 0.34

Family History (%) 34 (21–49) 38.5 (22–60) 0.66

Echocardiographic Characteristics

LVEF (%) 62.2 (57–66.4) 60 (56–65.4) 0.37

GLS endo (%) 22.9 (19.2–28.5) 19.6 (15.4–23.7) 0.0006

GLS epi (%) 17.6 (13.9–21.9) 15.2 (12–16.7) 0.003

GLS mid (%) 19.5 (15.9–18.6) 17.3 (14.9–20.8) 0.0005

Data are expressed as means of the characterisitcs as reported in the studies. The

range of means across the studies is reported in (). P-value is expressed as the

mean p-values for studies reporting this value. Abbreviations: LVEF, left

ventricular ejection fraction.
Results

Patient characteristics and study design for
the studies assessing usefulness of LSS for
diagnosing CAD in patients suspected of
IHD and predicting outcome in IHD

A total of four studies were included in group 1 of the meta-

analysis (n = 574). The patient population used in the study is

displayed in Table 1. All the patients included underwent

echocardiography and CAG in order to diagnose for CAD and

confirm the diagnosis of IHD. Some patients (13) also underwent

exercise test (n = 80) and some underwent SPECT (n = 285).

Baseline clinical and echocardiographic characteristics of the

patients with and without CAD are displayed in Table 3. There

were no significant differences between patients with and without
FIGURE 2

Funnel plot for odds ratio. Funnel plot assessing the possibility of publication bi
OR, odds ratio.
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CAD in clinical characteristics and comorbidities (all p-values >

0.05). There was no significant difference in the LVEF of patients

with and without CAD (p-value: 0.365). However, GLS endo-,

GLS epi-, and GLS mid-myocardium were significantly lower in

patients with CAD.
as with pseudo 95% confidence intervals. Abbreviations: SE, standard error;
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The total amount of patients included in group 2 of the meta-

analysis included 1,086 patients for who the studies investigated the

prognostic value of LSS, and amongst these 401 patients had a cardiac

event during the follow-up period. The average follow-up period was

4.3 (0.2–7.1) years. The follow up period along with study

characteristics for each study can be seen in Table 2. All the patients

involved in the prognostic studies underwent echocardiography. Out

of these, some also underwent CAG (n = 696) while others were

additionally examined using cardiac magnetic resonance imaging (n

= 390). Baseline clinical and echocardiographic characteristics of: the

entire patient population, patients that experienced cardiac event and

patients without and cardiac event were compared as displayed in

Table 4. All the clinical and echocardiographic characteristics were

without any significant difference within the patient groups across the

different studies.

Three studies investigated the diagnostic usability of epi-, mid-

myo- and endocardial LSS for coronary artery disease (CAD) in

patients suspected of stable angina pectoris (SAP). Hence, three

forest plots (one for each myocardial layer) were produced

displaying the OR obtained from multivariable logistic regression

models in these studies (Figures 3A–C).
TABLE 4 Baseline characteristics of patients included in the prognostic
studies (group 2).

All patients
(n = 1086)

Cardiac event
(n = 401)

No Cardiac
event

(n = 685)

General characteristics

Age 64 (63–66)
[0.035]

68 (67–69)
[0.010]

62 (60–64)
[0.010]

Gender (% male) 76 (69–85)
[0.691]

75.3 (74–84)
[0.573]

76.3 (69–86)
[0.800]

Smoking (%) 43.5 (39–46)
[0.387]

40.4 (37–47.2)
[0.453]

44.4 (40–48)
[0.430]

SBP (mmHg) 129 (118–137)
[0.227]

132.5 (131–134)
[0.130]

134.5
(138–131)
[0.130]

DBP (mmHg) 76 (72–81)
[0.215]

76.5 (73–80)
[0.215]

77 (72–82)
[0.215]

Heart rate (beats/min) 72 (68–75)
[0.562]

73.5 (68–79)
[0.446]

69 (67–71)
[0.450]

Comorbidities

Hypertension (%) 44.2 (41–48.5)
[0.282]

43.3 (40–47.5)
[0.423]

44.9 (42–49)
[0.233]

Diabetes (%) 18.7 (9.7–25)
[0.051]

29 (12.1–46)
[0.062]

14.1 (7.9–23)
[0.050]

Hypercholestrolemia/
Dyslipidemia (%)

31.7 (24–39)
[0.492]

33.7 (25.1–28)
[0.553]

30.6 (23.7–39)
[0.494]

Family History (%) 27.8 (25.5–29.9)
[0.251]

28.2 (23.6–33)
[0.400]

28 (21.5–34.6)
[0.367]

Echocardiographic Characteristics

LVEF (%) 43.6 (40.8–49)
[0.110]

59.9 (35.2–46.5)
[0.046]

46.5 (43–51.5)
[0.046]

GLS endo (%) 16.1 (14.8–17.5)
[0.048]

13.7 (12.5–15)
[0.018]

17.9 (16.6–19)
[0.018]

GLS epi (%) 11.5 (11–12.5)
[0.336]

9.8 (9.3–10)
[0.280]

12.7 (12–13.5)
[0.280]

GLS total (%) 14.4 (12.8–16)
[0.027]

11.4 (10.7–12)
[0.033]

15.8 (14.4–17)
[0.033]

Data are expressed as means of the characterisitcs as reported in the studies. The

range of means across the studies is reported in (). P-values expressed as the mean

p-values for studies reporting this value and reported in []. Abbreviations: SBP,

systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular

ejection fraction.

FIGURE 3

(A) Forest plot displaying the odds ratios obtained from multivariable
logistic regression models in the included studies investigating the
diagnostic value of epicardial longitudinal layer-specific strain in
patients suspected of SAP. Odds ratios from the studies investigating
the diagnostic value of measuring epicardial longitudinal layer-specific
strain in patients suspected of SAP. Abbreviations: OR, odds ratio; CI,
confidence interval. (B) Forest plot displaying the odds ratios obtained
from multivariable logistic regression models in the included studies
investigating the diagnostic value of mid-myocardial longitudinal
layer-specific strain in patients suspected of SAP. Odds ratios from the
studies investigating the diagnostic value of measuring mid-
myocardial longitudinal layer-specific strain in patients suspected of
SAP. Abbreviations: OR, odds ratio; CI, confidence interval. (C) forest
plot displaying the odds ratios obtained from multivariable logistic
regression models in the included studies investigating the diagnostic
value of endocardial longitudinal layer-specific strain in patients
suspected of SAP. Odds ratios from the studies investigating the
diagnostic value of measuring endocardial longitudinal layer-specific
strain in patients suspected of SAP. Abbreviations: OR, odds ratio; CI,
confidence interval.
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Usefulness of layer specific strain to
diagnose coronary artery disease in SAP
patients

Three studies investigated the diagnostic value of layer specific

strain using OR with a total of 497 patients. From the pooled

analysis, it was found that LSS, for all the myocardial layers, were

significantly impaired in patients with SAP (Figure 3).

The strongest diagnostic association between LSS and CAD

was for epicardial LSS after multivariable adjustment (OR:

1.34, CI95% [1.14–1.56], p < 0.001, per 1% decrease)

(Figure 3A). Mid-myocardial LSS after multivariable

adjustment (OR: 1.24, CI95% [1.12–1.38], p < 0.001, per 1%

decrease) (Figure 3B) emerged to be the second-best

diagnostic marker of CAD in all the myocardial layers. The

performance of endocardial LSS as a diagnostic marker for

CAD, after multivariable adjustment (OR: 1.21, CI95% [1.09–

1.35], p < 0.001, per 1% decrease) (Figure 3C), was the weakest

of all of the myocardial layers.
Usefulness of layer specific strain to predict
outcome in IHD

Endocardial LSS (HR: 1.19 [1.10–1.28], p < 0.001, per 1%

decrease) and epicardial LSS (HR: 1.26 [1.15–1.39], p < 0.001,

per 1% decrease) both prove to provide the most prognostic

information about cardiac outcome, with epicardial LSS being

the better predictor in ACS patients. In chronic CAD patients,

endocardial circumferential strain improves prediction of

cardiac event. However, endocardial circumferential strain did

not improve prediction of cardiac events in AMI patients (15).

In patients with chronic ischemic cardiomyopathy (CAD

patients with ejection fraction ≤50%), endocardial

circumferential strain (AUC: 0.798, CI95% [0.737–0.833], p-

value < 0.001) was the strongest prognostic measure followed

by endocardial LSS (AUC: 0.780, CI95% [0.706–0.824], p-

value < 0.001).

There was no evidence of publication bias as evaluated by

the Egger’s test and from visual inspection of the funnel plot

(Figure 2) for the studies assessing LSS as a diagnostic

measure for IHDs.

Qualitative assessment of the included studies in the meta-

analysis as per QUADAS-2 assessment showed an overall low

risk of bias (Supplementary Tables S2 and S3).
Discussion

The present meta-analysis demonstrates that LSS has

significant value as a diagnostic marker for IHD. In patients with

SAP, epicardial LSS seems to be the better diagnostic marker for

CAD whilst endocardial LSS seems to be the weakest diagnostic

marker for CAD. In NSTE-ACS patients, endocardial LSS was

the better diagnostic marker for CAD.
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In terms of the usefulness of LSS in predicting adverse outcome

in IHD, endocardial circumferential strain appears to be a good

predictor of adverse outcomes in chronic CAD patients while in

ACS patients, epicardial LSS has been found to be a better

predictor of outcome.
Layer-specific strain as a diagnostic marker
of CAD

LSS as a new diagnostic tool for IHD has been investigated in a

range of patient populations with different cardiac morbidities

relating to IHD. Two studies focused on patients with ACS.

Sarvari et al. (5) conducted a study aiming to evaluate the use of

LSS as a diagnostic marker for CAD, in patients with NSTE-ACS

(n = 77). Coronary angiography (CAG) was used to confirm

CAD in NSTE-ACS patients and found coronary occlusion

(n = 28), significant stenosis (n = 21) and no stenosis (n = 28)

in patients. Multivariable regression analysis showed that reduced

myocardial function as quantified by endocardial LSS was the

only significant marker for the presence of significant CAD (OR:

2.10 CI95% [1.47–3.09], p-value < 0.001, per 1% change).

Zhang (19) and colleagues carried out a study similar to the

study by Sarvari et al., as both studies looked at the usefulness of

LSS in diagnosing CAD in patients with NSTE-ACS (n = 139).

However, Zhang et al. not only looked at the LSS, but also

compared its usefulness to the Syntax scoring method. The

Syntax scoring method is used to assess the severity of coronary

lesions (19). The group of patients with identified CAD were

divided into three subgroups (according to the Syntax score).

The results were, however, not reported in the form of OR for

the LSS for the cardiac layers. Despite not being included in the

pooled analysis, the findings of the study mirrored that of

Sarvari’s study, as endocardial LSS had the best diagnostic value

in diagnosing CAD as compared to the other layers. Zhang used

coronary angiography to confirm CAD diagnosis in patients.

Four studies focused on evaluating the diagnostic power of LSS

in patients with stable angina pectoris (SAP). Two of these studies

were published by Hagemann et al. The first study (Hagemann

et al., 2018 (13)) was a retrospective study (n = 80) in which the

objective was to determine whether LSS was affected at rest in

patients with reversible ischemia as assessed by single photon

emission computed tomography (SPECT) in SAP patients. The

control group consisted of 40 patients whilst the study group

(n = 40) compromised of patients demonstrating stress induced

(bicycling or pharmacology stress) reversible ischemia as

measured by SPECT. This group was further divided into

patients with (n = 28) and without (n = 12) CAD as defined by a

significant stenosis as assessed by CAG (true positive and false

positive SPECT). After multivariable logistic regression, the LLS

and the severity of reversible ischemia were found to be

correlated such that, progressively impaired LSS was observed

with no affected major coronary arteries to multivessel ischemia.

This association was observed in both true positive and false

positive SPECT. The study found that epicardial LSS had the

strongest association with ischemia (OR: 1.23, CI95% [1.01–1.50],
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p-value = 0.044). However, the results failed to show a significant

association between LSS and the SPECT-measured severity

of stenosis.

The works of Ejlersen et al. (12) mirrored the study mentioned

above. Ejlersen also evaluated whether LSS under adenosine stress

echocardiography provided incremental diagnostic information as

compared to traditional echocardiographic measurements with

regards to CAD in patients with suspected SAP (n = 132).

The findings Ejlersen et al. put forward demonstrated that

although all three layers were significantly associated with

presence of CAD, the epicardium had the highest OR in logistic

regressions in multivariable models (OR:1.7 CI95% [1.3–2.1],

p-value < 0.0001) compared to mid-myocardial LSS (OR:1.5

CI95% [1.3–1.8], p-value <0.0001) and endocardial LSS (OR:1.4

CI95% [1.2–1.6], p-value < 0.0001).

