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Editorial on the Research Topic

Highlights in Cardiovascular Imaging: 2021

INTRODUCTION

This Research Topic presents the highlights in Cardiovascular Imaging and includes a range of
studies and reviews across multiple imaging modalities and subspecialities, that describe recent
advances in established modalities, including echocardiography, cardiac computed tomography
(CT), and cardiac magnetic resonance imaging (CMR). It also presents novel applications of micro-
CT and X-ray phase-contrast imaging, as well as innovative techniques e.g., 3D holograms, and
discusses the use of artificial intelligence (AI) in cardiovascular imaging. We selected the studies
from the most read and downloaded articles in 2021 in this journal. The selection of articles
by the authors aimed to highlight novel techniques and applications across the broad range of
cardiovascular imaging.

ARTIFICIAL INTELLIGENCE

Artificial intelligence (AI) algorithms have revolutionized image analysis and improved the
predictive value of imaging parameters as shown by Bard et al. as well as Kameshina et al.

Bard et al. successfully compared an Al approach to both segment and quantify pericardial
adipose tissue (PAT) by CMR in a dataset from the UK Biobank. The results were compared to
the gold standard of PAT quantification by cardiac CT. This study showed that the CMR-derived
PAT volumes were comparable to the PAT estimated by CT and that PAT volume was associated
with the presence of diabetes independently from other clinical characteristics.

In the study of Kameshima et al. machine learning (ML) methods were used to phenotype
heart failure (HF) patients with diastolic dysfunction. These patients from a Japanese HF registry
were grouped using two approaches: the first relied on a ML based approach and the second
on the grading system recommended by the echocardiographic guidelines for assessing diastolic
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dysfunction. The ML approach showed to be superior to
the echocardiography guideline categories in predicting HF
hospitalization in these patients highlighting its value for more
accurate risk stratification.

CORONARY IMAGING STUDIES

Novel micro-CT technology was used by Karagiannidis et al. to
visualize and analyse extracted thrombus material in 113 patients
undergoing primary percutaneous coronary intervention (PCI)
for ST-elevation myocardial infarction (STEMI) in a single
center. Micro-CT provided non-destructive visualization of
aspirated thrombus, allowing reproducible quantification of
thrombus volume, surface, and density. The authors found
that patients with high angiographic thrombus burden and
higher residual thrombus had larger thrombus aspirated; more
importantly they showed that, higher thrombus volume and
surface area were associated with adverse angiographic outcomes
(distal embolization and no-reflow phenomenon).

This analysis highlighted the value of micro-CT in assessing
the extracted thrombus burden and its clinical implications.
This is especially significant as a meta-analysis of 3 randomized
trials demonstrated that there is no prognostic benefit of
the routine use of thrombus aspiration in patients with
STEMI but in patients with high thrombus burden thrombus
aspiration can be beneficial as it is associated with a reduction
in cardiovascular mortality and all cause mortality, at the
expense of an increased risk of stroke or TIA at 30
days (1).

The review of Liu et al. summarized the methods introduced
for coronary plaque segmentation in cardiac CT. Thirty
one approaches were presented and categorized into either
2D or 3D plaque extraction methods, with each relevant
study within each category subsequently characterized
with respect to data quality, methodological innovation
and performance.

This detailed only highlighted recent
advances in CT image but also underscored the need
for further research in the field. There is apparently an
unmet need to validate the developed methods in large
databases and improve plaque extraction accuracy using
advanced methods that will allow not only fast and accurate
quantification of the atheroma burden but also assessment of
plaque vulnerability.

review not

MYOCARDIAL IMAGING STUDIES

Reference ranges are key elements for diagnosis of cardiovascular
disease, risk stratification and treatment planning and can
be assessed by the distribution of the relevant variable or
its predictive value. The study of Leng et al. examined 360
healthy subjects from West China prospectively, and included
patients aged 21-79 years with no known cardiovascular
disease or uncontrolled cardiovascular risk factors. CMR was
used to measure right heart function parameters, including
tricuspid annular dynamics as well as longitudinal strain

values of the right ventricle and the right atrium. This
data allowed for the first time the definition of established
age and sex specific reference ranges for tricuspid annular
dynamics derived by CMR in healthy individuals which
are expected to allow more accurate evaluation of right
ventricular function.

Zhao et al. compared LV geometry by three-dimensional
(3D) echocardiography and CMR. The authors analyzed 70
subjects (18 patients, 52 healthy volunteers) who had both an
3D-echocardiography and CMR, within 1 h. The authors found
there was a systematic bias between the volumes assessed by
3D-echocardiography and those by CMR. They concluded that
the systematic signal dropout and the differences in appearances
of trabeculae have led to discrepancies in the delineation of
LV geometry at anterior and lateral regions resulting in an
underestimation of the LV volumes by echocardiography.

Myocarditis

Suspected acute myocarditis is a leading indication for CMR.
State-of-the-art diagnostic criteria for myocarditis are based on
the consensus Lake Louise Criteria (LLC) published in 2018
which are an update of the LLC presented in 2009 (2, 3). Li et al.
prospectively assessed in 73 patients with a clinically suspected
myocarditis which CMR parameters from the 2009 and 2018
LLC can diagnose myocarditis most accurately at a 3.0 Tesla
scanner. The gold standard in that study was the presence of
inflammation on endomyocardial biopsy (EMB). T1 and T2
mapping techniques showed the highest positive predictive value
and were superior compared to the LLC 2018 and LLC 2009
criteria: the area under the curve for T1 mapping + T2 mapping
was 0.95 while it was 0.91 for LLC 2018 alone, 0.76 for LLC 2009.

Right Ventricular Function

Meng et al., examined the value of right ventricular 3D speckle-
tracking strain and ejection fraction in predicting heart failure
(HF) related hospitalizations or death in patients with HF with
preserved ejection fraction (HFpEF). During a median of 17
months 48% of the included patients (n = 93) reached the
primary endpoint; in that study impaired 3D-speckle-tracking
echocardiography values showed to be strongly associated with
the occurrence of the primary endpoint of the study suggesting
that these variables may be a useful tool for risk stratification in
this population.

Furthermore, Tadic et al. noted that right ventricular LS is not
routinely assessed, and summarized the existing methodologies
for evaluating right ventricular longitudinal strain (LS) using
transthoracic echocardiography and presented the evidence
supporting its prognostic value in patients with pulmonary
hypertension, heart failure and valvular heart disease. For
example, a meta-analysis of 1,169 patients with pulmonary
hypertension found that those with an RV free-wall strain >-
22% had a significantly higher risk of all-cause mortality. The
authors suggest that routine measurement of right ventricular LS
may therefore aid risk stratification, with patients possibly being
reclassified into higher risk groups when it is taken into account.

With the growing evidence supporting the value of assessing
RV function, the ReVISION method was described in 2017
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(4). This uses 3D echocardiography (3DE) to quantify the
relative contribution of longitudinal, radial, and anteroposterior
shortening in the global RV ejection fraction. Tokodi et al. have
recently provided details of the updated ReVISION method and
algorithm, particularly for volumetric partitioning of the RV
cavity and calculation of longitudinal, circumferential, and area
strains using 3DE datasets, and also compared the reproducibility
of RV function obtained from 3DE and CMR. This method
can be used to further evaluate RV function in different disease
states, providing further valuable information when compared
with routine echocardiographic evaluation.

Left Ventricular Hypertrophy

A pilot study of 3 patients undertaken by Loncaric et al.
provided novel insight into visualizing myocardial remodeling
in left ventricular hypertrophy (LVH). Synchrotron radiation-
based X-ray phase-contrast imaging (X-PCI) is a research
methodology that enables direct measurement of myocardial
structure based on changes in X-ray intensity and phase,
and enables visualization of individual myocytes and analysis
of cardiac microstructure. The authors used 3D X-PCI on
myocardial tissue samples obtained during surgical myectomy
for three patients with obstructive LVH to assess myocyte
organization, 3D connective tissue distribution, and vasculature
and compared these findings with the non-invasive cardiac
imaging findings (transthoracic echocardiography and CMRI)
performed prior to myectomy. The authors found that the
myocyte and connective tissue microstructural organization was
different in different myocardial pathologies. This is a small
pilot study which highlights the potential utility of 3D X-PCI
and is expected to provide the substrate for the conduction of
larger scale studies that will provide compelling evidence which
will justify its routine use in clinical setting (e.g. more compact
synchrotrons), with the aim of establishing the etiology of LVH
when non-invasive imaging is non-diagnostic.

RISK PREDICTION AND OPTIMAL
TREATMENT PLANNING

Rank et al. examined the long term implications of aortic
valve replacement on reverse ventricular remodeling. The
authors analyzed CMR data acquired 1, 5, and 10 years
after aortic valve replacement (AVR) for both aortic stenosis
(AS) and aortic regurgitation (AR). The authors found that
patients with AR had more long term alteration of myocardial
function compared with patients with AS, for example patients
with AR had no improvement in myocardial longitudinal
strain following AVR, whereas patients with AS show an
improvement 1 year after AVR and this remains constant
after. The authors conclude that CMR is a useful tool to
monitor patients with aortic valve disease, helping to plan
AVR at an appropriate stage prior to irreversible structural
heart damage.

Moreover, Sahiti et al. use myocardial work analysis derived
from echocardiographic and blood pressure measurements,
to show that increased LV volume and mass reduce global

work efficiency as the cardiac cycle demands more energy.
They also found altered myocardial work patterns in
hypertensive patients even with normal LV volume and
mass. These findings indicate that increased wasted energy
combined with LV hypertrophy might be an early sign of
hypertensive heart disease; however, further longitudinal
studies and more compelling evidence are required to prove
this hypothesis.

Gehrsitz et al. described how preoperative planning in
pediatric patients with congenital heart disease can be
optimized by using cinematic rendering to create three-
dimensional (3D) images from two-dimensional (2D) CT
or CMR. These 3D images were shown to the surgeon
preoperatively on a 2D screen, as a hologram with special

glasses (HoloLens®) and as a 3D print. This value
of this information was assessed using questionnaires.
It was shown that the combination of an extremely

photo-realistic presentation via cinematic rendering and
the spatial presentation in 3D space via mixed-reality
technology enabled detailed assessment of the anatomy
and pathology prior to the surgery which was helpful for
treatment planning.

The implications of COVID-19 infection on cardiovascular
pathology is of great interest. Li et al. demonstrated that
routine non-contrast chest CT imaging in patients with
COVID-19, performed to lung disease, also
provided useful prognostic implications and prediction of
cardiovascular complications. In that study 241 consecutive
hospitalized patients with confirmed COVID-19 were enrolled;
three cardiac measurements were taken on CT imaging:
left atrial diameter (LAD), left ventricular (LV) length
and the cardiothoracic ratio (CTR). The authors found
that a combination of LAD+LV (cutoff of 11.8cm) and
the CTR (cutoff of 0.8) was a predictor of major adverse
cardiovascular events with a sensitivity of 82.6% and specificity
of 80.2%.

Tanacli et al. evaluated the value of endomyocardial biopsies
(EMB) in COVID-19 compared to CMR to assess myocardial
injury. They included 32 patients with persistent symptoms after
COVID-19, 22 patients with acute myocarditis not related to
COVID-19 and 16 healthy volunteers. These subjects had a
baseline CMR as well as a follow-up scan; 10 of the post-COVID-
19 and 15 of the non-COVID-19 patients had an EMB. All
COVID-19 patients showed impaired myocardial deformation as
well as altered functional and anatomical characteristics (e.g., RV
mass and T1 times), nevertheless the LLC criteria for myocarditis
were only fulfilled in 9% of patients. In these patients traces
of previous myocardial inflammation were identifiable without
evidence of ongoing inflammation in EMB.

evaluate

CONCLUSION

These papers were the most frequently downloaded and
distinguishing manuscripts of 2021. It is clear from the breadth
of research and data presented in this topic, that cardiovascular
imaging research is a fast moving field, with advances that
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have potential clinical applications across a wide range of
cardiac pathologies, contributing in improved diagnosis, risk
stratification and better treatment planning.

AUTHOR CONTRIBUTIONS

DH and KC drafted and revised the manuscript. SK and CB
initiated the manuscript and guided with editorial comments

REFERENCES

1. JollySS, James S, DZavik V; Cairns JA, Mahmoud KD, Zijlstra F, et al. Thrombus
aspiration in ST-segment-elevation myocardial infarction: an individual
patient meta-analysis: thrombectomy trialists collaboration. Circulation. (2017)
135:143-52. doi: 10.1161/CIRCULATIONAHA.116.025371

2. Ferreira VM, Schulz-Menger J, Holmvang G, Kramer CM, Carbone I, Sechtem
U, et al. Cardiovascular magnetic resonance in nonischemic myocardial
inflammation: expert recommendations. ] Am Coll Cardiol. (2018) 72:3158-
76. doi: 10.1016/j.jacc.2018.09.072

3. Friedrich MG, Sechtem U, Schulz-Menger J, Holmvang G, Alakija P, Cooper
LT, et al. Cardiovascular magnetic resonance in myocarditis: a JACC
white paper. ] Am Coll Cardiol. (2009) 53:1475-87. doi: 10.1016/j.jacc.2009.
02.007

4. Lakatos B, Tosér Z, Tokodi M, Doronina A, Kosztin A, Muraru D, et al.
Quantification of the relative contribution of the different right ventricular
wall motion components to right ventricular ejection fraction: the ReVISION
method. Cardiovasc Ultrasound. (2017) 15:8. doi: 10.1186/s12947-017-0100-0

after review. All authors contributed to the article and approved
the submitted version.

FUNDING

DH received a CMR specific research grant from the
German Centre for Cardiovascular Research (DZHK, Grant
Number: 81X3100214).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hashemi, Kelle, Bourantas and Chandrasekharan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 934668


https://doi.org/10.1161/CIRCULATIONAHA.116.025371
https://doi.org/10.1016/j.jacc.2018.09.072
https://doi.org/10.1016/j.jacc.2009.02.007
https://doi.org/10.1186/s12947-017-0100-0
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/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

'," frontiers

in Cardiovascular Medicine

ORIGINAL RESEARCH
published: 09 February 2021
doi: 10.3389/fcvm.2021.633611

OPEN ACCESS

Edited by:

Sebastian Kelle,
Deutsches Herzzentrum
Berlin, Germany

Reviewed by:

Dirk LoBnitzer,

Universitat Mannheim, Germany
Radu Tanacli,

German Heart Center

Berlin, Germany

*Correspondence:
Muhannad Alkassar
muhannad.alkassar@uk-erlangen.de

Specialty section:

This article was submitted to
Cardiovascular Imaging,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 25 November 2020
Accepted: 13 January 2021
Published: 09 February 2021

Citation:

Gehrsitz F, Rompel O, Schéber M,
Cesnjevar R, Purbojo A, Uder M,
Dittrich S and Alkassar M (2021)
Cinematic Rendering in Mixed-Reality
Holograms: A New 3D Preoperative
Planning Tool in Pediatric Heart
Surgery.

Front. Cardiovasc. Med. 8:633611.
doi: 10.3389/fcvm.2021.633611

Check for
updates

Cinematic Rendering in
Mixed-Reality Holograms: A New 3D
Preoperative Planning Tool in
Pediatric Heart Surgery

Pia Gehrsitz', Oliver Rompel?, Martin Schéber’, Robert Cesnjevar®, Ariawan Purbojo?,
Michael Uder?, Sven Dittrich’ and Muhannad Alkassar ™

" Department of Pediatric Cardiology, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Ntrnberg (FAU),
Erlangen, Germany, 2 Institute of Radiology, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Ntrnberg
(FAU), Erlangen, Germany, ° Department of Pediatric Cardiac Surgery, University Hospital Erlangen, Friedrich-Alexander
University Erlangen-Ndrberg (FAU), Erlangen, Germany

Cinematic rendering (CR) is based on a new algorithm that creates a photo-realistic
three-dimensional (3D) picture from cross-sectional images. Previous studies have
shown its positive impact on preoperative planning. To date, CR presentation has
only been possible on 2D screens which limited natural 3D perception. To depict
CR-hearts spatially, we used mixed-reality technology and mapped corresponding hearts
as holograms in 3D space. Our aim was to assess the benefits of CR-holograms in the
preoperative planning of cardiac surgery. Including 3D prints allowed a direct comparison
of two spatially resolved display methods. Twenty-six patients were recruited between
February and September 2019. CT or MRI was used to visualize the patient’s heart
preoperatively. The surgeon was shown the anatomy in cross-sections on a 2D screen,
followed by spatial representations as a 3D print and as a high-resolution hologram.
The holographic representation was carried out using mixed-reality glasses (HoloLens®).
To create the 3D prints, corresponding structures were segmented to create STL files
which were printed out of resin. In 22 questions, divided in 5 categories (3D-imaging
effect, representation of pathology, structure resolution, cost/benefit ratio, influence on
surgery), the surgeons compared each spatial representation with the 2D method, using
a five-level Likert scale. The surgical preparation time was assessed by comparing
retrospectively matched patient pairs, using a paired t-test. CR-holograms surpassed
2D-monitor imaging in all categories. CR-holograms were superior to 3D prints in all
categories (mean Likert scale 4.4 +1.0vs. 3.7 £ 1.3, P < 0.05). Compared to 3D prints it
especially improved the depth perception (4.7 + 0.7 vs. 3.7 £ 1.2) and the representation
of the pathology (4.4 + 0.9 vs. 3.6 + 1.2). 3D imaging reduced the intraoperative
preparation time (n = 24, 59 4+ 23 min vs. 73 £ 43 min, P < 0.05). In conclusion, the
combination of an extremely photo-realistic presentation via cinematic rendering and
the spatial presentation in 3D space via mixed-reality technology allows a previously
unattained level of comprehension of anatomy and pathology in preoperative planning.