The second study included by Hagemann et al. (2019) (4) was a

prospective study evaluating the potential of LSS for diagnosing

CAD in a population of patients with suspected SAP (n = 285).

All the patients included in the study were examined by

echocardiography and an exercise test followed by coronary

angiography (CAG). Out of the 285 patients suspected of SAP,

104 had significant CAD whilst 181 had non-significant or no

CAD. The study concluded that epi-, mid-myo-, and endocardial

LSS were significantly impaired in CAD patients but only epi- and

mid-myocardial LSS were independently associated with the

presence of significant CAD (epi: OR:1.19, CI95% [1.00–1.41],

p-value = 0.048 and mid-myocardial: OR: 1.16, CI95% [1.00–1.35],

p-value = 0.047). After multivariable adjustment, endocardial LSS

did not remain independently associated with CAD, and epicardial

LSS emerged as being the strongest diagnostic marker.

Both of the studies by Hagemann and colleagues together with

the study by Ejlersen and colleagues concluded that epicardial LSS

had superior diagnostic accuracy for CAD detection as compared

to the mid-myocardial and endocardial LSS in patients suspected

of SAP. When considering the cardiac vascular distribution,

endocardial layer is considered to be most prone to ischemia is

IHD (8) and hence endocardial contractility and in turn

endocardial longitudinal strain would be more likely reduced and

hence a better diagnostic predictor. However, a possible reason

for why epicardial LSS emerged as a superior diagnostic

parameter in some studies may be due to technical aspects as the

epicardial layer may have more accurate tracing compared to the

endocardial region (4). Hagemann et al. And Ejlersen et el.

results are in contrast with the findings of Sarvari et al. and

Zhang et al. as they found endocardial LSS to have the better

diagnostic accuracy in NSTE-ACS patients. The discrepancy in

these results can be attributed to the fact that Hagemann et al.’s

patient population (suspected SAP) was different from the

population used in the two aforementioned studies (NSTEMI).

An additional retrospective study by Yilmaztepe et al. (3) also

sought to investigate the diagnostic accuracy of LSS detecting CAD

in patients (n = 79) with suspected SAP who had previously

undergone diagnostic CAG for SAP. The patients were divided

into control group (n = 36, no significant CAD) whilst 43

patients constituted the CAD group. Since no OR was reported

as part of their results, this study was not included in the pooled
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analysis. However, in a multivariable adjusted model, GLS (AUC:

0.891, CI95% [0.823–0.954], p-value < 0.001) along with

endocardial LSS (AUC: 0.881, CI95% [0.808–0.905], p-value <

0.001) remained independently associated with CAD. These

results are different from Hagemann’s studies of epicardial GLS

being a superior diagnostic marker.

A meta-analysis and systematic review conducted by Liou et al.

(20) (10 studies included in analysis) investigated if GLS could be

used to improve diagnosis of CAD in patients with SAP or NSTE-

ACS. It did, however, not include layer specific GLS. The study

found GLS to be a good diagnostic marker for moderate to

severe CAD in these patient groups. However, it should be noted

that patient groups in these studies show heterogeneity and more

studies in the field are needed to subgroup patients in more

homogenous groups based on similar pathologies.
Prognostic value of LSS

In a retrospective study, Skaarup et al. (14), assessed the

prognostic value of LSS in predicting heart failure (HF) and

cardiovascular death (CD) following ACS in 465 patients. The

primary endpoint was the occurrence of HF and/or CD with a

median follow up time of 4.6 years (0.2–6.3). Of the patients

included 42.7% suffered HF and/or CD (HF = 176 patients and

CAD= 38 patients). It was shown that endo- and epicardial LSS

were independently associated with the composite outcome

(endocardial LSS: HR: 1.19 [1.10–1.28], and epicardial LSS HR: 1.26

[1.15–1.39], p < 0.001, per 1% decrease) whilst no other

echocardiographic measure remained independently associated with

the outcome. In addition to this Skaarup concluded that epicardial

LSS, when added to other clinical and echocardiographic measures

(such as LVEF and E/e’), provided incremental prognostic

information on the risk of developing the endpoint.

Similarly, a prospective study by Scharrenbroich et al. (15)

assessed the prognostic value of LSS, in relation to a composite

outcome consisting of cardiac death and hospitalization due to

MI, in patients previously diagnosed with AMI (n = 94) and

CAD (n = 137). During the follow up time (mean: 3.6 ± 1.2 years)

out of the AMI patient group, 22 experienced a cardiac event. At

the same time, 47 patients with CAD experienced a cardiac

event. While 2DSTE measured strains proved to be a sensitive

tool for predicting events in CAD patients, it failed to provide

independent prognostic information on adverse events in AMI

patients. At the same time the study found endocardial

circumferential strain (GCS) to be the measure that, when added

to baseline characteristics and ejection fraction, improved the

prediction of cardiac events.

Hamada et al. (16) evaluated the prognostic value of LSS, for

readmission of heart failure, ventricular arrhythmias or all-cause

mortality in patients with known chronic ischemic

cardiomyopathy (n = 399) (defined as known CAD and LVEF

≤50%). Over the course of the follow up period (mean: 4.9 ± 2.2

years), 133 cardiac events occurred. Endocardial LSS (AUC:

0.780, CI95% [0.706–0.824], p-value < 0.001) was found to be a

good predictor of the composite outcome while endocardial
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circumferential strain (AUC: 0.798, CI95% [0.737–0.833], p-value <

0.001) emerged to have the strongest prognostic value. However, it

should be noted that patients in this study had chronic ischemic

cardiomyopathy and therefore a large amount of these patients

had a presence of post-infarction scars that can lead to depressed

myocardial contractility and deformation. This was one of the

reasons why a pooled analysis in the prognostic group was not

performed as this would lead to incorrect prognostic results.
Limitations

There are several limitations to this study. Not all the

included studies provided extractable data required for the

pooled analysis, thereby limiting the extend of data available

for the meta-analysis. In addition to this, patient populations

with varying characteristics were included in the studies since

the same inclusion and exclusion criteria were not followed

across all studies. We cannot differentiate between patients

with ischemic heart disease, coronary heart disease and

significant coronary stenosis. However, heterogeneity, if

present, was analyzed with random effect models to limit this

bias. Patients baseline characteristics across studies were also

assessed and no significant differences were seen. Diverse

variables were included in the multivariable adjustments

conducted across the studies resulting in uncertainty in

comparison of the effect sizes. Since not many studies

included univariable OR, a pooled analysis of the unadjusted

effect sizes could not be conducted, for all the layers, in order

to overcome this limitation. Results were reported differently

across some of the included studies and hence could not be

included in our pooled analysis. Furthermore, the study

investigating the diagnostic power of LSS in NSTE-ACS

patients only reported OR for endocardial layer. Hence, epi-

and mid-myocardial layers could not be looked at while

investigating the diagnostic significance of these layers in

NSTE-ACS patients.
Clinical implications

With increasing understanding of 2DSTE and its

implementation in the field of cardiology globally, longitudinal

LSS is likely to prove itself as an accurate non-invasive technique

to diagnose and predict conditions in IHD patients. This is due

to the increased sensitivity of 2DSTE as compared to other

conventional measures allowing for an early diagnosis. Earlier

diagnosis by 2DSTE opens up possibilities for early medical

intervention in high-risk patients, which may later aid in

avoiding adverse outcomes. At the same time, since much of the

cost related to cardiovascular diseases is spent on hospitalization

due to cardiovascular events (21), early diagnosis and using

2DSTE as a predictive tool could potentially help lower the

healthcare costs within the cardiovascular area. Since using

2DSTE to produce longitudinal LSS is mostly automated, it

requires minimal training and increases reproducibility.
Frontiers in Cardiovascular Medicine 09200
Conclusion

We found that 2DSTE measured LSS of the LV has significant

diagnostic and prognostic value in patients with suspected and

prevalent IHD. Through the studies included in this meta-

analysis, it can be concluded that epicardial LSS seem to be the

better diagnostic marker for CAD in patients suspected of SAP.

Furthermore, it seems that endocardial LSS is a better diagnostic

marker for CAD in NSTE-ACS patients. These finding suggests

that the usability of LSS for each layer depends on the specific

type of IHD. The prognostic value of longitudinal epicardial LSS

was found to be predictive of outcome in ACS patients whereas

in chronic CAD patients, it was endocardial circumferential

strain that proved to be of better prognostic value.
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Deep learning approach for
analyzing chest x-rays to predict
cardiac events in heart failure
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Yoshitaka Kosaka1, Takumasa Tsuji3, Jun’ichi Kotoku3

and Masataka Sata1

1Department of Cardiovascular Medicine, Tokushima University Hospital, Tokushima, Japan, 2Ultrasound
Examination Center, Tokushima University Hospital, Tokushima, Japan, 3Department of Radiological
Technology, Graduate School of Medical Care and Technology, Teikyo University, Tokyo, Japan

Background: A deep learning (DL) model based on a chest x-ray was reported to
predict elevated pulmonary artery wedge pressure (PAWP) as heart failure (HF).
Objectives: The aim of this study was to (1) investigate the role of probability of
elevated PAWP for the prediction of clinical outcomes in association with other
parameters, and (2) to evaluate whether probability of elevated PAWP based on
DL added prognostic information to other conventional clinical prognostic
factors in HF.
Methods: We evaluated 192 patients hospitalized with HF. We used a previously
developed AI model to predict HF and calculated probability of elevated PAWP.
Readmission following HF and cardiac mortality were the primary endpoints.
Results: Probability of elevated PAWP was associated with diastolic function by
echocardiography. During a median follow-up period of 58 months, 57
individuals either died or were readmitted. Probability of elevated PAWP
appeared to be associated with worse clinical outcomes. After adjustment for
readmission score and laboratory data in a Cox proportional-hazards model,
probability of elevated PAWP at pre-discharge was associated with event free
survival, independent of elevated left atrial pressure (LAP) based on
echocardiographic guidelines (p < 0.001). In sequential Cox models, a model
based on clinical data was improved by elevated LAP (p= 0.005), and increased
further by probability of elevated PAWP (p < 0.001). In contrast, the addition of
pulmonary congestion interpreted by a doctor did not statistically improve the
ability of a model containing clinical variables (compared p= 0.086).
Conclusions: This study showed the potential of using a DL model on a chest x-ray
to predict PAWP and its ability to add prognostic information to other conventional
clinical prognostic factors in HF. The results may help to enhance the accuracy of
prediction models used to evaluate the risk of clinical outcomes in HF, potentially
resulting in more informed clinical decision-making and better care for patients.

KEYWORDS

heart failure with reduced ejection fraction, heart failure with preserved ejection fraction,

artificial intelligence, deep learning, chest x-ray

Introduction

Heart failure (HF) continues to be a significant socioeconomic issue and is one of the top

causes of death from cardiovascular disease (CV) (1). Despite the development of current

therapy, readmission rates for HF have remained high (2). The identification of

hospitalized patients with a high risk of HF readmission is important for providing timely
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interventions. Understanding the underlying etiology, severity, and

prognosis of HF requires evaluation of CV imaging (3, 4). A

standard chest x-ray (CXR) in patients with suspected HF has a

certain clinical value in the diagnosis and management of HF

(5, 6). However, the sensitivity and specificity of this imaging

modality is relatively low (7, 8).

Recently, artificial intelligence (AI) including deep learning

(DL) has been used to provide precise recognition of understated

patterns in medical images (9, 10). We reported that a DL model

based on CXR analysis predicted elevated pulmonary artery

wedge pressure (PAWP) in patients who had undergone right

heart catheterization (11). The probability of elevated PAWP

may therefore be a potential tool for managing HF in the clinical

setting. We hypothesize that a previously developed application

of a CXR-based DL algorithm could also be used to predict

re-hospitalized HF in patients with HF. The aims of the current

study were (1) to investigate the potential of probability of

elevated PAWP for the prediction of clinical outcomes in

association with other parameters, and (2) to evaluate whether

probability of elevated PAWP based on AI added prognostic

information to other clinical prognostic factors in patients with HF.
Methods

Study population

A single-center, retrospective study was designed (Figure 1).

Two hundred seventy-two patients who were first HF

hospitalized were enrolled initially. The study’s time frame was

from January 2013 to December 2017. Patients with HF were

defined as having a clear history of HF with typical symptoms
FIGURE 1

Flow chart showing recruitment of the patients. COPD, chronic obstructive
HFrEF, heart failure with reduced ejection fraction.

Frontiers in Cardiovascular Medicine 02203
that were accompanied by signs including pulmonary congestion

and BNP elevation (12). Exclusion criteria were post valve

replacement, pacemaker implantation, active cancer, severe

valvular disease and severe chronic obstructive pulmonary

disease. Patients without clinical data at discharge were excluded.

After these exclusions, 192 HF hospitalized patients were

included in the final analysis. We divided this cohort into two

groups: HF with reduced ejection fraction (HFrEF, n = 99) and

HF with preserved EF (HFpEF, n = 93). Left ventricular ejection

fraction (LVEF) less than 50% was designated as HFrEF, whereas

LVEF greater than 50% was designated as HFpEF (13, 14).

Patients collected to build the AI model were not included in

this study.
Chest x-ray

The Radiology Department performed all chest radiographs.

One attending cardiologist who had no prior knowledge of the

patients’ clinical information or hemodynamic status assessed the

CXR images. A typical posteroanterior chest radiograph was used

to measure the cardiothoracic ratio (CTR), which measures the

size of the cardiac chambers. Consensus of two expert agreement

of lung congestions on CXR images was used.
AI model for detection of PH

We used a previously developed AI model based on CXR

analysis to predict elevated PAWP and then the continuous

output of a classification network as a probability of elevated

PAWP in the study cohort (11). The study involved examining
pulmonary disease; HFpEF, heart failure with preserved ejection fraction;
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CXR data at admission and discharge. All patients underwent CXR

within 24 h of admission and 48 h before discharge. The AUC of

ResNet 50 for predicting elevated PAWP (mean PAWP

>18 mmHg) was 0.77 in the study cohort (11). The batch size

was set at 16, with the Adam optimizer used for training (15).

The whole learning process was calculated by a graphics

processing unit (Geforce RTX 2080 Ti 11 Gb, NVIDIA) using

Ubuntu 18.04 and Chainer version 5.1.0. We performed

gradient-weighted class activation mapping (Grad-CAM) to

visualize how our model detected a PAWP >18 mmHg from a

CXR of each patient (16).
Echocardiographic assessment

Echocardiography was performed using commercially available

ultrasound machines. The echocardiographic data were obtained

during the hospitalization according to the recommendations of

the American Society of Echocardiography (17). Apical two- and

four-chamber images were included. The biplane method of

disks in two dimensions was used to calculate the volumes of

the left atrium (LA) and LV. The LA volume index (LAVi) and

LVEF were determined using these volumes. Based on 2016

recommendations, we implemented a decision tree using the

mean E/e′ ratio, tricuspid regurgitant: TR velocity, and LAVi to

identify the existence of elevated LA pressure (LAP) (18). Three

criteria are required to decide if there is raised LAP: E/e′ ratio

>14, LAVI > 34 ml/m², TR velocity >2.8 m/s.
Calculation of readmission risk scores

The Yale–CORE HF application [developed by Yale New

Haven Health Services Corporation/Center for Outcomes

Research and Evaluation (YNHHSC/CORE)] was used to

determine the readmission risk for each patient (19).

Readmission risk was calculated using 20 variables per patient,

including demographic and historical variables abstracted from

the medical record, admission physical examination variables,

and laboratory and clinical variables (age, sex, in-hospital cardiac

arrest, history of diabetes, previous HF, coronary artery disease,

previous percutaneous coronary intervention, aortic stenosis,

stroke, chronic obstructive pulmonary disease, prior diagnosis of

dementia, systolic blood pressure, heart rate, respiratory rate,

plasma sodium, creatinine, and glucose levels, blood urea

nitrogen level, hematocrit, and LVEF). The risk scores could be

calculated without any missing data.
Clinical outcomes

At TokushimaUniversity Hospital, all patients received follow-up

care, with clinical follow-up visits occurring at least every three

months. After the follow-up echocardiography, the follow-up period

began and terminated in May 2021. At Tokushima University

Hospital or one of its affiliated hospitals, all the patients received
Frontiers in Cardiovascular Medicine 03204
follow-up care. There was no patient lost to follow-up. The AI data

had little influence on clinical management. The primary endpoint

was cardiac death or readmission due to HF using predetermined

criteria. HF readmission was defined as admission for a primary

diagnosis of HF and CV death as passing away from a CV cause,

such as a myocardial infarction, a cerebrovascular accident, or

sudden cardiac death. Based on previously published reports (20,

21), we mainly used variables measured at pre-discharge to assess

the prognostic values in the study.
Statistical analysis

Categorical data were expressed as an absolute number and

percentages, whereas continuous data were expressed as mean

standard deviation. Based on the likelihood of an elevated PAWP

(>50%) being normal or abnormal, the patients were split into

two groups. The Mann-Whitney U test or the unpaired Student’s

t test, as applicable, was used to compare continuous variables.

Depending on the situation, the Fisher’s exact test or the 2 test

were used to compare categorical variables. The probability of

elevated PAWP was used to divide the patients into two groups

for Kaplan–Meier analysis, with survival compared using the log-

rank test. A median value of Δprobability of elevated PAWP was

used as the definition of improved probability of elevated PAWP.

We used a Cox proportional-hazard model to determine the

factors associated with survival. The variables selected were based

on previous knowledge for the assessment of prognosis in

patients with HF. To ascertain the incremental value of

the probability of elevated PAWP over clinical data in relation to

the main endpoint, sequential Cox models were built. The

incremental prognostic value was defined as an increase in the

global log-likelihood χ2 of the model that was statistically

significant. The assumption of proportional hazards was assessed

by plotting the scaled Schoenfeld residuals for each independent

variable against time to determine whether these correlations

were nonsignificant. Time-dependent receiver operating

characteristic (ROC) curves were used to calculate the C-statistic

analyzed by the R package survival ROC. The DeLong method

was used to compare the C-statistic. All statistical analyses were

performed using SPSS 21.0 (SPSS, Chicago, IL, USA), MedCalc

19.5.6 (Mariakerke, Belgium), and R 3.3.3 (R Foundation for

Statistical Computing, Vienna, Austria). A P value < 0.05 was

considered statistically significant.
Results

Clinical backgrounds

Table 1 shows the baseline characteristics of the patients at

discharge. A total of 192 hospitalized patients with HF (mean

age 69 ± 14 years; 61% male) were divided into two groups: those

with HFrEF and those with HFpEF. The patients were treated

with an ACEi/ACE (65%), β-blocker (79%), or diuretics (73%).

No significant difference was observed between the two groups
frontiersin.org
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TABLE 1 Clinical characteristics.

All
(n = 192)

HFpEF
(n = 93)

HFrEF
(n = 99)

p
value

Age (years) 69 ± 14 71 ± 14 68 ± 14 0.07

Male, n (%) 117 (61%) 46 (49%) 71 (72%) 0.002

BSA (m2) 1.62 ± 0.23 1.58 ± 0.22 1.66 ± 0.22 0.02

Heart rate (beats/min) 86 ± 20 82 ± 20 89 ± 20 0.01

Systolic BP (mmHg) 126 ± 24 129 ± 26 122 ± 23 0.05

Diastolic BP (mmHg) 74 ± 17 72 ± 18 75 ± 16 0.16

Readmission for
HF, n (%)

57 (30%) 30 (32%) 27 (27%) 0.45

Backgrounds
Hypertension, n (%) 131 (68%) 69 (74%) 62 (63%) 0.09

Diabetes, n (%) 80 (42%) 37 (40%) 43 (43%) 0.61

Chronic atrial
fibrillation, n (%)

35 (18%) 20 (22%) 15 (15%) 0.26

Ischemic
cardiomyopathy, n (%)

43 (22%) 11 (12%) 32 (32%) <0.001

Laboratory data
Hb (g/dl) 12.1 ± 2.3 11.9 ± 2.4 12.2 ± 2.2 0.25

eGFR (ml/min/
1.73 m2)

50 ± 25 50 ± 26 50 ± 24 0.94

BNP (pg/ml) 228 (92, 471) 192 (62, 350) 291 (127, 531) 0.002

Chest x-ray on pre-discharge
CTR 56 ± 7 55 ± 8 56 ± 7 0.17

Lung congestion, n (%) 53 (28%) 26 (26%) 27 (27%) 0.88

Echocardiographic parameters
LVEF (%) 45 ± 15 59 ± 7 32 ± 7 –

LVEDVi (ml/m2) 83 ± 32 64 ± 26 101 ± 25 <0.001

LAVi (ml/m2) 51 ± 19 50 ± 19 52 ± 19 0.57

E/e′ ratio 13.8 ± 8.3 13.4 ± 8.2 14.2 ± 8.4 0.49

TR-V (m/s) 2.48 ± 0.46 2.55 ± 0.44 2.40 ± 0.47 0.02

Elevated LAP (%) 102 (53%) 50 (54%) 52 (53%) 0.86

AI parameters
Probability of elevated
PAWP on
admission (%)

76 (23, 95) 70 (10, 95) 84 (26, 96) 0.16

Probability of elevated
PAWP on
pre-discharge (%)

11 (2, 62) 7 (2, 64) 13 (2, 55) 0.91

ΔProbability of
elevated PAWP (%)

26 (2, 68) 12 (1, 61) 36 (3, 77) 0.17

Data are presented as number of patients (percentage), mean ± SD or median

(interquartile range).

BSA, body surface area; BP, blood pressure; HF, heart failure; ACEi/ARB,

angiotensin-converting-enzyme inhibitor/angiotensin II receptor blocker; HB,

hemoglobin; eGFR, estimated glomerular filtration rate; BNP, brain natriuretic

peptide; LVEF, left ventricular ejection fraction; LVEDVi, left ventricular end-

diastolic volume index; LAVi, left atrial volume index; E, early diastolic transmitral

flow velocity; e′, early diastolic mitral annular motion; TR-V, tricuspid regurgitant

velocity; LAP, left atrial pressure.
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for age, blood pressure, and comorbidities except for ischemic

cardiomyopathy. The patients with HFrEF included a higher

number of males, a higher use of β-blockers, increased brain

natriuretic peptide (BNP) levels, and a larger LV size.

Interestingly, there was no difference in CXR profiles including

CTR, lung congestion, probability of elevated PAWP on

admission and pre-discharge between the two groups.

The characteristics and echocardiographic parameters of the

two groups with and without an abnormal elevated PAWP at
Frontiers in Cardiovascular Medicine 04205
pre-discharge are shown in Table 2. In this analysis, LAVi

(p = 0.03), TR velocity (p = 0.01), and the presence of elevated

LAP (p = 0.008) were associated with an abnormal probability of

elevated PAWP. This result indicated probability of elevated

PAWP was linked to left ventricular diastolic function. In

patients with a normal probability of elevated PAWP on

pre-discharge, the median probability of elevated PAWP on

admission was 69%, while change in probability of elevated

PAWP from admission to pre-discharge (Δprobability of elevated

PAWP) was 53%. On the other hand, in patients with an

abnormal probability of elevated PAWP on pre-discharge, the

median probability of elevated PAWP on admission was high

(94%). The status of lung congestion in patients with a higher

probability of elevated PAWP may not have been reduced at

pre-discharge. Based on expert CXR assessments, lung congestion

is more frequent in patients with an abnormal probability of

elevated PAWP.
Cardiac mortality and readmission to HF

During a median follow-up period of 58 months (range, 11–80

months), 57 patients (30%) reached the primary endpoint (CV

death, n = 13, or readmission due to HF, n = 44). During the

follow-up period, no patient passed away from anything other

than CV disease. Figure 2A shows the time to the primary

endpoint. Probability of elevated PAWP appeared to be

associated with worse clinical outcomes in both the HFpEF (p <

0.001) and HFrEF (p = 0.003) cohorts. Figure 2B shows the

event-free survival of patients stratified according to the presence

of an elevated LAP and abnormal probability of elevated PAWP

(probability of elevated PAWP >50%). Patients with an elevated

LAP and abnormal probability of elevated PAWP had

significantly shorter event-free survival than those without these

abnormalities (p < 0.001). In addition, Figure 2C shows the

event-free survival of patients stratified according to improved or

not improved probability of elevated PAWP (Δprobability of

elevated PAWP, cut-off value: 26%). Patients without an

improved probability of elevated PAWP had significantly shorter

event-free survival than those with an improved probability of

elevated PAWP (p = 0.03).

We used univariate and multivariate Cox proportional-hazard

regression analysis to identify the variables connected to the main

outcome. In the univariate model, the Yale-CPRE HF score,

estimated glomerular filtration rate (eGFR), log BNP, LAVi, E/e′
ratio, TR-V, and elevated LAP as defined by the 2016

recommendations were linked to the primary endpoint (Table 3).