Keywords: mixed-reality, cinematic rendering, 3D printing, preoperative planning, pediatric heart surgery,
congenital heart disease
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INTRODUCTION

Due to the complex and highly individual anatomy of patients
with congenital heart disease (CHD), it is essential to have
precise preoperative planning and good morphologic imaging
for surgical success. Currently, three-dimensional (3D) imaging
offers the most realistic representation of cardiac structures, and
has therefore gained importance in recent years (1-5).

3D images are generated from two-dimensional (2D) cross-
sectional images produced using computed tomography (CT)
and magnetic resonance imaging (MRI). There are two methods
for generating 3D images from 2D datasets: (1) creating 3D
segmentation by manually selecting interesting structures, and
(2) calculating a 3D image automatically, based on rendering
algorithms. Siemens Healthineers has developed a new volume
rendering technique called cinematic rendering (CR). CR
generates a more photo-realistic 3D depiction than previously
used rendering algorithms, by imitating natural light interactions
(3, 6). Multiple previous studies have confirmed that CR provides
a more photo-realistic view and improvements in shape and
depth perception compared with cross-sectional imaging or
volume rendering (7-10).

Until recently, 3D-rendered images can be presented only on
a 2D screen. Currently, it is possible to present these 3D images
in 3D space with either physical or virtual 3D imaging. Physical
3D imaging is generated by producing a 3D-printed model from
a manually-generated 3D image. Virtual 3D imaging is generated
by creating a hologram by using mixed-reality technology. The
latest development is an application that integrates CR and
mixed-reality techniques for use with the HoloLens® (Microsoft,
Redmond, USA) (11). The current gold standard for spatial
imaging in preoperative planning is 3D printing. However, it has
mostly been described in case reports and systematic reviews of
its advantages are still rare. Furthermore, a significant benefit
compared to 2D imaging regarding the overall surgery time could
not be shown yet for 3D printing. Therefore, we compared both
3D imaging methods additional to the standard preoperative
imaging on 2D screen.

The aim of this study was to determine the benefits of
spatial representation of CR-reconstructed heart structures in the
preoperative planning of pediatric heart surgery. By including
3D prints, a direct comparison of two spatially resolving display
methods was possible.

MATERIALS AND METHODS

This prospective study was performed in accordance with the
Guidelines for Good Clinical Practice. All CT and MRI datasets
were accessed with permission through informed consent from
both parents; in no case were the images taken exclusively for
this study.

The patients were recruited between February and September
2019. All patients who underwent cross-sectional imaging in
preparation for surgery were included in the study. The decision
to perform cross-sectional imaging was based on comprehensive
echocardiography performed previously. Because high-quality
cross-sectional images from MRI and CT are equally suitable

for 3D imaging (2-4, 6, 7, 12-15), cross-sectional images were
recorded using MRI or CT depending on the clinical question. If
morphology was the only question, CT was used. If there were
additional functional questions, MRI was carried out.

Data Acquisition

The CT scans were performed during the post venous phase, after
injecting contrast medium peripheral. The images were acquired
in 0.6 mm slices, using either a second-generation 128-slice
dual-source CT scanner (SOMATOM Definition Flash; Siemens
Healthcare GmbH, Erlangen, Germany) or a third-generation
192-slice dual-source CT scanner (SOMATOM Definition Force;
Siemens Healthcare, Erlangen, Germany). Modern low-dose
(0.2-0.5 mSv) protocols were used. The MRI datasets were
collected in diastolic heart phase, in a whole-heart sequence,
in 0.8 mm slices, with a 1.5-Tesla MRI-scanner (MAGNETOM
Aera; Siemens Healthcare GmbH, Erlangen, Germany).

Spatial View

To set up the spatial representation, datasets were exported from
the advanced visualization imaging software, syngo.via (Version
VB30A; Siemens Healthcare GmbH, Erlangen, Germany), and
saved in the standard “Digital Imaging and Communications in
Medicine” (DICOM)-format.

DICOM-data were used to visualize the heart directly in the
cinematically rendered view with the newly developed prototype
mixed-reality syngo.via application “Cinematic Reality.” The
new syngo.via application generated a cinematically rendered
hologram (CR-hologram), which could be viewed with the
HoloLens®. The hologram was projected in a firmly fixed
position in the room, so the observer could walk around the heart
and examine it from every side. Figure 1 shows a surgeon looking
at a CR-hologram through the HoloLens®.

To create a realistic 3D-printed model from cross-sectional
images, various pre-processing steps were necessary. First,
DICOM-data were exported into the open-source software, 3D
Slicer (Version 4.11; http://www.slicer.org). In this software, the
image was segmented based on an adjustable threshold chosen
so that only the voxels of interest were marked. The marking
depended on the master volume intensity range of the individual
voxels. In addition to the whole heart, neighboring vessels were
marked that were relevant to later surgery.

The created model was saved in standard tessellation language
(STL) file format, which was compatible with the 3D printer.
Next, the model was produced by 3D printer (Form 2, Formlabs,
Sommerville, USA) out of resin at a resolution of 0.1 mm layers
using standardized printing plans. As a post-processing step,
important structures such as coronary arteries were marked in
different colors to facilitate orientation. An overview of the main
steps for generating a 3D-printed model in comparison to a CR-
hologram is given in Figure 2. The imaging processing time for
each technique was recorded.

Study Design

First, the patients cross-sectional images were presented on a
2D screen, which was previously the common technique for
presenting preoperative imaging material. The CR-hologram,
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FIGURE 1 | Surgeon looking at a CR-hologram of a patient’s heart with dextro-transposition of the great arteries using HoloLens®. The figure illustrates an image for
which the view of the surgeon through the HoloLens® was combined with a photo in which he is working with the HoloLens®.

and subsequently the 3D-printed model, were then presented to
the surgeon in an upright position. To provide a comparison
of the newly introduced spatial 3D-imaging techniques and the
representation on the 2D screen, the surgeons were asked to
complete a questionnaire for each spatial 3D-imaging technique.
The two 3D techniques were also directly compared with
each other.

Questionnaire

In total, the questionnaire comprised 22 items, each rated on
a 5-point Likert scale. The five response options ranged from
“clearly superior” (5 points) to “clearly inferior” (1 point).
The questionnaire items were structured in five subgroups to
provide a better overview: 3D-imaging effect, representation
of the pathology, anatomical structure resolution, cost/benefit
ratio, and influence on the surgery (Table2). The reliability
of the different items of each dimension was checked using
Cronbach’s alpha.

Analysis of Surgical Preparation Time

In order to investigate the influence of preoperative spatial
representation on the surgical procedure, we compared
intraoperative preparation times. Intraoperative preparation

time was defined as the time from the initial cut until the
first vessel was clamped. The intraoperative preparation times
for study participants were compared with intraoperative
preparation times for patients with matching characteristics
for whom preoperative imaging in 3D space was not used.
The patients were matched for age, weight, operative
procedure, previous operations, and the general state of
health preoperatively (Table1). As intraoperative preparation
time was analyzed, only patients who underwent the same
surgical procedures with the same complexity were matched.
Additionally, the intraoperative preparation times of the matched
patient pairs were analyzed after being divided into groups in
which the “facilitation of preparation” was, respectively, rated
of excellent benefit (5 points on the Likert scale) or not (< 4
points). A Wilcoxon test was performed to compare the two
groups because the F-test showed no equality of variance for the
“advantageous” group.

Statistical Evaluation

Statistical analyses were performed using IBM SPSS statistics
(Version 21; IBM, Armonk, USA). Results of the questionnaires
were expressed as mean values with standard deviation
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CR-hologram.

FIGURE 2 | Processing steps for generating a 3D-printed model (A-D) vs. a CR-hologram (E): (A) DICOM-data viewed in the 3D Slicer application, marked based on
an appropriate threshold; (B) a segmented 3D model; (C) a 3D model as an STL file; (D) a finished printed 3D model; (E) cross-sectional images converted to a

TABLE 1A | Demographic information about the analyzed patient population.

Patient characteristics Cases Matched controls
Number n=26 n=24
Gender Male 61.5% 58.3%
Female 38.5% 41.7%
Age (years) 20+39 20+4.7
Weight (kg) 105+ 12.9 10.7 £ 15
Heart lung machine  Yes 92.3% 95.8%
No 7.7% 4.2%
Access Median sternotomy 84.6% 87.5%
Posterolateral 15.4% 12.5%
Previous operations  Yes 34.6% 29.2%
No 65.4% 70.8%

(SD). Each questionnaire item was analyzed separately and
summarized in the five subgroups.

A paired t-test was performed to compare the questionnaire
results (Likert scale data) of CR-holograms with those of 3D-
printed models. As Jeffrey and Norman have shown, parametric
tests are superior to non-parametric tests when analyzing Likert
scale data (16, 17). To compare the intraoperative preparation
times between the patients and matched controls a paired ¢-test
was used. The statistical significance level was defined as P < 0.05
for all analyses.

The contrast-to-noise ratio (CNR) and signal-to-noise ratio
(SNR) were determined independently for CT and MRI via
regions of interest (ROIs) using the software syngo.via. The SNR
was calculated by dividing the mean signal intensity of the aorta
in cross-section (ROI = 1.2 & 0.1 mm?) by the SD of the extra
thoracic background noise (ROI = 2.2 £ 0.1 cm?) measured from
the air surrounding the patient. For the CNR the mean signal
intensity of the left ventricular muscle (ROI = 1.2 + 0.1 mm?)
was subtracted from the mean signal intensity of the aorta and
afterwards divided by the SD of the background noise.

RESULTS

We recruited 26 patients with an average age of 2.0 & 3.9 years.
Of the surgeries, 77% concerned mainly outer cardiovascular
structures (e.g., great vessels) and 23% inner cardiovascular
structures (e.g., valves). Twenty-four patients underwent CT as
preoperative imaging modality and 2 patients MRI. CT and MRI
datasets were of comparable quality (CNR: MRI: 16.4 + 1.4, CT:
13.7 £+ 6.4; SNR: MRI: 19.8 £ 2.1, CT: 20.28 £ 8.5). Cross-
sectional images for all 26 patients were of high quality without
artifacts and could be used successfully for both rendering and 3D
printing. Further demographic information about the patients
and the conducted surgeries is shown in Table 1. The cross-
sectional imaging was taken on average 13 days before the surgery
took place. The patients’ images were of comparable quality;
in particular, no difference between the cases and the matched
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TABLE 1B | Demographic information about the analyzed patient population.

Case Imaging Cases Matched controls

Main diagnosis and kind of Age (years) Weight (kg) Main diagnosis and kind of Age (years) Weight (kg)

operation operation
1 CT Single ventricle (1) <1 3.3 Single ventricle (1) <1 2.7
2 CcT Pulmonary atresia + VSD? (1) <1 8.0 Pulmonary atresia + VSD (1) 2 12.0
3 CT CoAP (2) <1 3.1 CoA (2) <1 4.7
4 CT Ductus arteriosus aneurysm (3)* <1 3.4 Ductus arteriosus aneurysm (3) <1 5.6
5 CT Single ventricle (4) <1 3.5 Single ventricle (4) <1 3.5
6 CT Pulmonary atresia + VSD (1) 4 18.4 Pulmonary atresia + VSD (1) 2 14.7
7 CT Single ventricle (1) <1 3.0 ToF® (1) <1 3.0
8 CT Truncus arteriosus (1) <1 3.8 Truncus arteriosus (1) <1 3.1
9 CT Single ventricle (5) <1 7.7 Single ventricle (5) <1 6.4
10 CT d-TGAY ()" <1 3.5 d-TGA (6) <1 3.3
11 CT AVSD® (7)* 2 11.0 AVSD (7) 1 8.3
12 CcT Aortopulmonary window (7)* <1 4.1 Aortopulmonary window (7) <1 3.4
13 MRI Pulmonary valve disease (8)* 13 52.0 Pulmonary valve disease (8) 14 48.0
14 CT Tracheomalacia (9) 2 7.7 Tracheomalacia (9) <1 7.0
15 CT CoA (2) <1 4.6 CoA (2) <1 3.7
16 CT ToF (7)* <1 6.8 AVSD (7) <1 7.0
17 CT CoA (2) 3 15.0 CoA (2) 5 20.0
18 MRI Hypoplasia of the aortic root (8) 13 50.0 Aortic valve disease (8) 19 65.0
19 CT ALCAPA' (10)* <1 5.2 ALCAPA (10) <1 3.7
20 CT Single ventricle (11) <1 6.9 Hypoplasia of the aorta (11) <1 4.5
21 CT Single ventricle (12) 5 13.5 Single ventricle (12) 5 15.0
22 CT Tracheomalacia (13) <1 5.8 - - -
23 CT cc-TGAY + multiple comorbidities 10 22.6 - - -

(14)
24 CT Single ventricle (4) <1 2.8 Single ventricle (4) <1 3.5
25 CT ToF (1) <1 4.3 Pulmonary atresia + VSD (1) <1 6.2
26 CT d-TGA (6) <1 4.2 d-TGA (6) <1 3.0

aVentricular septal defect; P Coarctation of the aorta; © Tetralogy of Fallot; “dextro/congenital corrected-transposition of the great arteries; € Atrioventricular septal defect; TAnomalous left

coronary artery from the pulmonary artery.

In brackets: kind of operation: (1) Shunt between right ventricle and pulmonary artery; (2) end-to-end anastomosis; (3) aneurysm resection; (4) aortopulmonary shunt; (5) upper
cavopulmonary connection; (6) atrial switch; (7) closure with bovine pericardial patch; (8) valve replacement; (9) trachea reconstruction; (10) coronary artery transfer; (11) aortic arch

reconstruction; (12) DORV-correction; (13) aortopexy; (14) VSD closure.
*Patients rated with no benefit of holographic presentation for the surgeon’s preparation.

control patients could be identified (CNR: cases: 14.0 £ 6.4,
control: 14.5 & 7.8; SNR: cases: 20.3 =& 8.5, control: 21.9 4 12.3).

The average time required to create a CR-hologram was 9.0
£ 2.1 min. The generation of a 3D-printed model required
an average of 141.8 &+ 27.7 min for the pre-processing steps,
240-1,185 min for the printing process (depending on size and
complexity), and an average of 38.2 = 10.0 min for the post-
processing steps.

The HoloLens® Surpassed 2D Imaging in
All Subgroups

The items of the questionnaire were divided into five subgroups.
The group affiliation was tested using Cronbach’s alpha,
which showed good inter-item correlation without unnecessary
redundancy for all subgroups: 3D-imaging effect (CR-holograms:

0.72; 3D print: 0.81), representation of the pathology (CR-
holograms: 0.87; 3D print: 0.88), anatomical structure resolution
(CR-holograms: 0.81; 3D print: 0.80), cost/benefit ratio (CR-
holograms: 0.70; 3D print: 0.73), influence on surgery (CR-
holograms: 0.88; 3D print: 0.88) (18).

The analysis of the questionnaire results showed benefits for
CR-holograms compared with 2D imaging in all five subgroups
(Table 2). Further examination of the single items showed no
benefit only for two items: assessment of intracardial structures
(3.3 & 1.1) and the coronaries (3.4 & 1.4).

Neighboring Structures and Holographic
Visibility Are Essential for the Superiority of

the HoloLens®

We investigated potential differences between different patient
cohorts. The Likert scale values of all patients in chronological

Frontiers in Cardiovascular Medicine | www.frontiersin.org

13

February 2021 | Volume 8 | Article 633611


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

Gehrsitz et al.

Cinematically Rendered Holograms in Cardio-Surgery

TABLE 2 | Evaluation of CR-holograms and 3D-printed models divided in
subgroups.