The probability of elevated PAWP at admission was not related

to the primary endpoint. Importantly, probability of elevated

PAWP at pre-discharge (per 1SD) was related significantly with

the primary outcomes (hazard ratio: 1.46, 95% CI: 1.23–1.72, p <

0.001). In addition, Δprobability of elevated PAWP from

admission to pre-discharge was also associated with clinical

outcomes. Pulmonary congestion by expert assessment was

weakly associated with clinical outcomes (p = 0.049).
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TABLE 2 Clinical and echocardiographic parameters between normal and abnormal probability of elevated PAWP on pre-discharge.

x-ray group Normal probability of elevated
PAWP on pre-discharge

Abnormal probability of elevated
PAWP on pre-discharge

p value

Number 134 58

AI parameters
Probability of elevated PAWP on pre-discharge (%) 3 (1, 13) 81 (65, 95) –

Probability of elevated PAWP on admission (%) 69 (14, 92) 94 (67, 99) <0.001

ΔProbability of elevated PAWP (%) 53 (6, 87) 9 (0, 44) <0.001

Characteristics
Age (years) 70 ± 14 69 ± 14 0.79

Male, % 38 (66) 82 (59) 0.39

Heart rate (beats/min) 86 ± 21 86 ± 19 0.89

Systolic BP (mmHg) 125 ± 22 128 ± 29 0.54

Yale-CORE HF score 22 ± 4 23 ± 4 0.26

Medications
ACEi or ARB, n (%) 87 (65) 37 (64) 0.88

β-blocker, n (%) 107 (80) 45 (78) 0.73

Diuretics, n (%) 96 (72) 44 (76) 0.54

Laboratory data
eGFR (ml/min/1.73 m2) 52 ± 26 46 ± 22 0.12

BNP (pg/ml) 236 (91, 471) 210 (107, 464) 0.55

Chest x-ray on pre-discharge
CTR 55 ± 8 58 ± 7 0.02

Lung congestion, n (%) 25 (19) 28 (48) 0.001

Echocardiographic parameters
LVEF (%) 45 ± 15 46 ± 16 0.76

LVEDVi (ml/m2) 84 ± 32 83 ± 30 0.84

LAVi (ml/m2) 49 ± 18 56 ± 21 0.03

E/e′ ratio 13.1 ± 7.4 15.3 ± 9.9 0.13

TR-V (m/s) 2.41 ± 0.41 2.61 ± 0.54 0.01

Elevated LAP (%) 63 (47%) 39 (67%) 0.008

See abbreviations as in Table 1.
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In the multivariate analysis (Table 4), both elevated LAP and

probability of elevated PAWP based on the AI algorithm were

significant predictors for the primary outcomes after adjustment

for the Yale-CORE HF score, log BNP, and eGFR. Furthermore,

the Δprobability of elevated PAWP was also a predictor for the

primary endpoint after adjustment for these variables.

Figure 3 shows the added benefit of AI parameters for

predicting the primary outcomes. The addition of

echocardiographic assessment (elevated LAP) and probability of

elevated PAWP significantly improved the ability of a model

containing the Yale-CORE HF score, eGFR, and log BNP (model

1), Yale-CORE HF score, χ2 = 4.4 (model 2), plus eGFR and log

BNP, χ2 = 16.8, p = 0.001 (model 3), plus elevated LAP, χ2 = 24.4,

p = 0.005, plus probability of elevated PAWP on pre-discharge,

χ2 = 41.1, p < 0.001). In contrast, the addition of pulmonary

congestion interpreted by a doctor did not statistically improve

the ability of a model containing the Yale-CORE HF score,

eGFR, log BNP, and elevated LAP (model 3 plus pulmonary

congestion, from χ2 = 24.4 to χ2 = 27.5, compared p = 0.086).

For the Cox model based on lung congestion by expert

assessment, the Harrell C concordance statistic was calculated as

0.55 (95% CI: 0.49–0.61). The Harrell C concordance statistic

was calculated as 0.72 (95% CI: 0.65–0.78) for the Cox model
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based on the Yale-CORE HF score, eGFR, pro BNP, and elevated

LAP. When probability of elevated PAWP was added to the

model, the C-statistic improved significantly to 0.78 (95% CI:

0.71–0.84, p = 0.039 for the comparison).
Assessment of Grad-CAM

We analyzed the images to determine where AI was focused to

help explain the AI assessment (Figure 4). Grad-CAM

demonstrated that in our situations, whether a patient had

primary events or not, our model focused on the heart region. The

proposed AI model may thus offer fresh perspectives to accurately

identify differences in CXR images in the future large dataset.
Discussion

The objective of this study was to assess the clinical meanings

of probability of elevated PAWP based on an AI algorithm, as an

association between probability of elevated PAWP and CV

events. The study provided several insights into the interpretation

of probability of elevated PAWP: (1) probability of elevated
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FIGURE 2

Kaplan-Meier analysis of event-free survival. (A) According to the
presence or absence of abnormal probability of elevated PAWP in
HFpEF and HFrEF, we divided patients into 2 groups. (B) According to
the presence of an elevated left atrial pressure based on
echocardiography and probability of elevated PAWP based on artificial
intelligence, we divided patients into 4 groups. (C) According to the
presence or absence of abnormal probability of elevated PAWP for
improved and not-improved probability of elevated PAWP.
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PAWP was related to left ventricular diastolic function; (2) patients

with an abnormal probability of elevated PAWP had a significantly

higher event rate compared to patients with a normal probability of

elevated PAWP; (3) the association between probability of elevated

PAWP and the primary endpoints remained significant after
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adjustment for HF risk score, laboratory data, and

echocardiographic data. Interestingly, Lung congestion assessed

by one attending cardiologist was only weakly associated with

outcomes. This information might provide insights into the

clinical utility of medical imaging based on an AI algorithm in

patients with HF beyond assessments by experts. Our findings

suggest that the likelihood of elevated PAWP may be helpful for

clinical evaluation and follow-up during the ideal period of

medical treatment.
Findings on probability of elevated PAWP in
chest x-rays

The association between classical radiographic features of HF

in CXR images and physiological hemodynamic parameters has

been described previously (22, 23). Cephalization of pulmonary

venous blood flow occurs with redistribution of pulmonary blood

flow and typically when the PAWP is >10–15 mmHg. Interstitial

edema characterized by Kerley B lines is thought to result when

the PAWP is >20 mmHg due to thickening of the interlobular

septa. Alveolar edema is present when the PAWP exceeds

25 mmHg. However, these radiographic changes are not always

present and sometimes may only be partially present, or indeed

absent, even in cases of clinically significant HF. An increased

cardiothoracic ratio is more common and more sensitive;

however, it is less specific (24). Although these important

findings may be present in CXR images, diagnostic limitations of

the clinical and simple radiographic parameters are also observed

in the clinical setting. In this study, the assessment of CXR by

experts was not so strongly associated with outcomes.

Previously, we trained the AI model to detect an elevated

PAWP >18 mmHg (11). Theoretically, an elevated probability of

elevated PAWP based on AI can be associated with residual

pulmonary congestion and cardiac enlargement. Based on our

results, abnormal probability of elevated PAWP is associated with

larger LA volumes, relatively higher E/e′ as a marker of LV

filling pressure, higher tricuspid valve regurgitant velocity, and

the proportion of elevated LAP (Table 2). Interestingly, the LV

systolic function was not significantly associated with probability

of elevated PAWP. Therefore, this index appears to be a sensitive

marker of LV diastolic parameters in the clinical setting. Further

studies are designed to clarify the detail of the hemodynamic

mechanism for probability of elevated PAWP using simultaneous

recordings of cardiac pressures measured using invasive catheters.
Probability of elevated PAWP and outcomes

In univariate analysis, the Yale-CORE HF score, BNP level,

renal function, and elevated LAP measured by echocardiography

were associated with clinical events. The parameters are used to

predict CV events, including HF rehospitalization. After

adjustment for these known factors, the probability of elevated

PAWP based on an AI algorithm was associated with the

primary outcome. There is a possible explanation for the
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association between probability of elevated PAWP and worse

clinical outcomes. Based on our results of congestive CXR

images, probability of elevated PAWP appears to reflect elevated

LA pressures. Several studies have shown that an elevated PAWP

was associated significantly with CV events (25, 26). These

associations possibly explain the association between probability

of elevated PAWP and clinical events. More importantly, the

changes in probability of elevated PAWP between admission and

pre-discharge were also associated with clinical events. A recent

publication from PARADIGM-HF showed that signs of
TABLE 4 Multivariate associations of primary outcomes in hospitalized heart

Model 1 (χ2: 24

HR 95%CI p

Clinical parameters
Yale-CORE HF score 1.01 0.93–1.09

Log BNP 1.90 1.03–3.52

eGFR 0.99 0.97–1.00

Echocardiography
Elevated LAP 2.29 1.24–4.21

ΔProbability of elevated PAWP (per 1SD)

Probability of elevated PAWP on pre-discharge (Per 1SD)

HR, hazard ratio; CI, confidence interval; other abbreviations as in Table 1.

TABLE 3 Univariate associations of primary outcomes in hospitalized
heart failure.

HR (95%CI) p value

Characteristics
Age (years) 1.01 (0.99–1.03) 0.30

Male 0.97 (0.57–1.66) 0.92

Heart rate 0.99 (0.98–1.01) 0.25

Systolic BP 1.00 (0.99–1.01) 0.60

Yale-CORE HF score 1.08 (1.01–1.15) 0.03

Medications
ACEi or ARB 0.86 (0.50–1.48) 0.59

β-blocker 0.80 (0.43–1.49) 0.48

Diuretics 1.55 (0.80–2.99) 0.19

Laboratory data
eGFR (ml/min/1.73 m2) 0.98 (0.97–0.99) 0.003

Log BNP 2.66 (1.53–4.65) 0.001

Chest x-ray on pre-discharge
CTR 0.37 (0.01–13.08) 0.58

Lung congestion 1.73 (1.00–2.98) 0.049

Echocardiographic parameters
LVEF (%) 0.99 (0.98–1.01) 0.41

LVEDVi (ml/m2) 1.00 (0.99–1.01) 0.57

LAVi (ml/m2) 1.02 (1.00–1.03) 0.02

E/e′ ratio 1.04 (1.02–1.07) 0.001

TR-V (m/s) 1.85 (1.09–3.13) 0.02

Elevated LAP (%) 2.87 (1.59–5.18) <0.001

AI parameters
Probability of elevated PAWP on admission
(per 1SD)

1.15 (0.94–1.41) 0.17

Probability of elevated PAWP on pre-
discharge (per 1SD)

1.46 (1.23–1.72) <0.001

ΔProbability of elevated PAWP (per 1SD) 0.71 (0.55–0.92) 0.01

HR, hazard ratio; CI, confidence interval; other abbreviations as in Table 1.
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persistent congestion observed in physical examinations provided

significant independent prognostic value even beyond symptoms

and the levels of natriuretic peptides (27). When patients who do

not respond satisfactorily to HF therapy are confirmed by a pre-

discharge CXR, further administration of diuretics or other

intensive treatment for HF may be considered in the clinical

setting. We found that probability of elevated PAWP at

admission was not associated with subsequent clinical events and

therefore concluded that pre-discharge assessment should be

recommended for hospitalized HF patients in order to provide

more information about their status.
Artificial intelligence in the clinical setting

At present, many AI imaging studies estimate diagnostic accuracy

using sensitivity and specificity (28), while there is limited data

available to assess clinical outcomes. To help progress the study of

AI in medical images it is necessary to assess the effects on clinically

meaningful endpoints to improve applicability and allow effective

deployment into clinical practice (29). In addition, it is essential to

AI research to consistently use out-of-sample external validation

and well-defined patient cohorts to augment the quality and

interpretability of AI. In the present study we investigated an

independent cohort with a previously published application of an

AI model for probability of elevated PAWP used to provide

prognostic value in patients with HF. We hope that AI imaging may

be used in the near future not only for diagnostic accuracy but also

for clinical utility (e.g., prediction of prognosis).
Clinical utility of probability of elevated
PAWP

The results of this study suggest that the probability of elevated

PAWP based on AI algorithm provides incremental value to

known parameters including clinical data, laboratory data and

echocardiography. To our knowledge, this study is the first to

examine the clinical efficacy of AI algorithms in HF patients and

their relationship to cardiac events during follow-up. The

probability of elevated PAWP will be significant in that it is

simple, reproducible, measurable at almost all institutes and
failure.

.4) Model 2 (χ2: 31.4) Model 3 (χ2: 41.1)

value HR 95%CI p value HR 95%CI p value

0.86 1.02 0.94–1.10 0.70 1.01 0.93–1.09 0.86

0.04 1.99 1.07–3.70 0.03 1.97 1.11–3.50 0.02

0.08 0.99 0.98–1.00 0.16 0.99 0.98–1.01 0.23

0.008 2.19 1.19–4.03 0.012 1.97 1.07–3.62 0.03

0.73 0.57–0.95 0.017

1.39 1.17–1.65 <0.001

frontiersin.org

https://doi.org/10.3389/fcvm.2023.1081628
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 4

Representative cases with Grad-CAM images. Chest x-rays were visualized using Grad-CAM, with the yellow and red areas showing regions that the deep
learning model considered important for probability of elevated PAWP.

FIGURE 3

Incremental value of echocardiographic parameters. These figures illustrate the global χ2 of sequential Cox models that incorporated several clinical
parameters. eGFR, estimate glomerular filtration rate; BNP, brain natriuretic peptide; LAP, left atrial pressure; HF, heart failure; HR, hazard ratio.
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reflects prognostic power in heart failure. Model performance on

prediction is significant at pre-discharge and poor at admission.

The results are consistent with the finding that rehospitalization

is less likely if congestion is well controlled (30). This model may

play an important role as a guide for treatment of residual

congestion in HF. Our data suggested that the changes in

probability of elevated PAWP on x-rays during hospitalization

may reflect the course of treatment for heart failure. We expect

that it can be modeled and validated with multicenter data and

used in clinical settings in the future.
Limitations

The present study has several limitations. First, this was a single

tertiary heart centers study with a small sample size in Japan.

Therefore, the generalizability of the study findings was limited.

On the other hand, we believed that the single-center study

would have less biases than a study with a larger sample size,

such as those caused by disparities in treatment effectiveness or a

wide range of etiologies. Because there were so few events in the

sample, there is a chance that the model will be overfit. Second,

the cut-off value for abnormal probability of elevated PAWP

(50%) was determined by our previous paper, thus, the accurate

cut-off values may not be well organized in the different cohort.

The validity and reliability of AI algorithms should improve in

the near future with advances in machine learning and

augmented data set. The study period was from 2013 to 2017.

Some HF pharmacotherapies such as SGLT-2 inhibitors were not

available routinely. Because this study was designed to evaluate

the performance of AI for risk stratification of HF, it was not

possible to assess this AI model in patients without HF. These

limitations suggest that the current study should be considered as

hypothesis-generating. Additional research is required to quantify

the likelihood of elevated PAWP more fully in a multi-center

large cohort that includes healthy populations.
Conclusions

CXR assessment using the AI model may provide important

incremental prognostic value for predicting readmission and

cardiac mortality risk assessment in patients with HF compared

with doctor-interpreted pulmonary congestion. The results may

help to enhance the accuracy of prediction models used to

evaluate the risk of clinical outcomes in HF, potentially resulting

in more informed clinical decision-making and better care for

patients.
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of the literature
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China

Atherosclerosis is an inflammatory disease partly mediated by lipoproteins. The
rupture of vulnerable atherosclerotic plaques and thrombosis are major
contributors to the development of acute cardiovascular events. Despite various
advances in the treatment of atherosclerosis, there has been no satisfaction in
the prevention and assessment of atherosclerotic vascular disease. The
identification and classification of vulnerable plaques at an early stage as well as
research of new treatments remain a challenge and the ultimate goal in the
management of atherosclerosis and cardiovascular disease. The specific
morphological features of vulnerable plaques, including intraplaque hemorrhage,
large lipid necrotic cores, thin fibrous caps, inflammation, and
neovascularisation, make it possible to identify and characterize plaques with a
variety of invasive and non-invasive imaging techniques. Notably, the
development of novel ultrasound techniques has introduced the traditional
assessment of plaque echogenicity and luminal stenosis to a deeper assessment
of plaque composition and the molecular field. This review will discuss the
advantages and limitations of five currently available ultrasound imaging
modalities for assessing plaque vulnerability, based on the biological
characteristics of the vulnerable plaque, and their value in terms of clinical
diagnosis, prognosis, and treatment efficacy assessment.

KEYWORDS

contrast-enhanced ultrasound (CEUS), ultrasound molecular imaging (UMI), elastography,

intravascular ultrasound imaging (IVUS), diagnosis, vulnerable plaque

1. Introduction

Atherosclerosis, characterized by the formation of lipid-rich plaques in the arterial wall,

is the pathological basis of cardiovascular disease, which remains the major underlying factor

of morbidity and mortality worldwide (1). Atherosclerotic plaques tend to develop quietly

and are essentially asymptomatic when they remain intact. However, once progress, the

ruptured plaques can lead to atherosclerotic thrombosis and a host of attendant

complications. Therefore, early diagnosis as well as risk stratification -separating rupture-

prone unstable plaques from relative stable plaque- is vitally important (2, 3).

Due to technical and cognitive limitations, previous studies on atherosclerotic plaque

have largely been hampered. The size of atherosclerotic plaque and the accompanying

luminal narrowing were previously thought to be closely related to acute ischemic

cardiovascular events. However, increasing evidence shows that the composition of

atherosclerotic plaques is more relevant to acute ischemic cardiovascular events (4).

Certain structures and components of atherosclerotic plaques, including intraplaque
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FIGURE 1

The development and main features of atherosclerotic plaques.
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hemorrhage, large lipid necrotic core, thin fibrous caps,

inflammation, and neovascularization, are all been considered

promising rupture-prone (5, 6) (Figure 1). In addition,

understanding the molecular and cellular mechanisms of

atherosclerotic plaque development as well as researching new

treatments to prevent or treat acute cardiovascular events are of

great significance for both basic research and clinical practice (7).

Several imaging technologies have been developed to assess

atherosclerotic disease, among which ultrasound has obvious

advantages over other imaging modalities in terms of wide

availability and low cost (8). In recent years, with the rapid

development of technology, emerging ultrasound techniques

including contrast-enhanced ultrasound (CEUS), Doppler

ultrasound, ultrasound molecular imaging (UMI), ultrasound

elastography and intravascular ultrasound imaging (IVUS) can

not only screen and diagnose vulnerable plaques, but also

propose the risk classification of vulnerable plaques through

different ways, which will be greatly meaningful for the clinical

management of patients with atherosclerosis.

Based on the latest literature data, we aim to provide an

updated, objective, and comprehensive summary of the current

progression of novel ultrasound techniques including the imaging

principle, the application and development prospects as well as

their limitations.
Frontiers in Cardiovascular Medicine 02213
2. Contrast-enhanced ultrasound

CEUS generally makes up for the deficiency of conventional B-

mode and color Doppler ultrasound which have long been

challenged by their insufficient value to identify components and

neovascularization within the plaque (9). It is a rather novel

technique with the application of contrast agents in the form of

microbubbles (10). In order to circulate freely in the bloodstream

like red blood cells through capillaries, these microbubbles are

designed into core-shell inflatable microspheres typically smaller

than 7 µm in diameter. The shell is usually composed of

proteins, lipids, polymers, surfactants, or a mixture, and thus

constitutes a barrier between the surrounding environment and

the encapsulated gas inside (11). The composition of the shell

also determines the hardness of microbubbles, their susceptibility

to recognition by the reticuloendothelial system, and their

vandalism resistance in high-intensity ultrasonic fields. In

addition, the air core encased inside the microbubble

considerably enhances the backward scattered acoustic signal (12)

(Table 1). Several types of microbubbles such as the Sonovue

series are the main ultrasound contrast agents currently approved

and recommended for clinical use (13). On the other hand, the

conventional diagnostic ultrasound imaging frequency is usually

less than 7.5 MHz in clinical practice. However, higher spatial
frontiersin.org
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TABLE 1 The main composition of the microbubble and the function of
each part.

Component
items

Composition Function

Shell Proteins, lipids, polymers,
surfactants or a mixture of
them

♦ Constitute a barrier
♦ Determine the hardness
♦ Affect the susceptibility of

recognition by the
reticuloendothelial system

♦ Vandalism resistance

Core Gas Enhance the backward scattered
acoustic signal

Diameter 1–10 µm /

Yao and Zhang 10.3389/fcvm.2023.1069745
and temporal resolution is needed for the detection of fine vascular

structures in preclinical applications, with 15–55 MHZ generally

recommended (14). Besides, the penetration depth of CEUS is

relatively poor compared with standard B-mode imaging.

Although lower imaging frequencies improve penetration, spatial

resolution will be negatively impacted. It may be useful for CEUS

to use higher-frequency curvilinear transducers and high-

frequency linear transducers to improve spatial resolution;

however, the microbubble signal may not be as strong, resulting

in an overall darker image (15). In theory, these gas-filled

microbubbles can stay at the site of the capillary bed, and

oscillate upon interacting with the ultrasound wave thus

enhancing the reflected ultrasound signal, and improving the

visualization of small vascular beds (16).

As is strongly recommended by the European Federation of

Societies for Ultrasound in Medicine and Biology, CEUS has

opened a new field of vision for the study of arterial pathology

for it can not only quantitatively assess the degree of

atherosclerosis stenosis, but also qualitatively assess the

vulnerability of plaque based on the presence of ulceration,

neovascularization, and inflammatory infiltration (17, 18). It is

proved that the extent of intra-plaque neovascularization (IPN)

displayed on CEUS has a good correlation with histology. In

areas where plaques presented a larger degree of contrast

enhancement, the corresponding region on histology also had

increased density (19).

The utility of CEUS in the evaluation of carotid IPN to

reclassify patients into more accurate risk categories has been

confirmed by several studies. Based on the existence and location

of ultrasound microbubbles within each plaque, IPN is typically

graded into three levels in CEUS: grade0-no visible microbubbles

in the plaque; grade1-minimal microbubbles confined to the

shoulder or adventitial side of the plaque; grade2-plentiful

microbubbles throughout the plaque (16, 20, 21) (Figure 2).

Although mean carotid intima-media thickness (CIMT),

maximum plaque height (MPH) and total plaque area (TPA) are

typical indicators often used to measure the severity of

atherosclerosis in patients, Mantella et al. proved that the carotid

IPN score derived from CEUS was even more sensitive than

CIMT, MPH or TPA for predicting participants who suffered

from serious coronary artery disease (CAD). Furthermore, the

study took an IPN score ≥1.25 as a proper cut-off value to
Frontiers in Cardiovascular Medicine 03214
predict significant CAD (20), yet Song et al. regarded the IPN

score of 2 as the suitable predictor to predict the high rate of

stroke recurrence (22). So to date, no consensus on the best

predictive IPN score detected by CEUS capable of predicting

significant CAD has been reached when taking IPN as an

independent predictor of CAD.

As mentioned above, IPN was usually graded by a

semiquantitative image analysis relying on the visual assessment

which lacks internal standards, nor do IPN suitable for assessing

highly calcified plaques, so divergence about the objectivity of

CEUS simply employing IPN to evaluate vulnerable plaque still

exists (23). Notably, Boswell-Patterson et al. employed a new

measurement parameter- neovascularized enhancement ratio

(NER) -to analyze complex atherosclerotic plaque models, which

allows highly calcified plaques to be analyzed. The formula of

NER is (AP × PER)− (AC × CER)/(AP−AC), where Ap equals

plaque area, AC equals calcified area, PER equals plaque

enhancement rate and CER equals calcified area enhancement

rate. NER in this study also shows a positive relationship with

IPN volume (24). Recently, Lyu et al. proposed that the direction

of contrast agent diffusion may severe as another complementary

method for the prediction of unstable atherosclerotic plaques.

Apart from the characteristic contrast filling of the depressions at

the plaque-lumen boundary, microbubbles spreading from the

arterial lumen and into the plaque in the form of rotating

moving bright spots or lines can also be a complementary

method of detecting plaque rupture (25). Another study reported

that incorporating the analysis of stress and strain distribution

apart from IPN can also improve the accuracy in the assessment

of plaque rupture with neovascularization and IPH (26).

Furthermore, the current CEUS-assessed plaque is mainly based

on 2-D imaging which is prone to be interfered with by acoustic

shadowing (23). The newer three-dimensional CEUS requires

more validation studies on its function of further improving

visualization and grading the unstable plaques (27). All of these

studies pave the way for a more objective measurement of

vulnerable plaque and clinical identification of the plaque

progression.

To sum up, although it remains challenging to reach a

consensus on the diagnostic standards and limited by some

intrinsic factors such as artifacts and rather short enhancement

time, contrast-enhanced ultrasound has obvious advantages over

conventional US in providing quantifiable data and better image

quality for identifying Intraplaque neovascularization in rupture-

prone vulnerable plaques and formulating a more accurate risk

stratification strategy.
3. Doppler ultrasound

Doppler ultrasound is a rapidly developing technology to

evaluate vulnerable plaques from the perspective of blood flow

visualization, among which ultrasonic microflow imaging (SMI)

and ultrafast ultrasound imaging (UF) are the typical

representatives.
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FIGURE 2

Typical CEUS images of carotid plaques. (Panel A) Shows no visible microbubbles in the plaque (grade 0). (Panels B,C) Show minimal microbubbles
confined to the shoulder or the adventitial side of the plaque (grade 1). (Panel D) Shows plentiful microbubbles throughout the plaque (grade 2). The
white arrows and dotted lines depict intraplaque contrast microbubbles.