Items CR- 3D printing vs.
holograms vs. 2D imaging
2D imaging
mean (SD) mean (SD)  P-value*

3D-imaging effect 4.4 (0.8) 3.4 (1.1)* 0.0008
Comparison with CR on 2D screen 4.1(1.9) 2.7 (1.5 0.0008
Sufficient visualization options 4.5(1.0) 3.7 (1.4) 0.0018
Sufficient quality 4.4(1.1) 3.5(1.4) 0.0008
Improved depth perception 4.7 (0.7) 3.7(1.2) 0.0008
Representation of the pathology 4.4 (0.9) 3.6 (1.2) 0.0018
All necessary areas presented 4.3(1.1) 3.5(1.4) 0.0018
Important details not hidden 3.9(1.5) 3.2 (1.6)" 0.010%
Improved comprehensibility 4.6 (0.9 3.9 (1.9 0.008%
Adequate pathology assessment 4.7 (0.7) 4.0(1.2) 0.003%
Anatomical structure resolution 4.3 (0.5) 3.8 (0.7) 0.0008
Confluence of vessels 4.8 (0.5) 4.4 (0.9 0.022%
Out-flowing vessels 4.7 (0.6) 4.2 (1.0) 0.0058
Aortic arch 4.9(0.3) 4.9 (0.3 1.000"
Coronaries 3.4 (1.4) 2.5(1.9)7" 0.0038
Pulmonary veins 4.7 (0.5) 4.1(1.2) 0.023%
Atrial appendages 4.8 (0.4) 4.4 (0.7) 0.010%
Structures of the inner heart 3.3(1.1)" 3.0 (1.9 0.3977
Neighboring structures 4.3(1.0) 3.1 (1.4) 0.0008
Cost/benefit ratio 4.5(0.7) 4.0 (0.9) 0.012*
Appropriate expenditure of time 4.5(1.0) 3.9 (1.1) 0.03*
Educational potential 4.7 (0.6) 4.5(0.8) 0.056"
Adequate costs and benefits 4.2 (1.1) 3.7 (1.3 0.020%
Influence on the surgery 4.4 (0.8) 3.8 (1.0) 0.0048
Concordant intraoperative view 4.7 (0.7) 4.1 (1.0 0.0068
Facilitation of preparation 4.5(0.8) 3.9 (1.0 0.0038
Positive impact on surgery time 4.2 (1.0) 3.5(1.2) 0.016%

#paired t-test for analysis, No significant difference, Ip < 0.05, 8p < 0.01. *presentation
on 2D screen superior to presentation in 3D space. The bold values correspond to the
five subgroups that were evaluated. The corresponding items from which a subgroup was
composed are listed below the respective bold subgroup.

order are shown in Figure 3. There was no indication of a
chronological dependency of the ratings. In 3 of 26 patients, no
benefit for the average values could be identified in comparison
with 2D imaging (patients 11, 12, and 13). On closer examination
it became apparent that these patients underwent a repair of inner
cardiovascular structures that cannot be adequately presented via
CR-holograms. Additionally, for these cases the usefulness of the
hologram for the preparation received no excellent ratings (3.6 £
0.5). To assess whether these two aspects (neighboring structures
and holographic visibility) influenced the overall evaluation,
the patients were evaluated after separation into groups that,
respectively, did and did not benefit from the representation of
the pathology. There was only a benefit for the representation of
intracardial pathologies when additional vascular surgery aspects
were present. In Figure 4A, only patients with an excellent rating
of the usefulness for preparation were included (Likert scale =

5, n = 17). No disadvantage in the overall rating was seen, even
if the main pathology could not be presented holographically.
For patients for whom the preparation was rated worse, a
significant deterioration of the ratings in all subgroups could be
shown (Figure 4B, n = 9). A particularly poor evaluation could
be shown for patients in whom, additionally, the holographic
presentation of the pathology was not possible.

Superiority of the HoloLens® Over

Previously Used 3D-Imaging Techniques
The CR-holograms were rated significantly higher than the 3D-
printed models in all categories (Table 2). Nevertheless, clear
differences in the ratings of the individual subgroups could be
identified. Concerning cost/benefit ratio, only a small benefit
could be shown for the holographic presentation compared
to 3D-printed models (CR-holograms: 4.5 £ 0.7; 3D print:
4.0 £ 0.9; P < 0.05), while no significant difference between
the 3D-imaging methods was observed for use in education.
The surgeons rated the time expenditure for 3D printing
only a bit higher. In the overall evaluation of the anatomical
structure resolution, CR-holograms showed significantly better
results (CR-holograms: 4.3 £ 0.5 3D print: 3.8 0.7; P
< 0.05). Nevertheless, both evaluated 3D-imaging methods
showed no benefit compared with 2D imaging regarding the
representation of the coronaries as well as the intracardial
structures. However, CR-holograms were rated significantly
higher than 3D-printed models for the representation of the
coronaries. Concerning the remaining anatomical structures,
only a small significant difference could be observed between
the two spatial representation methods, especially considering
large vessel structures. While the benefit of CR-holograms in
representing the pathology was clearly higher compared with 2D
imaging, for 3D printing the benefit was only marginal (CR-
holograms: 4.4 + 0.9; 3D print: 3.6 & 1.2; P < 0.05). In the
assessment of the 3D-imaging effect, the HoloLens® was clearly
superior to 3D printing (CR-holograms: 4.4 £ 0.8; 3D print: 3.4
+1.1; P < 0.05).

Significant Shortening of the Intraoperative

Preparation Time

We evaluated the measurable influence of spatial 3D methods
in preoperative planning on the course of surgery by analyzing
the intraoperative preparation times. Two cases could not
be included, because no suitable case could be found for
comparison, due to the complexity of the respective surgery.
In five cases, the main diagnosis of cases and matched controls
differed, but the operative procedure and other conditions were
the same in these patients.

The mean intraoperative preparation time was 58.5 =+
22.6 min (n = 24, minimum: 23 min, maximum: 104 min),
when spatial 3D models were used for preoperative planning.
In contrast, the preoperative planning for the relevant control
group was carried out completely on a 2D monitor, and no
representation in 3D space was used. The control intraoperative
preparation time was 72.8 £ 43.1 min (n = 24, minimum: 24 min,
maximum: 186 min). The intraoperative preparation times of
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the patients who received preoperative planning based on 3D-
printed models and CR-holograms were significantly lower
compared with the control group (P < 0.05). To examine whether
this significant shortening corresponded with the surgeon’s
assessment, we performed an additional analysis. The matched
patient pairs were separated in two groups according to the

surgeon’s estimate (benefit/no benefit). The preparation time
was then compared between the patients and controls in these
smaller groups. As illustrated in Figure 5, this conformity was
good. In the 15 patients rated “advantageous” by the surgeon, the
preparation time for the study patients was just significant shorter
than the measured preparation time for the controls. In the nine
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FIGURE 5 | Intraoperative preparation times of patients with preoperative holographic representation (red) and matched patient pairs (blue) without spatial
representation. Ratings are divided between cases rated with and without benefit for preparation by the surgeons. Patients rated with “no benefit” did not differ from
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patients rated “non-advantageous” by the surgeon, there was no
significant benefit measured for the preparation time.

DISCUSSION

Recent developments made the use of CR in 3D space possible
for the first time. This study is the first to compare CR-
holograms with previously used imaging techniques in which the
images were projected onto a 2D screen (CT or MRI). Precise
morphological imaging is essential for surgical success, especially
in complex cases.

A direct comparison of CR-holograms to 2D imaging and
3D printing quickly reveals the superiority of the photo-realistic
3D holographic representation (Figure6). The holographic
representation by the HoloLens® surpassed the standard
representation on a 2D screen in all five analyzed parameters
(Table 2). Furthermore, the assessment of an already established
method of 3D imaging, 3D printing, was used as a spatial
comparison method (2, 12-15, 19-21). The questions used to
create the questionnaire were carefully selected. The absence of
unnecessary redundancy and good inter-item correlation in the

subgroups were confirmed using Cronbach’s alpha, validating
the selection criteria. MRI was performed in two cases because
additional functional parameters were needed. The quality of
these images did not differ from that of CT. Furthermore, the
possibility that discrepancies in the results arose from differences
between the cases and the controls in the quality of the underlying
images could be rejected.

CR-Holograms as the Most Realistic

Representation Method

In fields like engineering or design review, the fundamental
advantage of 3D imaging in 3D space is already proven. Spatial
3D representation has been established for many years in those
areas of expertise. It has already been shown that the spatial
3D presentation improves shape and depth perception, reduces
mental workload, and makes it possible to complete tasks faster
and with higher quality results (22, 23). In accordance with these
observations, our results showed the advantage of using spatial
3D imaging as, the most significant improvement in preoperative
planning by enhancing depth perception and the representation
of the pathology (Table 2). These aspects were rated better for
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FIGURE 6 | Preoperative imaging of a patient’s heart with truncus arteriosus communis from two different perspectives. (A1-A3) A direct comparison of CT on a 2D
screen (2D imaging), (B1-B3) cinematically rendered hologram, and (C1-C3) 3D printing. In (A3), the coronaries (arrows) show only a weak contrast, but the 3D view
can be demonstrated as a cinematically rendered hologram (B3). A reconstruction of the coronary structure for 3D printing was not possible in this case (C3).

CR-holograms than for 3D-printed models, even though the 3D
prints correspond in dimensions and anatomical presentation
exactly to the patient’s heart and have a haptic advantage. The
main difference between the 3D print and a real heart is the
representation of surface features like color, texture, and lighting
characteristics. The absence of these realistic features makes
additional mental transformational work necessary since an
intuitive recognition intraoperatively is not possible. In contrast,
CR makes it possible to create a 3D image which strongly
corresponds to the familiar intraoperative tissue texture. This
is achieved by using an algorithm that takes the interaction
between light photons and human tissue into account (3, 6-10).
This could already prove to be a significant advantage, especially
in shape and depth perception, over previously used rendering
algorithms (e.g., volume rendering) when presented on 2D screen
(7-10). However, our results showed that CR on a 2D screen
improved the 3D perception so that it could show results even
equal to those obtained using 3D printing (Table 2). This explains
the consistently excellent review of the 3D perception of the
holographic representation of CR-images. The combination of

the realistic spatial 3D view with an extremely realistic rendering
algorithm clearly improved depth perception and provided a
better delineation of complex anatomical structures.

It is known that repeatedly visually presented objects can
be processed much faster than unknown structures (24). The
exact preoperative visualization of the operative field allows the
surgeon to plan the operation’s steps directly. Therefore, the
aim of preoperative imaging is to provide the surgeon a virtual
operative field in advance that is as close to reality as possible. Our
study showed that the intraoperative findings corresponded to
the preoperative images significantly better when the latter were
presented as CR-holograms than when visualized on a 2D screen
or by 3D printing (Table 2). We assume that this is the reason for
the facilitated visual comprehension of the pathology.

The only barriers to easier comprehension of pathologies
using CR-holograms were structures which were either not
imaged in the primary dataset or could not be presented
holographically (intracardial structures). The lack of information
in the primary data set is most evident in the representation
of the coronary arteries. The representation is dependent on
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the perfusion and the phase in which the single shot was
taken. Since the images were not taken especially to display the
coronary arteries, contrast was lacking in some patients and
this limited the coronary arteries’ visibility. Nevertheless, CR-
holograms exhibited an advantage over 3D printing in cases
with limited coronary representation in raw 2D images. In these
cases, 3D printing is inferior to 2D representation, because a
weak coronary contrast makes 3D reconstruction impossible.
On the other hand, CR-holograms enable weakened coronary
visibility, which allows equivalent visibility of coronaries as in 2D
images (Figure 6). Apart from this, it is currently not possible to
view intracardial structures using the HoloLens®. However, even
in cases in which intracardial pathology is the main diagnosis,
surgical preparation could be facilitated by the presentation of
outer cardiovascular and neighboring structures.

Comparing the distribution of all ratings for the individual
patients, in three cases the holographic presentation provided
no benefit for preoperative planning compared with imaging
on a 2D screen (Figure3). In these cases, the rating of the
facilitation of the preparation seemed to be most important for
the overall evaluation. If this advantage was missing, the total
benefit was clearly reduced (Figure 4). If there was no benefit
for the representation of the pathology (e.g., intracardial) and
the preparation (e.g., very superficial pathology), the holographic
representation was overall inferior to the representation on a
2D screen.

Considering the responses of the surgeons to the patients
in chronological order, no chronological dependency could be
identified (Figure 3). The partly observed fluctuations in the
graphics can be explained by patient-dependent weaknesses of
the holographic representation. This rules out the possibility that
the benefit of the method was seriously influenced by its first-time
use as a new preoperative planning tool or by a habituation effect.

CR-Holograms Led in Cost/Benefit
Analysis

Looking at the costs and benefits of the evaluated methods,
two different aspects must be considered: the cost (e.g., time
expenditure)/benefit (e.g., reduction surgery time) balance for
the surgeon in preoperative usage and the cost/benefit balance
from a financial perspective of synthesizing the different types of
3D representations.

For the surgeon, CR-holograms as well as 3D-printed models
provided a clear benefit in comparison with monitor-imaging
(Table 2). The time required for both 3D imaging modalities was
rated better than the time needed for 2D imaging, whereas CR-
holograms were superior to 3D printing. The actual planning
time was not measured due to the retrospective study design, but
the surgeons’ assessments revealed a clear cost-benefit advantage
when 3D spatial representation was used for preoperative
planning. Regarding their educational potential, both 3D-
imaging methods were rated better than imaging on a 2D
screen and thus equally useful. This finding was consistent with
results from previous studies regarding the valuable educational
potential of 3D printing (13, 14, 25, 26).

Nevertheless, the holographic representation was superior,
considering the time expense. In the preparation process the
cost/benefit of 3D printing is clearly inferior to CR-holograms.
While the acquisition costs are similar for the 3D printer
and the HoloLens®, the processing costs are much higher for
3D printing. Each print adds personnel and material costs.
Furthermore, the intraoperative preparation time for a 3D
print is much longer, which is why short-term production—
for example, from an emergency CT for subsequent surgery—
is not possible. In contrast, a CR-hologram can be prepared in
little time.

CR-Holograms Shorten the Intraoperative

Preparation Time

To assess whether the subjectively identified benefit influenced
the clinical outcome, we performed an objective evaluation
of the spatial 3D-presentation methods by comparing the
intraoperative preparation times between retrospectively
matched pairs of patients. We found that the group that
received preoperative planning based on 3D-printed models
and CR-holograms showed significant reductions in the average
intraoperative preparation time compared with the control group
(cases: 58.5 & 22.6 min vs. matched controls: 72.8 & 43 min).
Both spatial imaging techniques thus proved to be superior to
standard imaging on 2D screen. We analyzed the intraoperative
preparation time because our 3D-imaging methods are especially
suitable for the representation of outer cardiovascular structures.
Furthermore, as illustrated in Figure 4, the usefulness of the
preoperative representation in reducing the intraoperative
preparation time was decisive for the total benefit. We assumed
that the 3D tissue imaging allows faster recognition of the outer
structures, which makes a more precise and rapid preparation
of the operative field possible. An assessment of the overall
operative time would be influenced by a wide range of additional
parameters, making the comparison much more difficult.

In nine patients the 3D imaging provided, according to the
surgeon’s opinion, no benefit to preparation time, independent
of the reason for surgery. When examining the intraoperative
preparation times of these patients, we identified no benefit
relative to the matched patients (P = 0.59). Therefore, the
subjective assessment by the surgeons corresponded to our
objective findings regarding the preparation time. On the other
hand, a significant reduction in the intraoperative preparation
time could be measured in the “as advantageous” rated patients (P
= 0.05). Though only a small patient cohort was analyzed, a clear
difference was identified with slight significance. A few studies
have suggested that using spatial 3D imaging preoperatively
can improve surgical outcomes and reduce operative times
in patients with CHD (15, 21, 27). However, a systematically
measured significant shortening of the operative time has not
before been determined. This is probably due to the fact
that the overall operative time or the aortic cross-clamp time
were analyzed, and no test of correlation with the surgeon’s
assessment was performed. For the first time, a significant
positive influence of 3D spatial imaging in preoperative planning
on the operative time in patients with CHD could be proven.
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Shortening of the overall operative time has already been shown
to greatly influence postoperative outcome in cardiovascular
surgery (28, 29). Nevertheless, the intraoperative preparation
time is only one factor; many other factors, such as cross-clamp
time and preoperative complications play an important role
influencing overall operation time and outcome. To demonstrate
this correlation, a prospective study with larger patient cohorts
(e.g., multicenter study) is needed. This has the potential to
improve the total outcome (e.g., by reducing postoperative
complications and improving long-term survival). Since CR-
holograms surpassed 3D printing in all analyzed subgroups,
we assume that the benefit can be attributed mainly to the
CR-holograms. It can therefore be concluded that detailed
preoperative planning has a significant influence on the operation
procedure, depending on the realism of the representation.

Limitations

Due to the study design, the surgeon assessed the imaging
material of the patient more intensively. A bias regarding the
reduction of the intraoperative preparation time through this
cannot be excluded. Additionally, the surgeon could not be
blinded to the used imaging technique. Furthermore, since the
patient pairs were matched retrospectively, it could not be
granted that both patients were respectively treated by the same
surgeon. A small patient cohort was used for analyses. The
intraoperative benefit identified here was significant but should
be validated in a larger study.