Yao and Zhang 10.3389/fcvm.2023.1069745
SMI separates the blood flow signal and the overlapping tissue

movement artifact by adaptive calculation method to accurately

detect the low-velocity blood flow signal, which is useful for

detecting neovascularization (28). Grading criteria of SMI for

plaque neovascularization (29): Grade 0, no blood flow signal in

plaques; Grade I, blood flow signal in the shoulder or base part

of plaques; Grade II, diffuse blood flow signals in the plaques.

As we discussed in Part I, contrast-enhanced ultrasound is also

valuable for detecting neovascularization, but it is susceptible to

interference from intrinsic factors such as artifacts, and its

enhancement duration is short. Most worryingly, CEUS requires

intravenous contrast, which can cause pain and anxiety in

patients (30). By contrast, SMI uses a new adaptive algorithm to

identify and eliminate motion artifacts and preserve the smallest

low-velocity blood flow signals, thus showing plaque

neovascularization in high-resolution detail (31). In addition,

there is no need to wait for the contrast agent to be distributed

to blood vessels. The time required to observe new blood vessels
Frontiers in Cardiovascular Medicine 04215
is much shorter than that of CEUS by just changing the

inspection mode to SMI mode by pressing the switch on the

ultrasound system (32).

Zhang, H. et al. (33) and Oura, K. et al. (34) both compared the

value of ultrasound microflow imaging (SMI) and contrast-

enhanced ultrasound (CEUS) in the diagnosis of carotid plaque

neovascularization. The results showed that patients with blood

flow detected by SMI tended to also show plaque enhancement

signals in CEUS with good consistency. Guo, Y. et al. (35) also

studied the CEUS and SMI enhancement grade in different

thicknesses of plaque plaques that thicker plaques showed a

higher density of neovascularization and were more vulnerable.

Moreover, studies have shown that SMI can detect more

neovessels than contrast-enhanced ultrasound, especially when

there is less neovascularization. This may be because SMI allows

repeated scanning in many different parts and directions of the

plaque (36). The correlation between SMI and histology has also

been verified in corresponding studies (36, 37). Therefore, as a
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simpler and safer technique, SMI provides a new evaluation

method for classifying plaques with different echo types.

However, at present, SMI technology still has some difficulties in

capturing neovascularization with blood flow velocity less than

0.4 cm/s, and there is still a lack of objective quantitative criteria

for SMI, which may be the direction of future research.

Ultrafast ultrasound imaging (UF) is capable of capturing

images at a frame rate 100 times faster than traditional imaging

by using vector Doppler imaging to assess the flow velocities at

each point on the image (38, 39). Goudot, G. et al. (40, 41)

validated the feasibility of UF in measuring wall shear stress in

carotid plaques and established wall shear stress values for

different vulnerable carotid plaques. In the course of

atherosclerotic plaque development, the advanced plaques begin

to invade the lumen, and the endothelial cells begin to

experience high shear stress (42). High maximum shear stress is

associated with hemorrhage and calcification within the plaque

(43). Therefore, accurate measurement of wall shear stress by UF

lays a foundation for better characterization of plaques.

In conclusion, from the assessment of plaque

microvascularization to calculation of the wall shear stress, the

development of new Doppler techniques provide more

dimensions and powerful tools for the assessment of

atherosclerosis.
4. Ultrasound molecular imaging

Molecular imaging is an evolving discipline that enables

noninvasive visualization, assessment, and quantification of

specific biological processes at the cellular level in living subjects

(44). These microbubbles possessing specific affinity towards
FIGURE 3

Schematic diagram of ultrasound molecular imaging. Functionalized microbub
atherosclerotic endothelial or intraplaque biomarkers under the action of ultr
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vascular biomarkers of disease can not only improve their

accumulation in tissues but also reduce off-target effects, improve

safety, and is a promising approach for clinical applications (45)

(Figure 3). The functionalization of microbubbles with different

targeting ligands to assess atherosclerotic plaques in the early

stage and the use of microbubbles for drug and gene delivery has

been a hot topic of research in recent years (46, 47).

The development of atherosclerosis is often accompanied by

significant changes in inflammatory biomarkers, such as TNF-α,

and CRP (48). However, these factors can be elevated in a wide

range of pathophysiological activities and are not specific enough

to be used in the specific diagnosis of atherosclerosis. Therefore,

there is an urgent need to test for biomarkers that are prominent

in the atherosclerotic process (Table 2).

First of all, the initial hallmark of atherosclerotic lesion

development is endothelial dysfunction and concomitant

inflammatory activation, which promote the recruitment of

monocytes to the arterial wall, precede the development of

plaque and play a role in the occurrence and progression

of plaque (65, 66). VCAM-1 and VEGF are classic

inflammatory markers when vascular endothelial dysfunction

occurs (67, 68). In the past, many studies have taken VCAM-1

and VEGF as targets to develop targeted microbubbles, which

have initially realized the detection of early atherosclerosis

(56, 57). Further research revealed that one of the main triggers

for endothelial dysfunction is altered luminal blood flow,

particularly at bifurcations and vessel bends where molecular

changes in the endothelium may become apparent (69). Many

studies have shown that junctional adhesion molecule A

(JAM-A) is one of the most sensitive biomarkers for acute

changes in local blood flow and is specifically upregulated on

endothelial cells at sites of atherosclerosis predilection (70). As
bles carrying different ligands can specifically and actively target different
asound and deliver drugs or genes for targeted therapy.
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TABLE 2 Examples of targeted ultrasound molecular imaging in the identification and treatment of vulnerable plaque (2017–2022).

Shell Core Molecular
process

Molecular
target

Species Main result References

Phospholipid Perfluorinated Activated platelets GP Ib and GP IIb/
IIIa receptor

Mice The reactiveness of ultrasound molecular imaging was
different within the models according to the type of
plaque.

(49)

Phospholipid Decafluorobutane Vascular
endothelium

VCAM-1 Mice Signals increased from 8 weeks to 32 weeks age in
ApoE-/-mice in different stages.

(50)

Phospholipid Decafourobutane Activated platelets GPIIb/IIIa receptor,
selectin ligand

Mice Dual targeting of microbubbles led to greater capture
efficiency, especially at low to intermediate shear stress.

(51)

Phospholipid Decafluorobutane Vascular
endothelium

P-selectin, VCAM-
1, VWF and LOX-1

Mice The signal for all four targeted microbubbles was
significantly higher than that for control microbubbles
in DKO mice, and was three to sevenfold higher than
in wild-type mice, with the highest signal achieved for
VCAM-1 and VWF.

(52)

SonoVue Sulfur hexafluoride Smooth muscle cell miR-21 Mice Local delivery of a miR-21 mimic rescued the
vulnerable plaque rupture phenotype.

(53)

PBCA Endothelial
Dysfunction

JAM-A Mice The increment in JAM-A expression and JAM-A-
targeted microbubble echogenicity was higher than in
controls, peaking after 2 weeks.

(54)

Phospholipid Perfluoropropane Leucocytes VCAM-1, ICAM-1,
P-selectin

Mice The microbubbles had a high affinity to inflammation
in both static and dynamic flow conditions.
Significantly enhanced ultrasound imaging signals
were achieved in detecting the atherosclerosis progress
when compared with the single- or dual-targeted
microbubbles.
Revealing a potential therapeutic efficacy of
atorvastatin for early-stage atherosclerosis.

(55)

USphereTMLabeler / Inflammatory
response

IL-8 Rabbits The peak intensity (PI), microvessel density (MVD),
and macrophage count of the pretreatment group were
significantly higher than those of both the control and
IL-8 groups.
Ultrasound-delivered IL-8 monoclonal antibodies
alleviate inflammation within atherosclerotic plaques.

(47)

/ Decaflurobutane Endothelial VCAM Mice Microbubble showed increased attachment under
continuous flow with increasing shear stress.
UMI in double-knockout mice showed signal
enhancement in early and late atherosclerosis in wild-
type mice.
UMI in human endarterectomy specimens showed a
100% increase in signal.

(56)

Biocompatible lipid Sulfur hexafluoride Endothelial VEGFR-2 Rabbits Targeted microbubbles exhibit high stability, can
effectively identify atherosclerotic plaques, and show
outstanding capability for ultrasound molecular imaging.

(57)

SonoVue Sulfur hexafluoride Inflammatory
responses in
macrophage

Glycogen synthase
kinase (GSK)-3b

Rabbit Vulnerable plaque factors and inflammation were
suppressed in vitro and in vivo and changed the
cytoskeleton of the foam cells in vitro.

(58)

Phospholipid Decafluorobutane Anti-inflammatory
and anti-thrombotic

VCAM-1, P-
selectin, VWF,
GPIbα

Mice All the remote plaque adverse changes were inhibited
by anti-IL-1β therapy.

(59)

/ Perfluoropentane/
Fe3O4

Macrophages/
Activated platelets

SR-A/ (GP) IIb/IIIa Mice A high binding Affinity both for activated
macrophages and blood clots.
Effectively induce macrophage apoptosis, and destroy
the thrombus.

(60)

Phospholipid Perfluoropropane Activated platelets GPIIb/IIIa
receptors

Mice Advanced atherosclerotic plaques were rapidly
detected and simultaneously giving targeted therapy
by dissolving activated and aggregated platelets.

(61)

Phospholipid Sulfur hexachloride Endothelial cells VEGFR-2 Mice The acquisition of ultrasound information on
atherosclerotic plaque neovascularization were
enhanced.

(62)

PLT vesicles/ Sono
VueTM

RAP@NPs mTOR signaling
pathway

mTOR Mice The targeting ability of nanoparticles to atherosclerotic
plaques were increased by improving the efficiency of
RAP release and the destruction of neovascularization
in the plaques.

(63)

Phospholipid C3F8 Apoptosis of
macrophage

Annexin V Mice Strong and sustained echo enhancement were shown
in plaque area of aortic arch in vivo.
Imaging sensitive plaques presented more significant
pathological changes with several vulnerable plaque
features and abundant TUNEL-positive areas.

(64)

Yao and Zhang 10.3389/fcvm.2023.1069745

Frontiers in Cardiovascular Medicine 06 frontiersin.org217

https://doi.org/10.3389/fcvm.2023.1069745
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Yao and Zhang 10.3389/fcvm.2023.1069745
demonstrated by Curaj et al. using antibody-targeted poly

microbubbles, transient blood flow changes cause JAM-A

rearrangement in the endothelium, and JAM-A-targeted

microbubbles can facilitate the early detection of cardiovascular

risk areas and play an important role in preventing their

progression to irreversible pathology (54).

Besides, macrophages, which account for more than 80% of all

cellular components, are extremely abundant in vulnerable

plaques and play vital immune and inflammatory roles in both

the initiation and progression of vulnerable plaque pathology

(71). Macrophages are an important target for diagnostic

imaging and new therapies for atherosclerosis. Depending on

their polarization status, macrophages function to promote or

inhibit atherosclerotic inflammation (72). For instance,

researchers have targeted SR-A, which is usually overexpressed

on activated macrophages but not unactivated macrophages or

other normal vascular wall cells, to distinguish vulnerable

plaques (60). This provides a reliable and more specific means

of diagnosing vulnerable phenotypes before they are visible

morphologically, which substantially facilitates clinicians to set

risk evaluation and secondary prevention strategies for the

patients at an early stage.

Nonetheless, several existing bottlenecks for ultrasound

molecular imaging need to be tackled. The first is its security in

clinical applications. Traditionally, the conjunction of targeted

ligands to the shell of microbubbles was characterized by a

multistep, biotin-avidin-biotin bridging process, which could

probably lead to the binding of endogenous biotin (73).

Innovatively, Punjabi et al. recently combined microbubble with

a nanobody, the smallest possible (10–15 kDa) antibody-derived

polypeptide which did not induce complement-triggered

cytotoxicity nor bind to Fc receptors on immune and other types

of cells. The result indicated a totally increased signal in human

endarterectomy specimens compared with the control group (56).

So, the use of nanobodies or single-domain antibodies instead of

full-size antibody ligands may pave the way for a more secure

clinical translation of UMI to detect early atherosclerotic changes.

Secondly, the task to increase the affinity adhesion of targeted

microbubbles remains challenging. Microbubbles have the

probability to detach from the endothelial target spot, resulting

in short contact time and insufficient cell adhesion, particularly

in areas where exist high blood shear stresses such as vessel

bifurcation (74). Some scholars attempted to utilize external

forces such as acoustic radiation force and magnetic field force

(75), while other researchers explored multi-targeted

microbubbles to promote MB adhesion. Yan et al. developed

triple-targeted microbubbles carrying VCAM-1, anti-ICAM-1,

and synthetic polymeric sialyl Lewis X (sex) on the surface.

Unlike single- or dual-targeted microbubbles, significantly

enhancing ultrasound imaging signals were observed in triple-

targeted microbubbles even under high shear stress (55).