Summary

In conclusion, this study demonstrated that spatial imaging
provides a clear benefit in preoperative planning of pediatric
heart surgery compared with the previously used representation
on a 2D screen. The combination of an extremely photo-
realistic surface representation by cinematic rendering and
the presentation of the cardiovascular structures in 3D space
improves the 3D perception enormously. This provides a better
subjective assessment as well as a measurable shortening of
the intraoperative preparation time. The cinematically rendered
holographic presentation using mixed-reality glasses surpassed
the previously used spatial 3D presentation method (3D printing)
in all analyzed aspects. Therefore, it is reasonable to assume
that the future of preoperative imaging lies in 3D-spatial
representations, and particularly in CR-holograms.
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Background: Atherosclerotic plaques are the major cause of coronary artery disease
(CAD). Currently, computed tomography (CT) is the most commonly applied imaging
technique in the diagnosis of CAD. However, the accurate extraction of coronary plaque
geometry from CT images is still challenging.

Summary of Review: In this review, we focused on the methods in recent studies on the
CT-based coronary plague extraction. According to the dimension of plaque extraction
method, the studies were categorized into two-dimensional (2D) and three-dimensional
(8D) ones. In each category, the studies were analyzed in terms of data, methods,
and evaluation. We summarized the merits and limitations of current methods, as well
as the future directions for efficient and accurate extraction of coronary plaques using
CT imaging.

Conclusion: The methodological innovations are important for more accurate CT-based
assessment of coronary plaques in clinical applications. The large-scale studies,
de-blooming algorithms, more standardized datasets, and more detailed classification
of non-calcified plaques could improve the accuracy of coronary plague extraction
from CT images. More multidimensional geometric parameters can be derived from
the 3D geometry of coronary plaques. Additionally, machine learning and automatic
3D reconstruction could improve the efficiency of coronary plaque extraction in
future studies.

Keywords: coronary artery disease, atherosclerosis, plaque morphology, cardiac computed tomography,
three-dimensional reconstruction

INTRODUCTION

With the increasing incidence, coronary artery disease (CAD) is the most common type of heart
disease and the leading cause of death globally (1). The stenosis of coronary arteries incurred by
the growth of atherosclerotic plaques is the major cause of CAD and related cardiac events such as
acute myocardial infarctions (MI) (2). Therefore, the accurate evaluation of atherosclerotic plaques
in coronary arteries is important for the diagnosis and treatment of CAD.
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In the diagnosis of CAD, computerized tomography (CT)
imaging is the most commonly used imaging technique. Cardiac
or cardiovascular CT (CCT), also named as coronary computed
tomography angiography (CCTA, sometimes short as coronary
CTA), or CT coronary angiography (CTCA), has a high spatial
resolution to reflect the anatomic severity and morphology of
coronary plaques. The anatomic severity of coronary plaques
estimated by CT imaging was in accordance with the results
derived from intravascular ultrasound (IVUS) imaging (3). CT
imaging has a higher resolution than the cardiac magnetic
resonance imaging (MRI) (4). Compared with MRI and IVUS,
CT is low-cost, non-invasive, and available on patients with
implants (5). Furthermore, CT imaging could reflect the
morphology of plaques by differentiating various compositions.
Non-calcified, partially calcified, and calcified plaques could
be differentiated based on their x-ray attenuation values (in
Hounsfield units, or HU) which reflect the brightness of certain
areas in CT images (6).

Since the early 2000s, the development of multi-slice CT
(MSCT) technology, which refers to a special CT system
equipped with a multiple-row (4, 8, 16, and 64) detector
array that can collect a high volume of patient data in each
gantry rotation, provides the possibility of reconstructing the
three-dimensional (3D) geometry of atherosclerotic plaques in
coronary arteries (7, 8). Especially, the 64-detector CT scanners
showed better accuracy than the 4- or 8-detector ones in the
diagnosis of significant coronary arterial stenosis (diameter
stenosis >50%) (9). Based on the analysis of coronary CT
images, the diameter stenosis and calcification volume have been
widely used in the CAD-related clinical applications (10). In the
meantime, the automatic 3D reconstruction and quantification
of the non-calcified component was also achievable (11). The
standardized, quantitative analysis of coronary CTA datasets
was reproducible for the measurement of plaque geometrical
and compositional parameters (e.g., plaque length, percentage
area stenosis, and percentage of atheroma volume) in different
geometric dimensions with high intra-observer and inter-
observer agreement (12). Based on the comparison with
histological images, the MSCT images have been applied in the
analysis of coronary plaque morphology (13). Since the late
2000s, the 3D geometry of coronary plaque reconstructed from
MSCT images has been widely applied in the computational
simulation of plaque stress (14), wall shear stress (15), and
the accumulation of low-density lipoprotein (16). The accurate
extraction and reconstruction of coronary plaques from CT
images plays a key role in improving the quality of diagnosis and
treatment of CAD, as well as the pathophysiological studies of
coronary arteries.

Currently, the majority of the studies on the extraction of
coronary plaques from CT images are based on the difference
in attenuation values, which is not sufficient for the accurate
evaluation of coronary plaques. For calcified plaques, the
blooming artifact could cause the overestimation of plaque areas,
especially in the cases with significant calcification (17). For non-
calcified plaque, it is difficult to differentiate between fibrotic and
lipid plaques. Another challenge is the demarcation between the
non-calcified or mixed plaques, the outer vessel border consisting

of the tunica adventitia, and the surrounding tissues, which are
similar in intensity (18). To achieve the accurate evaluation of
coronary plaques using CT images, technical innovations are
needed to overcome these challenges.

Recently, some novel methods and algorithms have been
proposed to improve the accuracy of coronary plaque extraction
from CT images. In this review, the novel methods and
algorithms are categorized, analyzed, compared, and summarized
to disclose the future directions toward more accurate CT-based
evaluation of coronary plaques.

METHODS

The keywords for the literature search are “coronary artery” or
“coronary” combined with “atherosclerotic plaque” or “plaque,”
and “CT” or “computerized tomography”. Publications written
in English from 2015 to June 2019 were searched on PubMed,
Web of Science Core Collection, IEEE Xplore Digital Library,
and https://scholar.google.com.

Over 50 papers have been found. Based on the titles, keywords,
and abstracts, more than 20 papers were excluded which did not
propose methodological or technological innovation of coronary
plaque extraction. Finally, 31 papers were selected for the review
including 27 journal articles and 4 conference papers.

The selected publications were categorized according to
the dimension of the plaque extraction method. In the two-
dimensional (2D) methods, the coronary arteries and plaques
are directly segmented and extracted from the 2D images. In
the 3D methods, the 3D structures of coronary arteries and
plaques are reconstructed from the 2D images. At present,
the clinical diagnosis and research of CAD are based on
the CTCA images derived from the MSCT scan. The MSCT
scan provides a solid basis for 3D CTCA analysis. Whereas,
the original CT images derived from MSCT scans are still
the transverse 2D images. The 3D CTCA images and the
2D CTCA images on coronal and sagittal cross-sections are
obtained through reconstruction. As the original data, 2D CTCA
images are essentially more accurate than other reconstructed
images. Therefore, the 2D CTCA images are still widely used
in some recent studies (19). The reconstructed 2D images,
including the coronal, sagittal, and curved planar reformation
images, also play an important role in clinical diagnosis (20).
Additionally, the current diagnostic standards and guidelines
are based on the geometric parameters (especially the diameter
stenosis) derived from 2D images of coronary arteries (21).
Therefore, the 2D methods are included and analyzed in this
review while the 3D methods will be increasingly important in
future studies.

Some studies included 3D reconstruction and volumetric
measurement. However, in these studies, the 3D reconstruction
was automatically performed by software without any technical
details disclosed (22), and the aim was the comparison or
validation of 2D image processing algorithms (23-27), without
methodological innovation in 3D volumetric analysis (17).
Therefore, they were categorized as 2D methods. Some studies
used the automatic 3D reconstruction of coronary plaques, but
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volumetric measurement is a major objective (28-32), or the 2D
images were extracted from 3D CTA images (33), therefore, they
were classified as 3D studies.

In the following sections, 2D methods and 3D methods
will be separately analyzed and summarized in three aspects:
data, method, and evaluation. Regarding the data, we listed the
details of data source (in vivo, in vitro, ex vivo, or phantom),
inclusion criteria on arterial segment and plaques, numbers of
human subjects and arterial segments. Regarding the method, we
analyzed the classification of plaques (calcified and non-calcified;
calcified, lipid and fibrotic; etc.), attenuation values of different
plaques, methods of plaque extraction and reconstruction, as
well as the technical innovations. Regarding the evaluation, we
analyzed the geometric parameters in different dimensions, the
intra- and inter-observer repeatability of the results, and the
reference for the evaluation of accuracy (IVUS, histopathologic
examination, etc.).

RESULTS

2D Methods of Coronary Plaque Extraction

From CT Images

Classification of Data

We found 13 studies on 2D plaque extraction, including 12
original studies and a review paper (34). The majority (10
out of 12) of original studies used in vivo data which were
collected non-invasively (17, 22-27, 35-37). Three studies used
phantoms for data collection, in which 2 studies used phantom
data in parallel with in vivo data (17, 37) while one used
exclusively the phantom data (38). One study used ex vivo
data (39).

In terms of the medical imaging techniques, in vivo data are
the imaging data collected from living and functional organisms.
In vivo imaging data are patient-specific. In vivo CT imaging data
could be derived before and after the clinical treatment as the
baseline and the follow-up observations to evaluate the severity of
the CAD and the efficiency of treatment. Therefore, in vivo data
play a key role in the diagnosis and treatment of CAD. However,
CT scans are mainly performed on patients with CAD. In vivo
data of healthy individuals are relatively rare.

CT imaging data could be collected from phantoms. A
major benefit of phantoms is their controllable geometry. By
presetting the geometric parameters (diameters, length, severity
of stenosis, etc.) of plaque phantoms, and comparing with the
geometry reconstructed from CT imaging, the accuracy of plaque
extraction algorithms could be quantitatively evaluated. In a
recent study, the accuracy of a vendor-specific model-based
iterative reconstruction algorithm was evaluated on phantoms
for both calcified and non-calcified plaques (37). A straight
acrylic tube (length: 50 mm, diameter: 3 mm) was used as the
model of coronary artery. Polystyrene, mono cast nylon, and
acrylonitrile butadiene styrene copolymer were mixed to simulate
soft, intermediate, and calcified plaques, with stenotic attenuation
value of 40, 80, and 150 HU. Two stenotic degrees of 50% and
75% were used to evaluate the accuracy of plaque extraction in
different plaques.

Using different plaque components, different anatomic
structures, and different sizes, phantoms can be used in the
comprehensive evaluation of plaque extraction methods. To
optimize the CTCA protocol for more accurate extraction of
plaques and coronary arteries, as well as early detection of the
vulnerable plaques (non-obstructive atherosclerotic plaques with
a thin fibrous cap covering fatty debris, leading to thrombus
formation and embolization when ruptured), Kashani et al.
used a phantom which contained 7 channels with different
diameters between 3 and 5mm. The channels were filled with
different materials to simulate cholesterol and adipose tissues
of the plaques, and surrounding myocardial tissues (38). The
authors suggested that CTCA imaging of lipid-rich plaques can
be optimized through using intermediate x-ray tube currents of
300 and 400 mA and the adjustment of the x-ray tube potential.
To investigate the accuracy of iodine quantification with dual-
energy CT imaging of coronary arteries, Pelgrim et al. developed
an anthropomorphic phantom including artificial lungs, spine,
body fat, and a cavity at the position of the heart. The cavity
was filled with a holder carrying five separate tubes to simulate
coronary arteries. Different patient sizes were simulated using
extension rings with densities comparable to fat (40).

Another benefit of using phantoms is the avoidance of
complex operation and clinical risks of in vivo imaging on human
subjects or animals. To fully validate the results derived from
phantoms, and investigate their clinical applications, two studies
included both phantoms and in vivo data (17, 37). The first
study focused on the calcified plaques with >50% and >70%
luminal stenosis on CT images, and simulated them in phantoms
to evaluate if the de-blooming algorithm would derive more
accurate plaque extraction (17). The second study included both
calcified and non-calcified plaques with 50% and 75% stenosis in
a coronary vessel model whose length and radius were 50.0 and
3.0 mm, respectively (37).

Nevertheless, the use of phantoms also has some limitations.
Firstly, phantoms have highly simplified geometry which could
not present the patient-specific anatomy. It is commonly
observed that the anatomy of human coronary arteries is highly
diverse among the population. Secondly, it is difficult to use
phantoms to simulate the mixed plaques consisting of lipid
and fibrotic components with speckled calcifications (diameter
<2 mm), which are widely observed especially in the early phase
of calcification (41).

One study used ex vivo imaging data which were derived from
three ex vivo human hearts during post-mortem. Both CCTA and
IVUS imaging were performed. Coronary computed tomography
angiography and IVUS images of arterial cross-sections in 1-
mm increments were co-registered. To evaluate the accuracy
of the proposed algorithm of plaque reconstruction, the plaque
areas reconstructed from CCTA images were compared with the
plaque areas in the corresponding IVUS images (39). The ex vivo
imaging data could be desirable than in vivo data in some aspects.
Firstly, imaging is much easier to perform on ex vivo specimen
than on in vivo organ. Additionally, the ex vivo data are free from
the motion artifact which is inevitable in in-vivo data. Therefore,
ex vivo data could be used for quantitative evaluation of plaque
reconstruction from patient-specific CT images. However, ex
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vivo imaging data were rare, therefore difficult to be used in
large-scales studies.

Inclusion Criteria on Arterial Segments and Plaques
We included different types of articles covering scientific,
engineering, and clinical studies. Normal subjects and CAD
patients were recruited in different studies in which the inclusion
(or exclusion) criteria of human subject are highly diverse.
Therefore, we focused on the inclusion (or exclusion) criteria of
arterial segments and plaques.

For arterial segments, due to the limited accuracy of CT
imaging in small branches, some studies included only the
arterial segments with a radius larger than 1.5 mm (22, 34). The
inclusion of only the proximal 40 mm of each coronary artery
and the exclusion of left main coronary lesions were also used as
criteria (39). In three phantom studies, the first one used the inner
diameter between 3.5 and 4.5 mm (17). The second one used the
length of 50.0 mm and a diameter of 3.0 mm for lumen (37). The
third one included lumen diameter between 3 and 5 mm, wall
thickness between 1.5 and 3.5 mm, with 10 mm as the segment
length (38).

The severity of luminal stenosis, defined as the ratio between
lumen diameters in stenotic and normal segments, was widely
used as the inclusion criterion of plaques, especially non-calcified
plaques. In the studies on 2D plaque extraction, the severity of
luminal stenosis varies between 25% and 75% (37). In clinical
diagnosis, luminal stenosis larger than 50% is widely used as the
criterion of significant stenosis (22, 35-37).

Numbers of Human Subjects and Arterial Segments
Most of the studies on 2D plaque extraction included <100
human subjects. However, multiple arterial segments can be
extracted from the imaging data of one subject. Therefore, in
some studies, there are more arterial segments than human
subjects. As mentioned, the only study using ex vivo data
included three ex vivo human hearts (39). The following
paragraphs are focused on the studies using in vivo data.

There were 2 pilot studies, which included <10 human
subjects (27, 37). In the first study, 12 arterial segments were
extracted from the imaging data of 10 human participants (37).
In the second study, to investigate the automatic extraction of
both calcified and non-calcified plaques, three male patients with
acute myocardial infarct were included. For each subject, three
CCTA scans were performed with different imaging parameters.
In each scan, 17 coronary segments were extracted following
the coronary arterial model proposed by the American Heart
Association (AHA) (27).

Two studies included 10-50 human subjects. The first one
included 31 human participants as well as 2 phantoms, from
which 375 coronary arterial segments and 77 calcified plaques
were extracted (17). This study was focused on the reduction
of blooming artifact in extracting calcified plaques; therefore,
patients with non-calcified plaques were excluded. Another
study included 43 subjects to investigate the derivation of
coronary calcium scoring (CCS) from low-radiation-dose (24).
The analysis was based on individuals; therefore, the number of
arterial segments was not provided.

Six studies included more than 50 (range: 53-99) subjects.
Rossi et al. extracted 144 stenosed segments of coronary arteries
from 99 patients to investigate if CTCA could be used in
screening the functionally significant coronary lesions (35). To
investigate the semi-automatic coronary plaque quantification,
Qvrehus et al. collected the CTA data of 50 patients in which
627 arterial segments were confirmed as evaluable (diameter >
1.5 mm, without motion artifact) by observers. Luminal stenosis
of > 70% and 50-70% was found in 1 and 4 patients, respectively.
Non-calcified and mixed plaques were found in 17 and 55
arterial segments (22). Li et al. proposed a new algorithm to
improve the accuracy of reconstructing non-calcified plaques
(36). Seventy-seven non-calcified plaques were extracted from 66
patients. The analysis was plaque-based therefore the number of
arterial segments was not disclosed (36). Similarly, two studies
investigated the reconstruction of calcified plaques based on
Agatston coronary artery calcium scoring (CAC) scoring, with
CT data collected from 63 (23) to 60 (25) subjects, respectively,
without mentioning the number of arterial segments. Another
study investigated plaque compositions divided by five ranges of
HU values. Totally 160 plaques were extracted from 53 patients,
without mentioning the number of arterial segments (26).

In addition, there is a clinical literature review which includes
over 6,000 cases (34). This large and diverse population was used
to cover a wide range of vulnerable and non-vulnerable plaques,
which differ in severity and composition.

Considering the individual differences in the geometry of
coronary arteries and plaques, recruiting large numbers of
subjects could provide enough data for reliable statistical analysis.
However, some of the presented studies have a small number of
participants as they are pilot studies or phantom-based validation
of algorithms. The extraction of multiple arterial segments from
one subject is an important method to enlarge the sample size
of arteries.

Classification of Coronary Plaques

The development of atherosclerosis starts from the filtration
of low-density lipoprotein through the endothelium, which
forms the fatty streaks in the arterial wall. The consequent
inflammatory response involves macrophages, T-cells,
and complex biochemical mechanisms, forming lipid-rich
atherosclerotic plaques which finally become calcified and
fibrous. According to the criteria proposed by AHA, the
development of atherosclerotic plaques in coronary arteries
consists of eight major stages: 1. Isolated macrophage foam cells;
2. Multiple foam cell layers formed; 3. Isolated extracellular
lipid pools added; 4. Confluent extracellular lipid core formed;
5. Fibromuscular tissue layers produced; 6. Surface defect,
hematoma, and thrombosis; 7. Calcification predominates; and
8. Fibrous tissue changes predominate (42).

Based on the AHA criteria, in grating-based phase-contrast
computed-tomography (gb-PCCT) imaging of coronary arteries,
four types of plaques could be differentiated: 1. Plaque with
lipid or necrotic core surrounded by fibrous tissue with
possible calcification; 2. Complex plaque with possible surface
defect, hemorrhage or thrombus; 3. Calcified plaque; and 4.
Fibrotic plaque without lipid core and with possible small
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TABLE 1 | Graphical representation of described examples of calcified and non-calcified plaques.

Methodology Calcified plaques Non-calcified plaques

Fibrotic Lipid

Histological sample

I: late fibro-atheroma (LFA) lesion (necrotic core Fibrous plaque, which is fibrocellular and also  Fatty plaque, comprising a large lipid-rich core
covered by a fibrous cap). II-V: consolidated rich in proteoglycans (Elastic van Gieson, 100) separated from the lumen by a thin fibrous cap.
former lesions [fibrotic calcified plaque (FCP)].  Adapted from Vaideeswar et al. (45) © 2019 by The lipid material may in the form of collections

Adapted from Lindeman et al. (44) © 2018 by the authors. CC BY 4.0. of foamy macrophages and/or extra-cellular
the authors. CC BY 4.0. lipid material (HE, 100). Adapted from
Vaideeswar et al. (45) © 2019 by the authors.
CCBY 4.0.
2D plaque
reconstruction
Calcification marked with purple mask. The necrotic core (35.3%, dark green) A lipid plaque: yellow <51 HU, red 51-100 HU,
Adapted from Messerli et al. (25) © 2016 with  surrounded by fibrous plaque (51.5%, light green 101-150 HU, blue 151-350 HU, white
permission from The Association of green). Lumen and calcification (13.2%) are >350 HU.
University Radiologists. marked orange and pink, respectively. Inset Adapted from Chen et al. (26) © 2016 with
shows cross-sectional images at arrows. permission from The Foundation
Adapted from Obaid et al. (46) © 2017 by the Acta Radiologica.
authors. CC BY 4.0.
3D plaque
reconstruction

(Continued)
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TABLE 1 | Continued

Methodology Calcified plaques

Non-calcified plaques

Fibrotic

Lipid

Lumen and calcified plaque reconstructed by  The semi-automatic analysis of a fibrotic plaque Semi-automatic segmentation of coronary

semi-automatic and manual methods. Adapted in LAD: lipid (red), fibrous (blue) and calcified
(vellow) components.

Adapted from Cui et al. (48) © 2017 by the
authors. CC BY 4.0.

from Kigka et al. (47) © 2017 with permission
from Elsevier Ltd.

vessel: calcified (yellow), lipid (green) and
fibrotic (blue). The cross-section shows a

lipid plaque. Adapted from Infante et al. (49) ©
2019 by the authors. CC BY 4.0.

TABLE 2 | Methods of coronary plaque classification.

Plaque classification

Calcified and non-calcified

Calcified, mixed, and
non-calcified

Lipid-rich, fibrous, and calcified

2D reconstruction Calcified and non-calcified plaques (22, 27, 35, 39).
Calcified and non-calcified plaques, as well as
high-risk plagues. The main CTCA features related to
high-risk plaques are: (1) positive remodeling, PR
[remodeling index (RI) >1.1]; (2) low-attenuation
plaque, LAP (<30 HU); (3) napkin-ring sign, NRS
(description below); and (4) spotty calcifications, SCs
(<3mm) (34).

3D reconstruction Calcified and non-calcified plaques (32, 47, 51, 52).

Calcified plaque, non-calcified
plague, and mixed plaque, i.e., a
plague containing calcified and
non-calcified components (53).
Mixed (51%), non-calcified (31%), and
calcified (18%) plaques (54).

729 non-calcified plaques, 511
calcified plaques, and 546 mixed
plaques (33).

The plaque area was stratified into
<60 HU (lipid-rich plaque) and >180
HU (calcified plaque) parts (29).

Different plaque combinations (soft,
intermediate, and calcified), different
stenosis (50% and 75%), different
lumen densities (low and high lumen),
positive remodeling and spotty
calcium (37).

Non-calcified plaques, including
fibrous and lipid-rich ones,
components segmented using
different thresholds: <51, 51-100,
101-150, 151-350, and >350 HU
intervals (26).

Lipid, fibrous, and calcified
components as < 60 HU, 60-200
HU, and > 200 HU (31).
Lipid-rich, fibrotic, and calcified
plagues (28).

Non-calcified plaque, low-density
non-calcified plaque, and calcified
plaque (56).

Low-density non-calcified plaques
(different thresholds of attenuation
values used) and calcified

plagues (30).

Soft lipid-rich plaques, mixed
plaques, calcified plaques (55).

calcification (43). In the histological analysis, the calcified (44),
fibrotic (or fibrous), and lipid (or lipid-rich) plaques (45)
can be easily differentiated by the image features (Table 1).
In general CT imaging, atherosclerotic plaques in coronary
arteries can be classified into three categories: calcified, non-
calcified, and partially calcified (or mixed) (50). Based on
the advanced analysis of CT images, the non-calcified plaques
could be further classified as lipid and fibrotic plaques (46),
as illustrated in Table 1, which has been applied in 2D plaque
extraction (26). Different classification methods of coronary
plaques have been summarized in Table 2. Considering the
difference between studies in the resolution of CT imaging,
the accurate separation between lipid-rich and fibrotic plaques
remains challenging (50). In clinical CT imaging, calcified and
fibrotic plaques are frequently observed in fully developed
stenoses since they reflect the late stages in the progression of
atherosclerosis. Whereas, lipid-rich plaques are less commonly

observed since they mainly represent the initial stage of
atherosclerosis, when the plaque could not cause severe stenosis
and hemodynamic effects.

In the 13 studies on 2D plaque extraction, 4 studies included
only calcified plaques (17, 23-25). Two studies were mainly
focused on non-calcified coronary plaques (36, 38). Seven papers
included both calcified and non-calcified coronary plaques,
which gives us an overview of the progression of atherosclerosis
in CAD patients (22, 26, 27, 34, 35, 37, 39).

Attenuation Values of Different Plaques

The attenuation value of calcification is much higher than that of
the surrounding tissues. Therefore, the differentiation of calcified
and non-calcified plaques on CT images could be achieved by
setting thresholds of attenuation (24). The threshold for calcified
plaques varies in different studies (see Table 3). An earlier study
in 2011 used the ranges of 30-70 HU for non-calcified plaques
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TABLE 3 | Comparison of attenuation values used in selected studies.

Study Year Dimension of Attenuation values (in HU units)
reconstruction
Calcified plaques Non-calcified plaques

Lietal. (36) 2019 2 N/A <60 for low-attenuation plaques

<200 for high-attenuation rim with an inner

hypo-attenuation area (<130)
Lietal (17) 2018 1097-2910 N/A
Funama et al. (37) 2017 150 40 for soft plaques

80 for intermediate plaques
Braber et al. (24) 2016 2 >130 for Agatston Scores >351 N/A

and >600 for
plaque reclassification

Messerli et al. (25) 2016 >130 N/A
Rodriguez-Granillo et al. (34) 2016 >130 <30 for low-attenuation plaques
Matsumoto et al. (30) 2019 >500 < 150 for non-calcified plaques

<30 and <45 for lipid-rich plaques
Kigka et al. (47) 2018 >400 <50
Wang et al. (31) 2017 >200 < 60 for lipid plaques

60-200 for fibrotic plaques
You et al. (28) 2016 3 >130 0-49 for lipid plaques

50-129 for fibrotic plaques
Puchner et al. (29) 2015 3 >180 <60

and >70 HU for calcified plaques (57). Another study in 2014
used the ranges of —10-69, 70-129, and >400 HU to differentiate
lipid, fibrotic, and calcified plaques (58).

Attenuation scale has been used to differentiate non-calcified
coronary plaques (59). However, the differentiation of non-
calcified plaques is difficult due to the limited contrast between
the fibrotic and lipid tissues in attenuation value (Table 3).
Additionally, the attenuation values of a non-calcified plaque
and its neighboring tissues are not significantly different around
the boundary. Therefore, it is difficult to develop the fully
automatic methods to reconstruct the non-calcified plaques and
differentiate the components of non-calcified plaques.

For calcified plaques, Agatston CAC scoring is widely used as
an estimation of the total amount of calcium for the prediction of
adverse cardiovascular events in people with CAD. It is calculated
using high calcium area slice of the CT image, multiplied by
the maximal attenuation of the calcification in individual case
(60). The attenuation value qualitatively reflects the different
types (calcified and non-calcified) of plaques whereas the
Agatston score quantitatively represents the calcification in
coronary arteries.

Methods of Plaque Extraction and Reconstruction

The methods of 2D plaque extraction can be categorized as semi-
automatic and automatic. During extraction, manual interaction
is indispensable in semi-automatic methods but is infrequent
in automatic methods. The manual interactions include: setting
the boundaries of areas for analysis such as the start and end
points of arterial segments and plaques, adjusting the automatic
segmentation and extraction results to revise the geometric
errors, and using the manual extraction results to train or
validate new algorithms. Other manual interactions include

setting parameters in image processing and selecting CT images
for analysis. The details are listed in Table 4.

Messerli et al. proposed a semi-automatic method to evaluate
CAC on software (syngo.via CT CaScoring, Siemens Healthcare)
(25). Firstly, coronary lesions with attenuation >130 HU were
automatically color-coded. Then the calcified coronary structures
were manually selected. Finally, the software automatically
calculated the Agatston score, CAC volume (mm?), and CAC
mass (mg/cm3). Similarly, Szilveszter et al. (23) used software
to identify the coronary artery plaques with area >1 mm? and
density >130 HU. Coronary plaques were selected manually to
enable the semi-automatic software to calculate CAC scores.

The manual segmentation by tracing the proximal and
distal plaque boundaries (26), and the visual examination
and manual adjustment (24) were common in semi-automatic
methods. @vrehus et al. used manual interactions in imaging
reconstruction and plaque segmentation (22). In multiplanar
reformats of CTA images, a circular region of interest was placed
in the aorta to define the “normal reference bloodpool.” The
proximal and distal boundaries of each lesion were identified
and marked by the reader. The software then automatically
tracked the centerline of the coronary artery and quantitatively
analyzed the plaques. Rossi et al. proposed a semi-automatic
method to compare the visual and quantitative evaluations of
plaques in CTCA images, in which various manual interactions
were involved (35). Firstly, the CTCA data sets were evaluated
visually, and the coronary lesion was graded as non-obstructive
(<50% lumen narrowing), moderate (50% < lumen narrowing
<70%), and severe (>70% lumen narrowing). Afterwards,
the proximal and distal endpoints of coronary vessels with
lumen diameter reduction >30% were manually marked. The
lumen and vessel borders were generated automatically and
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TABLE 4 | Manual manipulations in automatic and semi-automatic methods of plaque extraction.

Study With manual manipulation

Set the boundary Adjust the result Generate results Generate results Others

of analysis when needed to train the to validate the
algorithm algorithm
2D Semi-automatic Messerli et al. (25) N
reconstruction
Rossi et al. (35) Vv Vv N
Precht et al. (27) v N
@vrehus et al. (22) v Window level and width of

image reconstruction were
adjusted for optimal
visualization at the
discretion of the observer.

Szilveszter et al. (23)
Chen et al. (26)
Braber et al. (24) v

Automatic Lietal (17) v Optimal cardiac phase
with the least motion
artifact was selected
manually by the operator.

A

Li et al. (36) N

Funama et al. (37) (not v
explicitly pointed out as

automatic)

Kashani et al. (38) (not v

explicitly pointed out as

automatic)

Puchner et al. (39) N
(comparison between

automatic and

semi-automatic algorithms)

3D Semi-automatic Kigka et al. (47) J
reconstruction

Matsumoto et al. (30) 4 J/(extract IVUS  Co-registration of IVUS
images) and CTA images

Sakellarios et al. (52) N
Gaur et al. (56) N
Puchner et al. (29)

Wang et al. (31)

You et al. (28)

Sunetal. (61)

Athanasiou et al. (62) v

LA A

Co-registration of IVUS
and CTA images

Wei et al. (63) v 4
Automatic Jawaid et al. (64)

Ghanem et al. (55)

Karolyi et al. (32) v

Zhao et al. (33) v

LN X

<

Using Rotterdam
Coronary Artery
Evaluation Dataset
Zreik et al. (53) N
Kang et al. (51) N
Park et al. (54) (comparison N

between automatic and

semi-automatic algorithms)

LN
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adjusted by an experienced observer. The quantitative analysis
of plaques was automatically completed by software. Precht
et al. adopted similar semi-automatic method to estimate plaque
volume in low-dose CCTA (27). The centerlines of the coronary
arteries were automatically extracted and manually corrected
when needed. The extracted arteries were manually partitioned
according to the AHA 17-segment model. For each artery, the
contours of lumen and outer vessel wall were automatically
detected and manually fine-tuned by two independent observers
with more than 7 years of experience. The manual fine-tuning of
the automatic contour detection only showed a 0-7.3% deviation
which did not significantly influence the final results. Puchner
et al.’s compared the automatic and semi-automatic methods in
generating vessel wall boundaries (39). The boundaries of vessel
wall (inner, outer, or both) were manually corrected.

The manual segmentation results play an important role
in the validation of automatic algorithms. Li et al. developed
an automatic algorithm for CT image processing (36). For
validation, two experienced radiologists independently identified
plaque characteristics on the images reconstructed with different
algorithms. Similarly, Funama et al. used the consensus of two
CT image reviewers in plaque evaluation to compare different
image processing algorithms (37). The reconstructed CT images
were manually classified into four levels of quality, in vessel
and plaque areas, respectively. Li et al. proposed an automatic
de-blooming algorithm (17). Coronary computed tomography
angiography images of phantoms were manually selected by
the operator to find the images at the optimal cardiac phase
with the least motion artifact. For in vivo CCTA images, an
experienced reader independently reviewed all data sets, noted
coronary calcification, and measured the volume of calcified
plaques, coronary diameter stenosis (%), as well as the coronary
area stenosis (%) on software as the reference for validation.
Kashani et al. optimized the parameters of CCTA by comparing
the quality of images derived by different parameter values (38).
The contrast-to-noise ratio (CNR) was measured manually by
prescribing a 0.018-0.021 cm? region of interest in the center of
the plaque and pericoronary fat in 8 different locations.

For 2D plaque extraction, there are more semi-automatic
methods than automatic methods. Automatic methods are
efficient and convenient for the large-scale extraction of coronary
arteries and plaques from the CT images. However, the plaque
size is often over- or underestimated when using automatic
software. Hence, the manual interactions including editing and
analysis are useful to improve the accuracy of 2D plaque
extraction (22).

Technical Innovations

Filtered back projection (FBP) is a traditional type of algorithm
that can indicate an attenuation value to each pixel (65) on
CTA images. Filtered back projection reconstruction assumes
that each pixel accurately indicates the attenuation. In 2D
coronary plaque reconstruction, FBP is widely used to derive the
reference values for the validation of new algorithms. Iterative
reconstruction (IR) algorithms have the potential to improve the
quality of CT image by reducing image noises and blooming
artifacts when compared with FBP. IR algorithms are the majority

of new algorithms in 2D coronary plaque reconstruction. In
the following paragraphs, the algorithmic innovations will be
summarized in terms of the improvement of accuracy in
extracting different types of plaques.