Furthermore, the usual size of microbubbles of 1–5 µm limits

their ability to effectively aggregate in tissue (76). Studies have

demonstrated that nano-ultrasound bubbles under 780 nm in size

can easily pass through fine capillaries and lymphatic

endothelium, thus targeting plaque sites with nano-scale
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ultrasound contrast agents is expected to better enable early

diagnosis of atherosclerosis. As shown in the study of Zhang

et al. who designed a nanosized ultrasound contrast agent

carrying anti-VEGFR-2 to image the vulnerable plaque in rabbit

abdominal aorta, these nano-ultrasound bubbles smaller than the

size of the open pores of atherosclerotic plaques significantly

extravasate and remain at the plaque site, showing stronger

echogenic signal within atherosclerotic plaque and lasted for

1–2 min (57).

Last but not least, more attention should be put on the

optimization of the microbubble surface composition and setting

a standardization of measurement protocols and quantification

methods (10). Still, ultrasound molecular imaging and

diagnostics are mostly limited to pre-clinical models and have

not been tested in primates or humans up to now, so studies in

large models are needed.
5. Elastography

Ultrasound elastography can quantify the mechanical

characteristics of plaques, and reveal their composition and

vulnerability by analyzing tissue displacement in response to

either external (focused acoustic radiation) or internal (variation

in blood pressure) mechanical excitations (77, 78). Depending on

different motivation methods, ultrasound elastography can be

classified into two imaging modes: strain elastography (SE) which

utilize internal or external stress excitation, and shear-wave

elastography (SWE) which utilizes shear wave excited by

ultrasound.
5.1. Strain elastography

SE measures the plaque displacement gradient under different

levels of stress induced by an external force and calculates semi-

quantitative parameters such as strain, strain velocities, or strain

rate (78). Since fatty elements are much softer than fibrous

tissue, plaques with larger local deformations and more complex

distribution of strain are more likely to be vulnerable (79).

Besides, Liu et al. validated the in vivo inter-observer

repeatability of ultrasound elastography in identifying vulnerable

plaques with an intraclass correlation coefficient of 0.66 between

the two operators (80).

Nevertheless, there is no consensus on the optimal imaging

parameters up to now. The magnitude of plaque strain such as

local maximum, mean, and minimum values or the whole

spatially averaged strain are typically been considered suitable

quantitative indices for plaque elastic assessment (81). Moreover,

Huang et al. put forward that the vulnerability of the carotid

atherosclerotic plaques can be better quantified by textural

features -contrast, homogeneity, correlation, and angular second

moment. In his study, the textural feature achieved 83.8%

accuracy in plaque classification while the contrast was 81.3%

(82). Another study conducted by Roy Cardinal et al.

demonstrated that the ratio of cumulated axial strain to
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cumulated axial translation could serve as a novel parameter for

detecting the vulnerability of plaque (83).
5.2. Shear-wave elastography

SWE estimates tissue elasticity by tracking the transverse

velocity of the tissue after it has been subjected to an external

force. The transducer emits a transverse wave through an

acoustic radiation force pulse (ARFI) and measures the speed of
FIGURE 4

2D and SWE imaging of plaques with different hardness. (Panel A) The 2D imag
a blue color at the plaque, suggesting a soft texture. (Panel B) The 2D image sho
shows a red-blue mix at the plaque, suggesting that the texture of the plaque
plaque is predominantly strong echogenic and the SWE image demonstrates a
depict the plaque area.
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the transverse wave propagation through the tissue, expressed as

Young’s modulus (YM), which reflects the tissue’s resistance to

elastic deformation and is largely depended on the composition

of the tissue. Soft tissues such as lipid cores in plaques tend to

show obvious elastic deformation, lower YM and lower

transverse wave velocity; whereas harder tissues and lesions show

less elastic deformation (77, 84) (Figure 4).

The potential clinical value of SWE in assessing the elasticity of

carotid atherosclerotic plaques has been demonstrated in both vitro

and vivo studies, and is demonstrated particularly useful in
e displays a predominantly hypoechoic plaque and the SWE image displays
ws a predominantly mixed echogenicity of the plaque and the SWE image
is between soft and hard. (Panel C) The 2D image demonstrates that the
red color at the plaque, suggesting a hard texture. The white dotted lines
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distinguishing asymptomatic plaques from symptomatic plaques

(85). In the study of Skoloudik et al., they divided asymptomatic

plaques into stable and progressive groups (86). The results of

this study clearly showed that there were significant differences

between stable and progressive plaques in terms of measured

mean, minimum, and maximum Young’s modulus. Young’s

modulus measured in asymptomatic progressive plaques was

even lower compared to symptomatic plaques, although there

was no significant difference. Therefore, SWE measurements of

plaque elasticity can be used as an adjunct parameter for the

indication of carotid endarterectomy or angioplasty and stenting

when asymptomatic carotid stenosis of >50% is first detected.

However, the complex composition of atherosclerotic plaques

strongly requires a combination of other parameters to

distinguish. In vitro studies have shown that a combination of

spatio-temporal and frequency-dependent shear wave analysis

can be used to non-invasively assess the characteristics of

atherosclerotic plaques in vivo (87). Recently, Marlevi et al.
TABLE 3 Applications of ultrasound elastography in the identification of vuln

Patients
involved

Plaques Method Measurement parameters

52 80 ARFI Texture analysis(strain rate images contrast,
homogeneity, correlation and angular second
moment)

25 26 ARFI Peak displacement

31 31 SWE Maximum axial strain, cumulated axial strain,
mean shear strain, cumulated shear Strain,
cumulated axial translation, cumulated lateral
translations, the ratio of cumulated axial strain

61 271 SWE Young’s modulus

/ 24 SWE Plaque geometry, push location, imaging plane
and wave speed metric

66 132 SWE Plaque translation and elastography and
echogenicity features

142 129 SWE Maximum, minimum, and mean values of shea
wave velocity

25 25 ARFI Decadic logarithm of the variance of acceleratio
[log(VoA)]

32 53 ARFI The maximum 99th percentile of absolute axia
strain rate

20 27 SWE Group velocity and frequency-dependent phase
velocities

97 97 SWE Mean, maximal and minimal elasticity

46 46 SWE Stiffness distribution
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further showed in an in vivo study that vulnerable plaques have

significant group velocities and frequency-dependent phase

velocities compared to other types of plaques. More interestingly,

this parameter was also used in the study to classify specific

components within the plaque, including thin fibrous caps, lipid-

rich necrotic cores, and intraplaque hemorrhages (88). In

addition, Torres et al. combine signal correlation and signal-to-

noise ratio (SNR), expressed as a decimal logarithm of the

acceleration variance, either directly or through displacement

variance, called “log(Vo A)” to successfully describe the

composition and structure of human carotid atherosclerotic

plaque (89). Overall, these results are all clinically useful for

predicting stroke risk and facilitating medical management.

As such, elastography provides a more in-depth assessment of

plaques by bringing a novel dimension-analyzing tissue

displacement- to clinical use. Still, it remains a challenge to reach

intra/inter-observer reproducibility and agreement on

standardized cutoff value (Table 3).
erable plaque (2017–2022).

Reference
standard

Main conclusion References

MRI Plaque classification using texture analysis is
feasible. Larger local deformations and higher
complexity of deformation patterns are more
suggestive of plaque vulnerability.

(82)

Histology ARFI can distinguish soft from stiff
atherosclerotic plaque components and
delineating fibrous cap thickness.

(90)

MRI Cumulative axial translation and the ratio of
cumulative axial strain to cumulative axial
Translation are sensitive parameters for
distinguishing between vulnerable and non-
vulnerable carotid plaques.

(83)

Neurological
symptoms

Young’s modulus can be used as an additional
method to detect symptomatic carotid plaque.

(85)

, Vitro setup Differentiation of simulated plaques with
different mechanical stiffness can be achieved
using SWE.

(87)

Neurological
symptoms

The combination of elastography and echo
analysis helps to differentiate plaque in
symptomatic patients from asymptomatic
ones.

(91)

r Neurological
symptoms

Echogenic plaques had higher shear wave
velocity than echolucent ones.

(92)

n Histology Log(VoA) is able to characterize the
composition and structure of human carotid
atherosclerotic plaques in vivo better than PD.

(89)

l MRI Ultrasound-based carotid elastography is
reproducible and reliable in differentiating
between vulnerable and stable plaques
between two operators.

(80)

MRI The combined group velocity and frequency-
dependent phase velocity can improve the
ability of SWE to detect vulnerable carotid
plaques, providing additional information for
assessing plaque characteristics.

(88)

Neurological
symptoms

SWE is a promising way to differentiate
symptomatic, asymptomatic progressive, and
asymptomatic stable carotid plaques.

(86)

Histology In vulnerable plaques, there was a
significantly increased percentage of stiffness
range of 3–5 m/s.

(41)
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6. Intravascular ultrasound imaging

Using a miniature ultrasound probe guided to the target site via

a trans-vascular guide wire, Intravascular ultrasound imaging

contributes to a direct way to visualize the nature of selected

atherosclerotic lesions (93). Although Coronary angiography

(CAG) has long been recognized as the gold reference standard

for the evaluation of coronary artery disease, it is incapable to

evaluate the structural composition of unstable plaque and lacks

objectivity since it relies heavily on contrast agent-filled vascular

contour to assess the diameter of the lumen. IVUS is

complementary to CAG in that it visualizes features of

atherosclerotic plaques qualitatively within the vessel either from

a longitudinal plane or an axial plane (94, 95).
FIGURE 5

Typical grayscale display of arterial cross-section image obtained by
conventional grayscale IVUS.
6.1. Grayscale IVUS

Conventional grayscale IVUS offers grayscale cross-sections of

coronary arteries with an axial resolution of approximately 100–

250 µm (96). It determines the characteristics of plaques through

the echo intensity of plaques into the following four types: (1)

soft plaques: echo lower than the surrounding outer membrane;

(2) calcified plaque: echo higher than the surrounding outer

membrane; (3) fibrous plaques: moderate echo; (4) mixed

plaques: two or more echo signals (97). The attenuated plaques

(AP), characterized by hypoechoic areas of deep echogenic

attenuation and echogenic hyaline plaques despite the absence of

bright calcium and echolucent plaque (ELP), characterized by

areas of non-echoic or hypoechoic plaques displayed on the

IVUS were demonstrated to be linked with vulnerable plaque

phenotype (98). This is mainly due to the fact that plaque

hypoechoic areas usually represent plaques that are high in lipids

and poor in collagen. Echo attenuation in ultrasound plaques is

closely associated with microcalcifications and cholesterol crystals

within the lipid-rich necrotic core, which promotes signal

reflection and dispersion (99) (Figure 5).

An obvious drawback of greyscale IVUS is its low resolution,

which limits detailed visualization of the plaque phenotype.

Besides, caused by the strong reflection of intracavitary calcium to

ultrasound, it has limited value to assess the calcification (97, 100).
6.2. Contrast-enhanced IVUS

As previously mentioned, new microvessels form within the

outer membrane of the arterial wall, and the atherosclerotic

plaque (i.e., vasa vasorum, VV) is an important marker of plaque

inflammation (5, 6), which is a precursor or concomitant factor

related to plaque rupture and plaque instability (101). The

combination of conventional IVUS with contrast agents, e.g.,

microbubbles (contrast-enhanced IVUS, CE-IVUS) has proven

useful for coronary plaque perfusion imaging and assessment of

the amount and distribution of new vessels in atherosclerotic

lesions, providing a step forward in the identification of
Frontiers in Cardiovascular Medicine 10221
vulnerable plaques (102, 103). An earlier study conducted by

Carlier S showed the feasibility of contrast-enhanced IVUS

plaque imaging with intracoronary microbubbles (104). But due

to limitations at the time, they did not correlate their study with

histopathological evidence of vasa vasorum. This was confirmed

in a subsequent study by Vavuranakis M et al., who used CE-

IVUS to detect and quantify rabbit aortic wall neovascularization

(105). The density of VV also shows a positive correlation with

plaque progression, inhibiting VV may be a promising approach

to delay or even reverse the progression of atherosclerosis (101).

However, detecting VV is challenging because of the low

acoustic scattering of blood compared to tissue, making it

cumbersome to differentiate between contrast and tissue (usually

called contrast-to-tissue ratio, CTR) (106). A new contrast

imaging method based on the detection of higher harmonics

named Super harmonic (SH) has been proposed, which

performed with a low frequency transmitter and high frequency

receiver. By increasing the contrast agent signal and suppressing

the signal from the tissue, the technique has shown even higher

CTR than second harmonic (107, 108). Ma, J. et al. designed a

small aperture (0.6 × 3 mm) IVUS probe with dual frequency

(6.5 MHz/30 MHz) transducer for high frequency contrast

imaging. The microbubble is excited at low frequencies (near

resonance) and its wideband harmonics are detected at high

frequencies, minimizing the detected tissue backscattering (109).