Calcified Plaques

Calcified plaques are easy to extract from CT images due to
their high attenuation values. Nevertheless, the brightness of a
calcified plaque could affect its neighboring pixels by increasing
their attenuation values. Consequently, the overestimation of the
calcification size is common. Li et al. developed a de-blooming
algorithm and applied it on CCTA images of 31 patients
(17). They found that the de-blooming algorithm reduced the
calcification volume and the stenosis in diameter by 48.1 £ 10.3%
52.4 £ 24.2%, respectively. However, the details of this algorithm
were not disclosed (17).

Szilveszter et al. investigated the impact of iterative model
reconstruction (IMR) on coronary artery calcium quantification
as compared with the standard FBP and hybrid iterative
reconstruction (HIR) algorithms (23). CT images of 63
individuals were reconstructed with FBP, HIR, and IMR. HIR and
IMR resulted in lower CAC scores as compared with FBP (both
p < 0.001). There was no difference between HIR and IMR (p
= 0.855). The authors concluded that the utilization of IMR for
CAC scoring can reduce the measured calcium quantity (23).

Braber et al. investigated the quantification of calcification
in low-dose CCTA images using IR (24). Coronary artery
calcium was quantified with Agatston scores on the CCS images
using a semi-automatic software package (HeartBeat-CS; Philips
Healthcare, Best, the Netherlands). For Agatston scoring, CAC
was defined as regions with >130 HU within coronary arteries.
All regions with density higher than 130 HU were automatically
indicated by the software package. Calcification volumes were
derived with a semi-automatic software package (QAngio CT v2;
Medis Medical Imaging Systems, Leiden, the Netherlands) (24).

However, it was also suggested that IR could underestimate
the calcification. Messerli et al. evaluated the influence of
advanced modeled iterative reconstruction (ADMIRE) on the
coronary artery calcium (CAC) scores, with FBP algorithm as
the reference (25). CT images of 60 patients were reconstructed
with FBP and ADMIRE at incremental strength levels of 1, 2,
3, 4, and 5, resulting in a total of 6 datasets. In four patients
with low calcium burden, the use of ADMIRE 2 or higher
resulted in the disappearance of calcium that was detectable using
FBP. The authors concluded that ADMIRE causes a substantial
reduction of the CAC scores measured by cardiac CT, which
leads to an underestimation of cardiovascular risk scores in some
patients (25).

Non-calcified Plaques

As to non-calcified plaques, the contrast in grayscale values
between plaques, arterial walls, and surrounding tissues is
low in CT images. The attenuation values or CAC/Agatston
scales could not reflect the exact geometry of non-calcified
plaques. To accurately separate the non-calcified plaques
from the surrounding tissues, the morphological properties of
non-calcified plaques need to be considered. Therefore, new
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algorithms based on IR (23) have been proposed to improve
the quality of CT image in order to find the morphological and
geometrical properties of the boundary between non-calcified
plaques and surrounding tissues (17).

Li et al. assessed the effects of IMR algorithm on image
quality in demonstrating the characteristics of high-risk non-
calcified plaques in coronary arteries, in comparison with the
HIR algorithm (36). The 256-slice CT images were derived from
66 patients with 77 non-calcified plaques. Paired CT image sets
were reconstructed by HIR and IMR, respectively, on which
plaque characteristics were compared. The signal-to-noise ratio
(SNR) and CNR of the images, as well as the CNR between the
plaque and adjacent adipose tissue, were also compared between
the two reformatted methods. The napkin-ring sign appeared in
40 and 19 plaques reconstructed with IMR and HIR, respectively,
which are significantly different (p < 0.001). Compared with
HIR, IMR derived lower image noise (10 & 2 HU vs. 12 £+ 2
HU; p < 0.01), higher SNR and CNR, and especially higher
CNR between plaques and surrounding adipose tissues (p <
0.01). The authors concluded that IMR can significantly improve
image quality compared with HIR for the demonstration of
atherosclerotic plaques in coronary arteries (36).

Furthermore, Chen at al. applied IR algorithm in the
assessment of plaque vulnerability (26). They compared coronary
plaque volume and low attenuation (lipid-rich) component
derived by IR and FBP, respectively, from CTA images of 53
patients. Coronary plaques were identified by a board-certified
radiologist (14 years of experience in cardiac CT). Then post-
processing was performed by a research assistant trained in
plaque volumetric analysis. The analysis was done in multiplanar
reformat (MPR) using a semi-automated software (Aquarius
iNtuition 4.4.6, TeraRecon Inc., Foster City, CA, USA). Proximal
and distal plaque boundaries were traced manually. Total plaque
volume was then obtained automatically. Plaque composition
was assessed using attenuation (HU) intervals. It was found that
IR significantly decreased the noise and increased SNR and CNR
compared with FBP. Plaque characterization was performed in
41 patients for a total of 125 plaques. Regarding the total plaque
volume and the low attenuation plaque component, there was
no statistically significant difference between all IR levels and
FBP. The authors concluded that no significant impact on plaque
vulnerability assessment should be expected when using IR vs.
FBP for plaque reconstruction from CTA images (26).

Different Plaques

Puchner et al. applied IR algorithm in semi-automated extraction
of different plaques (fibrous, fatty, or fibrofatty, and the
presence of calcification) (39). Coronary computed tomography
angiography and IVUS images of seven coronary arteries were
acquired ex vivo. Images of 173 cross-sections of coronary arteries
were coregistered between CCTA and IVUS in 1-mm increments.
Coronary computed tomography angiography images were
reconstructed using FBP with adaptive statistical (ASIR), and
model-based (MBIR) iterative reconstruction algorithms. Fully
automated (without manual corrections) and semi-automated
(allowing manual corrections of vessel wall boundaries) plaque
burden assessments were performed for each reconstruction

algorithm. Agreement between CCTA results and IVUS was
evaluated with Pearson correlation. It was found that manual
correction of the semi-automated assessments improved plaque
burden correlation with the IVUS assessment independently
of reconstruction algorithm (p < 0.0001). Furthermore, MBIR
was superior to FBP and ASIR in semi-automated and fully
automated plaque extraction (all p < 0.001). It was concluded
that MBIR with semi-automated assessment could improve the
accuracy of plaque burden assessment in CCTA images (39).

Overall Plaque Burden
Precht et al. compared ASIR and MBIR reconstruction
algorithms on quantitative measurements of plaque volumes
and intensities in coronary arteries (27). Dose-reduced CCTA
were derived from 3 patients and reconstructed with 30% ASIR
(CTDIvol at 6.7 mGy), 60% ASIR (CTDIvol 4.3 mGy) and
MBIR (CTDIvol at 1.9 mGy). Quantitative coronary plaque
analysis was performed. Centerlines of the coronary arteries were
automatically extracted and manually corrected. The extracted
vessels were manually partitioned according to the AHA 17-
segment model. The contours of lumen and outer vessel wall
were automatically detected and manually fine-tuned. The plaque
burden was calculated as the ratio between total plaque volume
and total vessel volume. It was found that plaque volume and
plaque burden show a decreasing tendency from ASIR to MBIR.
The lumen and vessel volume decrease slightly from 30% ASIR
to 60% ASIR. The intensities did not change overall between the
ASIR and MBIR reconstructions for either lumen or plaque (27).
Funama et al. investigated the effect of contrast enhancement
on the stabilities of plaque attenuation, using FBP and IR
algorithms in imaging reconstruction (37). 320-detector volume
scanning was performed on phantoms of vessel tubes with
stenosis and a tube without stenosis using three types of plaque
attenuation values. CTA images were reconstructed with FBP
and two types of IR [AIDR3D and FIRST (forward-projected
model-based iterative reconstruction solution)], with stenotic
attenuation value of ~40, 80, and 150 HU, respectively. In each
case, the tubing of the coronary vessel was filled with diluted
contrast material and distilled water to reach the target lumen
attenuation values of ~350, 450, and 0 HU, respectively. It was
found that at 50% stenosis, the plaque attenuation value with
contrast enhancement increased for FBP and AIDR3D, and the
difference in the plaque attenuation value with and without
contrast enhancement was 15-44 HU for FBP and 10-31 HU
for AIDR3D. However, the plaque attenuation value for FIRST
had a smaller variation and the difference with and without
contrast enhancement was —12-8 HU. The validation study was
performed on CT images of 10 patients where FIRST derived
the highest CNR in vessels and plaques. The authors concluded
that the FIRST method improves the visualization of coronary
plaques in coronary CT angiography (37).

Geometric Parameters in Measurement

In 2D reconstruction, some geometric parameters could be
directly measured from the 2D images, including cross-sectional
area, lesion length, minimal area diameter, and mean vessel size

Frontiers in Cardiovascular Medicine | www.frontiersin.org

30

February 2021 | Volume 8 | Article 597568


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

Liu et al.

Cutting-Edge CT-based Coronary Plaque Analysis

for the affected blood vessels (39). These parameters reflect the
size of plaques and affected arterial segments.

The extent of coronary plaque could also be quantitatively
evaluated by plaque burden, which is defined as the percentage
of plaque in cross-section area: PB = (ACN-ACS)/ACS, where
PB denotes plaque burden while ACN and ACS denote the
cross-section areas in normal and stenotic arterial segments,
respectively (39, 66).

Intra- and Inter-Observer Repeatability

Intra-observer and inter-observer repeatability reflect the
consistency between repeated measurements performed by one
observer and different observers, respectively. The expertise in
coronary CT imaging and diagnosis can improve the intra- and
inter-observer repeatability (67). Acquiring expertise in CTA
interpretation may take more than a year. It has been reported
that, for coronary CT imaging, the intra- and inter-observer
repeatability on plaque volume estimation depends on the size
of plaque (68). Furthermore, the repeatability results indicated
that the percentage of plaque composition is more reliable than
plaque volume (69). Therefore, the estimation of intra- and
inter-observer repeatability is important to validate the reliability
of plaque extraction methods.

In the 13 studies on 2D plaque extraction, the intra-observer
repeatability was evaluated in five studies (22-24, 26, 38). Inter-
observer repeatability was evaluated in 7 studies, (17, 22, 23,
26, 27, 36, 37). Six studies reported that the measurements
were repeated by at least one expert with more than 5 years of
experience (17, 26, 27, 36, 37). Comparatively, the experience of
expert was between 1 and 5 years in other two studies (22, 23).

Reference of Accuracy

To evaluate the accuracy of plaque extraction algorithms, the
reconstructed coronary plaques from 2D CT images were often
compared with the results derived from invasive coronary
angiography (ICA) (35), IVUS (39), or pre-defined geometric
parameters in phantoms (38). Compared with CT imaging, the
ICA and IVUS are more accurate in reflecting the geometric
details of lumen, therefore have been widely used as the reference
in related studies (70, 71).

3D Methods of Coronary Plaque Extraction

From CT Images

Classification of Data

We found 17 papers focused on the 3D methods of coronary
plaques extraction and reconstruction, including 16 original
studies (28-33, 47, 51-56, 61, 62, 64), and a review paper (72).
The same method was adopted in Athanasiou et al. (73) and
Sakellarios et al. (52). The imaging data used in 3D plaque
extraction include phantom, ex vivo, in vitro, and in vivo data.

A study used 17 plaque phantoms in three different types of
attenuation, to investigate the reliability of low radiation dose
CT imaging in representing the 3D geometry of plaques. By
using phantoms, the accuracy of plaque extraction could be
quantitatively evaluated in volume (31).

In 3D plaque extraction, ex vivo imaging data enable the
researchers to perform accurate 3D geometric measurements

(29). The results of plaque extraction could be compared with
the histopathological measurement as the ground truth (29).
Nevertheless, the lumen of an ex vivo artery is hollow whereas
the lumen of the corresponding in vivo artery is filled with blood
which has cyclic changes in pressure, velocity, and wall shear
stress. Consequently, considering the effects of cyclic fluctuations
of blood flow on the deformation and mechanical properties
of arterial walls, the geometry of ex vivo arteries could be
different from in vivo ones, which is a major limitation of ex vivo
data (74).

In vitro data, here defined as the imaging data derived
from patient-specific models of coronary arteries, could provide
patient-specific geometry parameters of plaques and affected
arteries. Compared with in vivo and ex vivo data, in vitro
data could accurately reflect the geometry of arteries without
motion artifact. Sun et al. used in vitro data of calcified plaques
with different severities from three subjects to investigate the
effect of slice thickness and beam energy on the accuracy of
synchrotron radiation CT imaging. The in vitro arterial models
were generated from the original high-resolution CCTA images
using 3D printing technique. The plaques reconstructed from
the synchrotron radiation CT images of the in vitro models
were compared with those reconstructed from the origin CCTA
images (61). Using in vitro data, the accuracy of plaque extraction
could be quantitatively evaluated in anatomical details of patient-
specific geometry. However, the high-resolution images for
in vitro model reconstruction, the materials and devices for
3D printing, as well as the multiple imaging operations for
comparison, limited the further application of in vitro data in
clinical diagnosis.

In vivo data were used in the majority (14 out of
17) of the original studies on 3D plaque extraction (28,
30, 32, 33, 47, 51-56, 62, 64) and was mentioned in the
review paper [(63) in (72)]. With 3D reconstruction, the
diversity in the geometry and composition of plaques could
be fully disclosed and represented not only on cross-sections
but also in the longitudinal direction along the vessel, as
well as in volume. Therefore, in vivo data play a key
role in investigating the 3D geometry and composition of
coronary plaques.

Inclusion Criteria on Arterial Segments and Plaques
The inclusion criteria in 3D plaque extraction studies are more
diverse compared with 2D studies. In 3D reconstruction, the
geometric details in different dimensions and the combination
with plaque composition generated more detailed inclusion
criteria for arterial segments and plaques compared with
2D reconstruction.

For arterial segments, the diameter (28) [as summarized
in (72)] and length of segment (56, 64) were widely used as
in 2D reconstruction studies. In a study on the prediction of
all-cause mortality in CAD patients based on CCTA images
(55), 16 arterial segments were extracted and 3D reconstructed
according to a 16-segment model of coronary arterial tree (75).
In another study, to investigate the difference between proximal
and distal segments of the main coronary arteries [anterior
descending artery (LAD), left circumflex artery (LCX), right
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TABLE 5 | Characters of data in the studies of 3D coronary plaque analysis.

Study Year Type of Number of Number of stenosis or sections Standards of inclusion or exclusion of artery

data subjects segment (length of diameter)

Gaur et al. (56) 2016 in vivo 254 484 vessels Coronary segments >2 mm with plaque were
analyzed. Spotty calcification was visually identified
as calcifications comprising <90° of the vessel
circumference and <3 mm in length

Jawaid et al. (64) 2018 in-vivo 8 13 non-calcified segments Maximum arterial segment length of 6 mm used for
segmentation

Sakellarios et al. (52) 2016 in-vivo 20 20 N/A

Athanasiou et al. (73)

You et al. (28) 2016 in-vivo 87 N/A diameter >2.0 mm

Ghanem et al. (55) 2019 in-vivo 41 122 plaques 16 arterial segments in each case, according to a
modified coronary arterial tree model (75).

Wei et al. (63) as 2018 in-vivo 83 120 soft plaques Radius <3 mm to ensure that whole arterial

summarized in the cross-section is covered since 2.5mm is the

review by Jawaid maximum radius of coronary arteries

etal (72)

Athanasiou et al. (62) 2016 in-vivo 10 8 calcified plaques deposits N/A

Park et al. (54) 2015 in-vivo 142 150 coronary artery segments 11 segments excluded due to the insufficient IVUS
or CT image quality (seven segments) caused by
severe calcification or motion artifacts

Kigka et al. (47) 2018 in-vivo 12 12 arteries N/A

Karolyi et al. (32) 2017 in-vivo 52 468 segments, with 41 calcified or partially proximal and distal coronary segments, with middle

calcified plaques identified coronary segments and side branches excluded

Zhao et al. (33) 2019 in-vivo 48 1,786 cross-sections: 729 non-calcified N/A

plaques, 511 calcified plaques, and 546
mixed plaques

Matsumoto et al. 2019 in-vivo 7 118 plagues without extensive calcifications 4 plaques excluded due to extensive echo

(30) attenuation on IVUS

Wang et al. (31) 2018 In-vitro N/A 17 N/A

Puchner et al. (29) 2015 ex-vivo 3 26 and 67 cross-sections of lipid-core and Lipid-core plaque was included and defined as any

calcified plaques fibroatheroma with a lipid core >60° in
circumferential extent, with a core width of
>200 um and a cap thickness of <450 um

Sun et al. (61) 2018 In-vitro 3 3 N/A

Kang et al. (51) 2015 In-vivo 42 252 segments of 126 arteries in total, 45 N/A

lesions with stenosis >25%
Zreik et al. (53) 2019 In-vivo 168 1,259 segments of 534 arteries, 37 N/A

non-calcified, 161 mixed and 317 calcified

plaques

coronary artery (RCA)], the middle segments and side branches
were excluded (32). In some studies, arterial segments especially
distal branches were excluded due to low quality of images
(30, 54).