More recently, Lee, J. et al. reported a dual-element focused

IVUS transducer, consisting of a 35 MHz ultrasonic transmission

element and a 105 MHz third harmonic receiving element, which

produces third harmonic images with higher spatial resolution

and deeper imaging depth than fundamental wave images (110).

In the future, we look forward to additional in vitro and in vivo
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trials of atherosclerotic plaque lesions to further validate the clinical

value of these IVUS sensors.
6.3. Post-processing IVUS

Virtual histology (VH-IVUS), integrated backscatter (IB-

IVUS), and IMAP-IVUS are all examples of the products of the

evolution of post-processing algorithms. Based on different post-

processing algorithms, a comparison of color coding methods of

them is presented in Figure 6 (111–113).

Despite different plaque characterization algorithms, the utility

of post-processing IVUS in elucidating factors associated with

compositional changes suggestive of increased plaque

vulnerability is gaining more and more attention. Since current

research on premature coronary artery disease is usually focused

on genetics and epidemiology, and studies related to coronary

plaque characteristics are still scarce, Xie J et al. analyzed the

morphological, histological, and phenotypic characteristics of

atherosclerotic plaques in 47 patients with premature CAD by

iMap-IVUS and compared the differences with 155 patients with

later CAD. The results revealed more fibrosis and less necrotic

and calcified components within the plaques of patients with

premature CAD compared with later CAD (114). This may

provide important information for subsequent insights into the

development of premature coronary artery disease.

In addition, studies have shown that acute cardiovascular

events are usually caused by a vulnerable coronary plaque

containing a large lipid-rich necrotic core covered by a thin

inflamed fibrous cap, defined as thin-cap fibroatheroma (TCFA)

(115). The advent of IVUS holds promise for the study of the

impact of tissue characteristics of culprit lesions on myocardial

tissue perfusion levels. Several clinical trials have already

validated its usefulness in identifying clinical and lesion-related
FIGURE 6

An illustration of color coding methods of VH-IVUS, IB-IVUS, and IMAP-IVUS
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factors that put patients at risk of adverse cardiac events, as well

as predicting future acute cardiovascular events.

PROSPECT is one of the most classic and largest of these

observational studies. It is a prospective study with a median

follow-up of up to 3.4 years and included a total of 697 patients

with acute coronary syndromes, each of whom underwent

coronary angiography, Grayscale IVUS, and VH-IVUS following

percutaneous coronary intervention. Results showed that

recurrent major adverse cardiovascular events were associated

with both initially treated (culprit) lesions and untreated (non-

culprit) lesions. Of the 157 recurrent events where the lesion

could be located, 74 (47%) were associated with the original

nonculprit lesion. And of the 51 recurrent events associated with

non-culprit lesions, 26 (51%) occurred at sites of thin fibrous

cap fibroatheroma (TCFA) detected on the basis of VH-IVUS,

most of which showed no evidence of severe stenosis on

conventional angiography. It is concluded that small lumen area,

large plaque burden, and the presence of thin cap fibrous

atherosclerosis were three important predictive features of

recurrent events (116). This study provides prospective,

systematic data on the origin of recurrent ischaemic events by

using VH-IVUS to characterize the morphological features of

plaques, enabling the prospective identification of thin-cap

fibrous atherosclerosis. This also further demonstrates that the

development of acute coronary syndromes is not necessarily

dependent on the degree of angiographic stenosis at the site and

that the development of VH-IVUS has made it possible to

characterize the vessel wall using imaging techniques that can be

comparable to histological findings.

An EARLY-MYO-ACS prospective observational study

conducted on 408 patients investigated the relationship between

culprit plaque characteristics before percutaneous coronary

intervention (PCI) and myocardial tissue level perfusion after

PCI in patients with non-ST-segment elevation acute coronary

syndrome (NSTE-ACS) by IMAP-IVUS. The results showed that
.
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TABLE 4 An overview of the mechanism, advantages, limitations and recent progression of novel ultrasound methods in the identification of vulnerable
plaques.

Novel
ultrasound
method

Mechanism Advantages Limitations Recent progressions

CEUS Inject contrast agent
microbubbles intravenously to
enhance blood flow signals

♦ improve the visualization of
small vascular beds

♦ have a good correlation with
histolog

♦ promote cardiovascular risk
stratification

♦ lack internal standards
♦ be interfered by artifact
♦ limited enhancement

time
♦ requires rich

experiences in
operation

♦ predict significant coronary artery disease and
future adverse cardiovascular events (16, 20, 22).

♦ early identification of carotid atherosclerosis (23)
♦ NER, the direction of contrast agent diffusion

and analysis of stress and strain distribution may
severe as complementary methods for the
prediction (24–26)

Doppler
Ultrasound

Visualize blood flow and assess
the flow velocities

♦ detecting neovascularization
♦ high-resolution
♦ time-saving and safe

♦ can not detect blood
flow velocity less than
0.4 cm/s

♦ lack of objective
quantitative criteria

♦ low reproducibility

♦ show great consistency with CEUS and histology
(33, 34, 36, 37)

♦ measuring wall shear stress (40, 41)

UMI Gather microbubbles bounded
with targeting ligands or
antibodies in targeted tissue or
organ

♦ targeted imaging at the cellular
or molecular level

♦ diagnose vulnerable atherogenic
phenotypes before they are
morphologically visible

♦ improve transfection efficiency

♦ controversy over its
safety

♦ poor affinity adhesion
♦ no standardization of

measurement
protocols

♦ visualize acute endothelial activation and
dysfunction (54)

♦ detect vascular inflammation (56, 57).
♦ alleviate inflammation progression by delivering
miRNA or antibodies (47, 53, 58)

♦ multi-targeted MBs (55)

Elastography Analyze tissue displacement in
response to either external or
internal mechanical excitations

♦ assess mechanical
characteristics and stiffness
distribution of plaques

♦ classify fibrous cap, necrotic
core, intraplaque hemorrhage

♦ no consensus on
theoptimal imaging
parameters

♦ Inter-observer and
intra-observer
variation

♦ validate the in vivo inter-obseXSSWrver
repeatability (80)

♦ quantify vulnerable plaques by textural features
(82)

♦ add the ratio of cumulated axial strain to
cumulated axial translation as the novel
parameter (83)

♦ VOA may be more consistent with histological
thickness than PD (89)

IVUS Employ a miniature ultrasound
probe guided to the target site

♦ visualize the nature of selected
atherosclerotic lesions directly

♦ complementary to CAG
♦ multiple planes imaging
♦ evaluate the mechanism

underlying certain therapies

♦ invasive
♦ low resolution
♦ imited value to assess

the calcification

♦ attenuated plaque (AP) and echolucent plaque
(ELP) are highly associated with the prevalence
of major cardiovascular events (98)

♦ premature CAD had more fibrotic with less
necrotic and calcified components within the
plaque than later CAD (114)

♦ increased percentage of necrotic plaque fraction
is independently associated with impaired
myocardial perfusion (117)

♦ explore several indicators of future severity
cardiovascular events (127, 128)

♦ (PSS) and (WSS) may influence plaque
development (129)

♦ the efficacy of treatment suppression on
atherosclerotic plaques (122, 130, 131)
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in these NSTE-ACS patients, an increase in the necrotic portion of

the culprit lesion was independently associated with myocardial

tissue level perfusion impairment (117). This reveals a valuable

application of plaque composition assessment by pre-PCI IMAP-

IVUS to predict myocardial tissue level perfusion injury after

PCI in patients with NSTE-ACS.

IVUS also gains well recognization and validation for its ability

to study mechanisms underlying certain therapies with its high

imaging resolution (118). The SATURN trial and IBIS-4 study

are classic studies that investigated the effect of atorvastatin and

rosuvastatin in CAD and STEMI patients respectively by
Frontiers in Cardiovascular Medicine 12223
VH-IVUS-derived plaque components (119, 120). In a vivo study

conducted by Andrews J et al., they measured plaque calcification

and atheroma volume with IVUS and found that warfarin was

independently associated with intravascular calcification in

patients with coronary atherosclerosis, but not with

atherosclerotic volume, statin therapy, or renal function (121).

More recently, in a study combined with 9 randomized clinical

trials, the authors first demonstrated a statistically significant

independent association between oral calcium and progressive

coronary calcification, as assessed by IVUS in terms of plaque

calcification and atherosclerotic volume (122). Thus, imaging
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identification of high-risk patients using IVUS may one day help to

justify the focal treatment of vulnerable plaques, and its safety and

efficacy will need to be demonstrated in additional randomized

trials.

However, in a 4.7-year study of AtheroRemo-IVUS,

researchers reported that the small luminal area (minimal

luminal area ≤4.0 mm2) and large plaque burden (≥70%
burden) measured by conventional IVUS, rather than the post-

processing-IVUS-derived plaque composition characteristics

(e.g., TCFA) by themselves, could predict adverse cardiovascular

outcomes. However, no increased risk associated with minimal

lumen area was observed in this study group during the

previous 1-year follow-up. But the prognostic value of a plaque

burden ≥70% was similarly confirmed, although there was

inconsistent statistical significance across all the different

cardiovascular event endpoints. More interestingly, the

independent association between TCFA lesions as a feature of

independent vulnerable plaques and 1-year adverse

cardiovascular events did not persist at subsequent long-term

follow-up. The study suggests possible reasons for this, one

important being the dynamic development of TCFA lesions over

time, particularly at the proximal end where the plaque burden

is greater, where lesions heal more slowly and have a greater

propensity to rupture, and therefore this should be taken into

account as an important guideline for future clinical trials (123).

In addition, as Stone, Get al. noted, these studies only imaged a

single segment, and even in the PROSPECT study, only 3

epicardial coronary arteries proximal to 6 cm–8 cm were imaged,

so the relationship between the imaged lesion and subsequent

acute cardiovascular events using IVUS appears to require

further investigation, as most events will originate from non-

imaged lesions (124). Moreover, the GLAGOV study also

challenged the use of VH-IVUS to assess plaque morphology, as

they argued that in the evolocumab trial, VH imaging did not

provide any incremental information other than the assessment

of changes in plaque burden (125). Thus, it appears that the role

of IVUS in quantitatively assessing the relationship between the

vulnerable components and the pathogenesis of ischaemic events

and the efficacy of various treatments requires further

investigation.
7. Conclusion and prospect

Vulnerable plaques account largely for the occurrence of

serious acute clinical complications. In this review, we made a

comprehensive overview of recent updates concerning novel

ultrasound techniques including CEUS, UMI, Doppler

ultrasound, elastography and IVUS in the identification of

vulnerable plaques, with the expectation to offer a more reliable

classification of the vulnerable plaque and facilitate clinical risk

stratification of the individuals.

Each ultrasound imaging method has its irreplaceable

advantages. Contrast-enhanced ultrasound and Doppler

ultrasound provide significantly detailed information on intra-
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plaque neovascularization in plaques which are highly associated

with serious coronary artery disease. Ultrasound molecular

imaging also gains increasing recognition for its ability to image

the target plaque at the cellular or molecular level as well as

enhance transfection efficiency to stabilize the plaque.

Furthermore, elastography allows for better measurement of

vulnerable plaque through analyzing tissue displacement in

response to either external or internal mechanical excitations.

Last but not least, rising evidence suggests that IVUS is a

promising invasive tool for plaque vulnerability assessment

which visualizes the nature of selected atherosclerotic lesions

directly.

With the progress of various ultrasound imaging techniques,

the image quality and measurement dimensions have been

greatly improving, but the major challenge remains to reach a

consensus on accurate diagnosis and stabilizing the vulnerable

plaque. At the same time, the composition of plaques is so

complex that evaluating just one plaque component may not be

sufficient for risk stratification. As such, a multimodal image that

combines the advantage of each imaging mode is a promising

development direction, such as CE-IVUS, or IVUS-SE.

Vavuranakis, M. et al. used computational analysis of CE-IVUS

images to detect and quantify VV in rabbits, which is consistent

with histological data (105). PROSPECT II is one of the prime

examples and is the first multimodal multicentre study to

combine near-infrared spectroscopy and intravascular ultrasound

(126). This study greatly extends the value of imaging in the

detection of vulnerable plaques before they cause acute

cardiovascular events, laying the groundwork for future

randomized trials of systemic and focal treatments.

Although is still in the early stage of research, we believe that

through the joint efforts of researchers, novel ultrasound

techniques will provide patients with more accurate and effective

identification of vulnerable plaques. Overall, we provide an

overview of the mechanism, advantages, limitations and recent

progression of new ultrasound methods in the identification of

vulnerable plaques in Table 4.
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