Regarding the coronary plaques, the severity of included
stenoses ranged from 25% to more than 90% (47, 51). More
detailed inclusion criteria have been proposed based on
the analysis of plaque geometry in different dimensions.
Gaur et al. investigated the difference between calcified
and non-calcified plaques in FFR, where the criterion
of spotty calcification was defined as visually identified
calcifications comprising <90° of the vessel circumference
and <3mm in length (56). Similarly, in another study
which investigated the accuracy of 3D reconstruction of
lipid-core plaques, a lipid-core plaque was defined as any

fibroatheroma with a lipid core >60° in circumferential extent,
with a core width of >200um and a cap thickness of <450
pm (29).

Numbers of Human Subjects and Arterial Segments

The number of human subjects covers a wide range (3-254)
in different studies on 3D reconstruction of coronary plaques.
Firstly, only three human subjects were included in the two
pilot studies using exclusively ex vivo and in vitro data (29, 61).
In contrast, the studies using in vivo data included at least 8
human subjects (Table 5). Secondly, regarding the studies using
in vivo data, those included <30 human subjects were focused
on algorithmic development with limited validation (52, 64) or
initial validation (47, 62, 73). In contrast, the studies including
more than 80 subjects were aimed for the full validation of
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existing algorithm (63), the pathological indication of results
(28), and clinical applications (54, 56).

In many large-scale studies, the inclusion (or exclusion)
criteria and information of subjects are provided in details. To
investigate the effects of plaque properties (severity, volume,
length, etc.) on the occurrence of myocardial ischemia, a
clinical study included 484 coronary arteries extracted from 254
participants. The plaques were categorized according to their
severity: 0, 1-29, 30-50, 51-70, 71-90, 91-99, or 100% (56).
For machine learning algorithms, it is significant to generate
a large-scale dataset for training and validation. Kang et al.
investigated the differentiation between obstructive and non-
obstructive plaques using machine learning, where CTA data
were collected from 42 patients in which 45 stenotic coronary
lesions with >25% luminal stenosis were extracted from 21
patients (51). Zreik et al. used deep learning to classify coronary
plaques (no plaque, non-calcified, mixed, and calcified), where
CCTA data of 98 and 65 patients were used for the training
and validation of algorithm, respectively. In total, 1,259 arterial
segments were extracted from 534 arteries (53). In large-
scale studies, the diversity and individual difference in plaque
geometry could be comprehensively investigated. However, the
data collection for large-scale studies could be time-consuming
and expensive.

In the studies on 3D plaque extraction, similar as in
2D studies, the numbers of arterial segments and plaques
are generally more than the number of subjects. In some
studies, the analysis of plaques is based on the cross-sections,
where the number of cross-sections is much higher than
that of subjects (29, 32, 33). In a recent study, 1,786 cross-
sections were extracted from a CTA dataset of 48 patients
to generate enough data for the 10-fold cross-validation of
the proposed algorithm (33). The extraction of cross-sections
could enlarge the dataset for analysis. Nevertheless, only 2D
geometry is represented on cross-sections. Plaque-based analysis
is needed to comprehensively evaluate the accuracy of 3D
plaque extraction.

Classification of Coronary Plaques

The 3D structure of calcified, fibrotic (48), and lipid (49) plaques
could be reconstructed from CT images. There are 2 studies
which exclusively included non-calcified plaques (64, 72). Two
studies were focused on the manual extraction of calcified
plaques (61, 62). In these studies, the calcified or non-calcified
plaques were not further classified. In the majority of studies
on 3D plaque extraction (13 out of 17), both calcified and
non-calcified coronary plaques were included (28-33, 47, 51—
56). In these studies, we observed diverse standards in the
classification of non-calcified plaques, as shown in Table 2. The
plaques could be classified according to the main component
as soft lipid-rich plaques, mixed plaques, and calcified plaques
(55), or non-calcified plaques, low-density non-calcified plaques,
and calcified plaques (56). The volume of extracted component
heavily depends on the threshold of attenuation value applied in
the study (30).

Attenuation Values of Different Plaques

As shown in Table 3, in 3D plaque extraction, 130 HU was used
as the lower threshold of calcified plaques (28) similar as in 2D
studies, while higher attenuation values such as 400 HU (47)
and 500 HU (30) were also observed. For non-calcified plaques,
the 3D reconstruction studies provided more details on the
separation between lipid-rich and fibrous plaques. Matsumoto
et al. used different thresholds attenuation (30 and 45 HU) to
extract low-density non-calcified plaques (30), and concluded
that the upper threshold of 45 HU improved the accuracy of
lipid-rich plaque assessment from CTA.

Methods of Plaque Extraction and Reconstruction

As in 2D studies, the studies on 3D coronary plaque extraction
could be classified as automatic and semi-automatic ones.
Manual interactions are common in semi-automatic methods.
Additionally, in 3D coronary plaque extraction, there is manual
co-registration of IVUS and CTA images (30, 62) which has been
applied in detecting vulnerable plaques (76). The details are listed
in Table 4.

The boundaries of interested areas can be manually set for 3D
analysis. For example, in Gaur et al.’s study, plaque components
were quantified within the manually designated area using
adaptive algorithms (56).

Manual adjustment of the segmentation and extraction results
is common in 3D semi-automatic plaque extraction (29). In
Puchner et al’s study, the vessel wall boundaries obtained by
the automated software were reviewed and manually adjusted
by an experienced (>5 years of experience in the field of
cardiovascular imaging) cardiovascular radiologist. Similarly,
in Wang et al’s study (31), the software automatically traced
the plaque boundaries and determined the luminal area, then
manual adjustment of the vessel center line and boundaries
was performed. In You et al’s study (28), the plaques were
automatically color-coded and manually adjusted. The volume of
each plaque component was then automatically measured. In Sun
etal’s study (61), manual editing and image filtering were applied
to remove the unwanted structures and smooth the surface of
coronary artery lumen.

Manual segmentation results have been widely used in
training and validating 3D plaque extraction algorithms.
In Sakellarios et al’s study (52), the initial parameters of
their classification mode were set by the median value of
the attenuation value of the artery. Manual Expectation-
Maximization algorithm based adaption was applied in order
to best fit the model to artery’s attenuation histogram. In Kigka
et al.’s study (47), the result derived by the proposed algorithm
was compared with the expert’s manual annotation of artery and
calcified plaques.

In some studies, multiple manual interactions were used in
the semi-automatic 3D reconstruction of coronary plaques. In
Wei et al.’s study, after the manual segmentation of arteries, the
locations of plaques were manually marked for the training and
validation of the algorithm (63). In Athanasiou et al’s study,
the CT and IVUS images were manually co-registered, with the
results of manual plaque extraction as the reference for algorithm
training (62). In Matsumoto et al.’s study (30), the vessel (external
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elastic membrane) and lumen contours on IVUS images were
manually delineated every 1 mm to calculate plaque volume.
Plaque co-registration between CTA and IVUS was performed
manually by another investigator, who was not involved in the
processing of CTA images. The proximal and distal reference
limits of the plaque were matched to IVUS using anatomical
landmarks, such as the distance from the aorto-coronary ostium,
target lesions, side branches, or calcifications.

In automatic 3D plaque extraction, manual segmentation of
the region of interest and marking of the proximal and distal
endpoints of plaques (32, 33) have been applied, while the manual
segmentation results for algorithm training and validation are
more commonly observed (33, 51, 53, 55, 64). Especially, the
Rotterdam database provided experts’ manual annotations of
plaques as the ground truth. The motive behind using Rotterdam
data is the availability of the manual ground truth in terms of
expert annotations i.e., segment- wise status (normal/abnormal)
and the precise position of non-calcified plaque for the abnormal
coronary segments. Therefore, it provides a reliable source of
reference data for the development of new plaque extraction
algorithms (33, 64).

Manual extraction is important for automatic methods based
on machine learning. In Zreik et al.’s study (53), plaque type and
anatomical significance of the stenosis were manually annotated
by an expert using custom-built software following the guidelines
of the Society of Cardiovascular Computed Tomography (SCCT)
for reporting CAD. Kang et al. used the consensus of three
experts’ visual assessment as the reference datasets for the 10-fold
cross-validation of a structured learning technique to detect all
coronary arterial lesions with stenosis >25% (51).

Park et al. developed an automatic 3D plaque quantification
algorithm and compared the results derived by automatic and
semi-automatic methods (54). The results of the automatic
algorithm were also compared with the IVUS results for
validation. In the semi-automatic method, the boundaries of
inner lumen and outer vessel wall were manually edited
when needed. Both experts and non-experts participated in
the manual segmentation of plaques. While both expert and
non-expert groups used automatic centerline extraction, the
experts edited the inner lumen and the outer vessel wall
contours manually, whereas, the non-expert readers used the
longitudinal contours for manual manipulation with minimal
cross-sectional editing. Lastly, the analysis was performed
on the same segments using the fully automatic contour
detection algorithm without manual editing. The automatic and
semi-automatic methods derived comparable results in plaque
quantification analysis.

Technical Innovations
For data processing and analysis, most of the 3D reconstruction
used specific algorithms whose names are disclosed while 2
studies used the algorithms embedded in the software (28, 54).
Park et al. used QAngio CT Research Edition (v2.02; Medis
medical imaging systems bv, Leiden, The Netherlands) for the
semi-automatic and automatic quantitative CT analysis (54).
The 3D reconstruction started with an automatic centerline
extraction. Based on these centerlines, straightened multiplanar

reformatted (MPR) volumes were reconstructed for the
segmentation and quantification. Longitudinal inner lumen
and outer vessel wall contours were detected by an automatic
algorithm and were segmented automatically in the transversal
images. The extracted geometry was then reviewed by experts,
and manually edited if necessary (54).

You et al. combined different novel algorithms embedded
in software in 3D plaque reconstruction (28). The 15-
segment coronary arterial model proposed by AHA was
adopted to select the arteries with diameter >2.0mm for
further analysis, with blurred segments excluded. Maximum
intensity projection, volume rendering, multiplanar reformation,
and curved multiplanar reformation results were routinely
constructed using the algorithms embedded on a commercial
workstation (EBW, Philips Medical Systems). If an abnormal
segment was identified, that coronary artery was evaluated on
an Aquarius workstation (TeraRecon, San Mateo, CA) where
non-calcified plaques were divided into lipid-rich (0-49 HU)
and fibrous (50-129 HU) plaques. The lesions on the baseline
and follow-up images were matched using adjacent anatomical
landmarks. The CAC Agatston calcium scores were calculated
using semi-automated software (EBW; Philips Medical Systems,
Best, The Netherlands), which identified the areas of at least
0.5 mm? and a density >130 HU on CT images as calcification
(28). The authors concluded that the application of different
embedded algorithms could get the analysis results in a relatively
short period for clinical use.

FBP is the current standard CT image reconstruction
technique (30), therefore, it is widely used as the reference for
the validation of 3D (29, 32) and 2D (39) plaque reconstruction
algorithms. Nevertheless, FBP is sensitive to the large variations
in attenuation value between pixels caused by noises, with the
quality of reconstructed plaques affected (77).

Compared with FBP, IR algorithms are more robust in the
existence of noises. Hybrid IR could reduce the noise or artifacts
in CT images (32) and improve the quality of low-dose chest
CT images compared with FBP (77). Especially, Model-Based IR
(MBIR) uses optic parameters of the CT scanner to improve the
imaging quality, and has been applied in the reconstruction of
medical images in low radiation dose (31, 78). As in 2D studies,
the IR algorithms consist the majority of new algorithms in 3D
reconstruction of coronary plaques.

Takahashi et al. compared ASIR, MBIR, and FBP algorithms
in extracting calcified and non-calcified plaques from the CCTA
images of 352 patients (29). They found that image noise,
Agatston score, and calcium volume decreased significantly with
ASIR compared to FBP (each p < 0.001) (79). MBIR had
higher accuracy in detecting lipid-core plaques on CCTA images
compared with FBP and ASIR (p = 0.01, in 173 cases).

In Kaérolyi et al’s study (32), compared with FBP and HIR,
IMR derived the highest CNR (p < 0.01), and the lowest overall
plaque volumes as well as calcified (>130 HU) volumes (p < 0.05
for all). For non-calcified plaques, compared with FBP and HIR,
IMR derived lower high-attenuation non-calcified volumes (90-
129 HU) (p < 0.05 for both), but similar intermediate- (30-89
HU) and low-attenuation (<30 HU) non-calcified volumes (p >
0.05 for all).
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Different 3D reconstruction algorithms could lead to different
hemodynamic parameter estimations. The computational fluid
dynamics (CFD) simulation on 3D-reconstructed coronary
artery models showed that the FFR values derived from the
3D coronary artery models reconstructed by FBP and iterative
reconstruction in image space (IRIS) are different but linearly
related [r = 0.74, 0.76, and 0.70 in left main coronary artery
(LMCA), LAD, and RCA] (80).

In 3D plaque extraction, some automatic methods have been
proposed based on machine learning or deep learning algorithms
including convolutional neural network (CNN), Support Vector
Machine (SVM), and Gaussian Mixture Model (GMM).

CNN is the commonest architecture in cardiovascular image
analysis (81). Zreik et al. investigated the automatic detection
and classification of plaques using a multi-task recurrent
convolutional neural network (RCNN) (53). Centerlines of the
coronary arteries were extracted from CCTA images of 163
patients to reconstruct MPR images. The type (no plaque,
non-calcified, mixed, calcified) and anatomical significance (no
stenosis, non-significant, i.e., <50% luminal narrowing, and
significant, i.e., >50% luminal narrowing) of plaques in the
coronary arteries were manually annotated in the MPR images
as the reference. To perform an automatic analysis, a multi-task
RCNN was applied on the MPR images of coronary arteries using
cubes of 25 x 25 x 25 voxels. The network was trained and tested
using the CCTA images of 98 and 65 patients, respectively. In
detecting the plaque type and anatomic significance, the method
achieved the accuracy of 0.77 and 0.80, respectively. Authors
concluded that CNN algorithm could be applied in the automatic
detection and classification of coronary artery plaques, which
could benefit the automated triage of CAD patients (53).

SVMs are supervised machine learning techniques. An SVM
achieves the classification by constructing a multidimensional
hyperplane that optimally discriminates between two classes,
by maximizing the margin between two data clusters. Support
Vector Machine has been widely used in the reconstruction
of different organs from CT images (82). Zhao et al. proposed
an automatic multi-class coronary atherosclerosis plaque
detection and classification framework based on SVM. Firstly,
the transverse cross-sections were retrieved along centerlines
in CCTA images, with the region of interest extracted by
coarse segmentation. Secondly, a random radius symmetry
(RRS) feature vector was extracted, which incorporated
multiple descriptions into a random strategy and greatly
augmented the training data. Finally, the RRS feature vector
was fed into the multi-class coronary plaque classifier. The
proposed SVM-based algorithm outperformed intensity feature
vector and the random forest classifier on the Rotterdam
Coronary Datasets which includes 729 non-calcified plaques,
511 calcified plaques, and 546 mixed plaques (average precision:
92.6%) (33).

Kang et al. developed a robust automated algorithm of plaque
detection based on SVM (51). All coronary arterial lesions with
stenosis >25% were detected by a structured learning technique.
The plaque detection algorithm consists of two stages: (1) two
independent base decisions indicating the existence of lesions in
each arterial segment based on SVM and formula-based analytic

method and (2) the final decision made by combining the base
decisions. The SVM algorithm extracted the geometric and shape
features from small volume patches of arterial lesions. On 42 CTA
patient datasets where 21 datasets had 45 lesions with stenosis
>25%, the proposed method achieved high sensitivity (93%),
specificity (95%), and accuracy (94%), with consensus reading
of lesions with stenosis >25% by three expert readers as the
reference. Authors concluded that their SVM-based algorithm
was promising for automated detection of obstructive and non-
obstructive lesions from CTA images (51).

A GMM is a probabilistic model based on a Gaussian
distribution for expressing the presence of sub-populations/sub-
classes within an overall population/class without requiring the
identification of the sub-class of interest (observational data).
The GMM specifies the features of the clusters which indicate
different tissues, and estimates which features are likely to differ
between clusters (83).

Sakellarios et al. proposed a 3D reconstruction method based
on the Radial Intensity Projection (RIP) (52). At each equally
distant (2mm) point on the centerline, a radial image was
produced perpendicular to the centerline using the B-spline
derivatives extracted at the specific point. The centerline was
modified using an iterative radial image correction to avoid
surface intersections in highly curved segments. Lumen, calcified
plaque, and non-calcified plaque were modeled as a 3-component
GMM. The initial parameters were set by the median value of the
HU intensity of the artery. Manual or automated Expectation-
Maximization algorithm based adaption was applied in order to
best fit the model to artery’s HU histogram. Using the GMM
model, each pixel was classified to one of the five classes: (i)
inner wall, (ii) outer wall, (iii) calcified plaque, (iv) non-calcified
plaque, and (v) background, based on the class/component
with the maximum posterior probability. The algorithms were
integrated into a tool for semi-automatic extraction of coronary
and carotid arteries (52). Similarly, in Athanasiou et al.’s work,
the Perpendicular Radial Image (RPI) was generated along the
centerline for the detection of lumen wall and potential plaque
lesion borders (62). Based on the attenuation values, the PRI
image was classified into lumen, non-calcified plaque, calcified
plaque, and background pixels using a 4-component GMM. The
parameters of the GMM were fitted to each CT dataset, based
on a set of regions (from each dataset) manually annotated
by an expert to lumen, non-calcified plaque, calcified plaque,
and background.

Jawaid et al. proposed a hybrid energy model to extract
the coronary artery tree. A tubular model and an elliptical
model were used to present the geometry of arterial segment
and cross-sections, respectively. The boundary of stenosed
segment was reconstructed from adjacent normal segments. The
reconstructed non-calcified plaques were compared with the
manually extracted lumen deformations. This automated plaque
segmentation method achieved the accuracy equivalent to human
experts, but a bulk of data is needed for adequate training of the
CNN (64).

The level-set model could simplify the numerical
computations of curves and surfaces in the 3D reconstruction of
plaques. Kigka et al. developed a semi-automated method using
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level sets to extract calcified and non-calcified plaques as well
as arterials walls (47). The results were in accordance with the
manual annotation by experts and the results reconstructed from
IVUS images.

Motion artifacts could cause the deformation of the
reconstructed 3D arterial geometry. To eliminate the artifact-
defective segmentation, Ghanem et al. proposed a robust
framework for the 3D reconstruction of coronary arteries. Firstly,
the initial contour of lumen inner wall was derived using Hessian
analysis and region growing. Secondly, the initial contour of
arterial outer wall was derived using mathematical morphology.
Finally, the lumen and vessel wall were segmented using level
sets. Based on the extracted geometry, the 3D meshes of lumen
and vessel wall were generated using marching cube methods.
Curved multi-planar reformation was used to modify the
geometry (55).

Geometric Parameters in Measurement

As summarized in Table 6, the 1D and 2D geometric parameters
used in 2D plaque extraction could also be measured in 3D plaque
extraction. The severity of stenosis and plaque burden could
therefore be calculated as in 2D reconstruction. The severity
of stenosis could be estimated by the ratio of lumen diameters
at the stenotic center (Ds) and normal segment (Dn): severity
= 1-Ds/Dn. This parameter reflects the thickening of arterial
wall due to the accumulation of adipose tissue, and is directly
related to the decrease in myocardial blood flow (53). Kang
et al. proposed a new parameter to evaluate the shape of an
arterial cross-section from its area and perimeter: circularity
= 4 -area/perimeter? (51). Additionally, the maximal lumen
area stenosis percentage was also used to estimate the severity
of stenosis (54). For the lipid-rich non-calcified plaques, the
percentage of the lipid core on the arterial cross-sections and cap
thickness ()um) were measured (29) to evaluate the extent of lipid
core development.

Besides aforementioned 1D and 2D parameters, some
3D geometric parameters could be measured in 3D plaque
extraction, including the volume of plaque and different
components, the length of arterial segment centerline, surface
area, and the angle between the vector of centerline and
plaque surface (62). Figure 1 illustrates the geometric parameters
commonly used in 3D plaque extraction.

Intra- and Inter-Observer Repeatability

In the 16 original studies on 3D plaque extraction, 4 included the
intra-observer repeatability (32, 33, 54, 55), and 8 included the
inter-observer repeatability (28, 30, 32, 51, 53-56).

The repeated measurements were performed by experts
including experienced radiologists or technicians (32). Most
of these studies included 2 experts on coronary imaging.
Exceptionally, a study included three expert readers of CT
images to make a consensus reading as the reference which was
compared with the reading made by a blinded reader (51). It was
suggested that intra- and inter-observer repeatability is important
for algorithm validation and has been widely used in recent
studies on 3D plaque extraction (72).

Reference of Accuracy

As in 2D studies, IVUS and ICA were used as the reference
for the evaluation of 3D plaque extraction methods (39, 64). In
addition, different types of scans such as MTCT or biplane X-ray
angiography have also been used as the reference of accuracy (47).
One study reported using 3D remodeling, which is a relatively
new method for the coronary plaque assessment (64).

DISCUSSION

Summary: Merits and Limitations of
Current Methods

In this review, we focus on the summarization of the merits and
limitations of recent studies in three aspects (data, method, and
evaluation), not the detailed analysis of algorithmic innovations.
The methods and algorithms in these studies are highly diverse
with different theoretical bases. Therefore, we introduced some
innovations in these methods and algorithms but did not list
the details.

Data

In both 2D and 3D studies, in vivo data were commonly used.
In vivo data reflect the patient-specific anatomical structures,
therefore are indispensable for the full validation of plaque
extraction algorithms. However, for in vivo data, motion artifacts
caused by cardiac movements could affect the quality of CT
images. In comparison, motion artifacts are excluded from ex
vivo data. Therefore, ex vivo data could be used to evaluate the
accuracy of algorithms in reflecting anatomic details. Regarding
in vitro and phantom data, geometric parameters could be
directly measured on the models; therefore the accuracy of
plaque extraction algorithms could be evaluated quantitatively.
For phantom data, geometric parameters such as the radius
of arterial segment, the thickness of plaque, as well as the
material components, are all adjustable for the evaluation in
different levels. Additionally, biomechanical or hemodynamic
experiments could be performed on the in vitro models and
phantoms to evaluate the plaque extraction algorithms in
different pathophysiological conditions.

Most of the reviewed studies used 1-2 types of data.
More types of data can be included for the comprehensive
evaluation of new algorithms in geometrical details. The majority
of studies included <100 human subjects. Considering the
individual difference in the anatomy of coronary arteries, multi-
center large-scale studies are necessary to validate the proposed
algorithms for clinical applications.

2D and 3D Algorithms

The majority of 2D reconstruction methods are based on FBP and
IR. The machine learning algorithms are widely used in the 3D
reconstruction of coronary plaques (33, 51-53, 62).

IR algorithms could reduce noises and radiation dose in
CT scanning, and improve the quality of CT images of obese
patients, coronary atherosclerotic plaques, coronary stents, and
myocardial perfusion (84). Therefore, IR algorithms have been
widely embedded in the software. Despite the benefits in dose
reduction, it is still unclear exactly which kV and mAs for a
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TABLE 6 | Geometric parameters in CT-based coronary plaque evaluation.

Study Geometric parameters
2D 3D
Gaur et al. (56) Numbers of obstructive lesions (stenosis > 50%), plaque Volume of non-calcified plaques; low-density non-calcified

Jawaid et al. (64)
Sakellarios et al. (52)
You et al. (28)
Ghanem et al. (55)

Wei et al. (63), as
summarized in the

review by Jawaid et al.

(72)
Athanasiou et al. (62)

Park et al. (54)

Kigka et al. (47)

Karolyi et al. (32)
Zhao et al. (33)

Puchner et al. (29)

Wang et al. (31)

Matsumoto et al. (30)

Sun et al. (61)
Kang et al. (51)
Zreik et al. (53)

length (mm).

Arterial wall thickness, lumen area.
Artery outer border, area of plaques on cross-sections.
N/A

Vessel wall thickness (mm), plaque length (mm), luminal
stenosis (%),

N/A Stenosis volume in %

N/A

Minimal lumen area (mm?), maximal lumen diameter stenosis
percentage (%), maximal lumen area stenosis percentage (%),
mean plaque burden (%).

Degree of stenosis (%). Minimal lumen diameter (mm).
Minimal lumen area (mm?). Plaque burden (%).

Lesion length (mm)

Estimated radius of plaque area segmented from
cross-section (mm).

Area of calcified and lipid-care plaques on cross-sections
(mm?), circumference, width, and cap thickness of lipid core
(m), plaque burden (%)

Lumen area (mm?)

Plaque thickness (mm), plaque area (mm?) on cross-section,
Plaque burden (%).

Degree of lumen stenosis (%).
Degree of lumen stenosis (%). Circularity of cross-section.
Degree of lumen stenosis (%).

plaques, calcified plaques, and all plaques (mm?), aggregate
plague volume (%).

N/A

Centreline, volume.

Volume of calcified, fibrous and lipid-rich plaques (mm?®)
Volume of calcified, mixed, and soft lipid-rich plaques (mm?®)

Centreline and length of vessels

Volume (mm3), surface area (mm?), maximum length (mm), and
inner angle (degree) of plaques. Overlapping volume between
different objects (lumen, wall and plague).

Volume of lumen, vessel, and plaques (mm?®)

N/A

Plaque volume (mm?®), lumen volume (mm3), vessel volume (mm3).

N/A

N/A

volume of plague components (mL) and their relative values (%)

Plagque composition volume (mm?) and the ratio in total plaque
volume

N/A
Location of stenosis (mm) from ostium.
N/A

given body habitus is optimal with each IR algorithm (85).
Furthermore, IR could influence many factors that are important
for the clinical risk stratification of CAD, including coronary
calcification, plaque burden and composition, as well as stenosis
severity (85). There is a lack of comprehensive evaluation of
different IR algorithms regarding diagnostic accuracy and patient
management. In most of the studies included in this review,
the results of IR algorithms were compared with the results of
standard FBP method only (see sections Technical Innovations).
Additionally, there is a lack of quantitative evaluation of IR
algorithms based on ex vivo or phantom data.

Tsompou et al. compared the 3D reconstruction methods
based on different cardiovascular images (86). It was found
that, with de-blooming algorithms, the geometric parameters
(normal and stenosed lumen diameters, severity and length of
plaque) and wall shear stress calculated from the 3D models
reconstructed from CCTA images were not significantly different
from the results derived from quantitative coronary analysis
and IVUS (86). Therefore, the accurate estimation of 3D plaque
geometry could be achieved by using CT images. However, the

majority of 3D plaque reconstruction algorithms are based on
attenuation value or diameter estimation (Table 3). There is
a lack of investigation on the 3D geometric characteristics of
coronary plaques.

Machine learning has been widely used in the analysis of
cardiac images and signals and has been proven to be effective in
predicting heart failure and other clinical events (87). Especially,
fully automated machine learning algorithms may facilitate the
processing of large-scale image datasets. For clinical application,
images from picture archiving and communication systems can
be segmented out and fed into other machine learning layers
in order to establish a diagnostic and a prognostic course
(87). For example, the risk of plaque rupture is associated
with stress concentration, which depends on the mechanical
properties and the geometry of the reconstructed plaques (88).
Thus, machine learning could assist the clinical professionals
to estimate the vulnerability of the atheroma plaque (88). In
comparison, traditional 3D finite element analysis of plaque
rupture requires huge computational resources, therefore is
not suitable for clinical use. The machine learning methods
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Vp=Vc+Vnc

1DzES
2D: ACS, ACc, ACnc
3D: LC, Vsl, Vnc

Cross-section

ACnc
ACp=ACc+ACnc

FIGURE 1 | 1D, 2D, and 3D geometric parameters used in 3D plaque
reconstruction. LS, length of stenosis; LC, length of centreline of arterial
segment; Vsl, volume of lumen in stenosed segment; Vnc, volume of
non-calcified components; V¢, volume of calcification; Vp, volume of plaque;
ACN, area of lumen cross-section in normal segment; ACS, area of lumen
cross-section in stenosed segment; ACc, cross-section area of calcification;
ACnc, cross-section area of non-calcified (lipid or fibrotic) components; ACp,
cross-section area of plaque. The red, yellow, and white areas illustrate the
stenosed lumen, the non-calcified components, and the calcification.

have been applied in the classification of plaque type (33,
53) and anatomic significance (51, 53, 64), whereas, there
is a lack of clinical validation and application. Additionally,
machine learning can be used in the estimation of hemodynamic
parameters of coronary arteries such as FFR from CTA images
(89). The application of machine learning in the CT-based
coronary plaque assessment deserves further investigation under
multidisciplinary collaboration.

Automatic Algorithms and Manual Interactions

As shown in Table4, setting the boundaries and adjusting
the results are the commonest manual interactions in semi-
automatic plaque extraction methods (72). However, manual
adjustment is time-consuming and dependent on operator skills
(24). There is a high need to develop automated methods that can
achieve the reliable extraction of coronary plaques.

Advanced algorithms based on AI (machine learning,
deep learning, etc.) provide an important approach toward
the automation of coronary plaque extraction. For example,
Wolterink et al. have successfully developed an automatic
method to identify the calcified voxels using paired convolutional
neural networks (90). Furthermore, based on the big data and
new technologies such as radiomics, more information could be
extracted in parallel with the reconstruction of plaque geometry,
achieving the preliminary diagnosis and automatic screening of
CAD patients based on clinico-radiological information (91).

In both semi-automatic and automatic methods of plaque
extraction, the manual extraction results have been widely used
for training and validating the algorithms. In 2013, Kirisli
et al. compared 11 automatic and semi-automatic algorithms
of coronary plaque extraction on a dataset of 48 symptomatic
CAD patients (92). The authors quantitatively evaluated the

accuracy of these algorithms. They concluded that current
stenosis detection/quantification algorithms are not sufficiently
reliable to be used stand-alone in clinical practice, but that
some could be used for triage or as a second-reader. They also
suggested that automatic lumen segmentation could achieve the
precision comparable to experts’ manual segmentation. Thus,
the manual extraction results with high accuracy still play a
key role in algorithm evaluation. The standardized datasets such
as Rotterdam dataset (33, 64) provided an appropriate choice.
Nevertheless, due to the limitations in data sharing, very few
datasets are currently available.

IVUS images have high resolution, which makes them
adequate for clinical diagnosis and algorithm validation.
Additionally, to improve the accuracy of plaque extraction, IVUS
images could be used as a virtual reality tool to explore and
understand the outer and inner structure of coronary arteries
(76). Compared with manually extracted results, IVUS images
could serve as a more reliable reference for the validation of
plaque extraction algorithms. However, the validation requires
the co-registration of CT and IVUS images, which is still often
performed manually.

Geometric Parameters

The geometry of coronary arteries and plaques could influence
the development of atherosclerosis and the occurrence of
cardiovascular events (93). In the majority of 2D studies, the
geometric parameters are measured from the cross-sections or
other 2D images. In 3D studies, 1D, 2D, and 3D parameters are
all included. It has been proven that the geometric parameters
(cross-section area, area severity, etc.) of coronary plaques are
reproducible with high intra- and inter-observer agreement (94).
The severity of plaques has been estimated by the ratios in
diameter (53) and area (39, 66). Some secondary parameters
could be derived from the 3D geometry of coronary plaques.
For example, radius gradient of the plaque, which reflects
longitudinal lesion asymmetry, has been proven to be associated
with the location of plaque rupture and consequent clinical
events (95). The curvature and tortuosity of coronary arteries
might be related to the development of atherosclerosis and plaque
size (96, 97). These secondary parameters and their clinical
indication need further investigation.

Extraction and Classification of Different Plaques

As to the extraction of calcified plaques, de-blooming algorithms
(17, 86) have been proposed and proven to be effective in
reducing blooming artifacts (86). However, it was found that
the calcium density, which is directly related with blooming
artifacts, has little effect on the accuracy of CTA (98). Therefore,
other details such as the dose, individual difference, and the de-
blooming of co-existing plaques and stents (99), need further
investigation to improve the accuracy and reliability of calcified
plaque extraction.

For non-calcified plaques, we observed different classification
standards (Table 2) and attenuation thresholds (Table 3). The
most detailed classification included lipid-rich, fibrous, and
calcified plaques. In a parallel study on plaque extraction in
carotid arteries on CTA images, the components of non-calcified
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FIGURE 2 | Extraction of different components of a vulnerable plaque in
carotid artery using semi-automatic method based on different HU values. (A)
Sagittal section of carotid artery. (B) Transverse section. Adapted from Diab
etal. (100) © 2019 by the authors. CC BY 4.0.

plaques have been classified as lipid, fibrofatty, fibrotic, and
fibro-calcified (100) (Figure 2). In another study, carotid plaques
are classified as intimal lipid accumulation, lipid-rich necrotic
cores, calcification, fibrosis, and calcification (101). Lipid-rich
necrotic core is a major characteristic of high-risk vulnerable
plaques, which is an important reference for clinical diagnosis
and intervention. It has been known that lipid-rich lesions can
be separated from more fibrous ones on CT images, which could
be used to estimate the risk of plaque rupture (102). In 2013,
Obaid et al. evaluated the accuracy of a 3D plaque extraction
method in estimating different components of coronary plaques
on CT images (103). The accuracies of CT and VH-IVUS were
comparable in detecting calcified plaque (83 vs. 92%), necrotic
core (80 vs. 65%), and fibroatheroma (80 vs. 79%), with ex vivo
histology as the reference. A plaque containing large amounts
of lipid may be classified by VH-IVUS as fibro-fatty tissue but
have low attenuation, and be classified as the necrotic core on
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Partitioning the Right Ventricle Into
15 Segments and Decomposing Its
Motion Using 3D
Echocardiography-Based Models:
The Updated ReVISION Method

Marton Tokodi™, Levente Staub?2, Adam Budai?®, Balint Karoly Lakatos', Maté Csakvari?,
Ferenc Imre Suhai’, Liliana Szabd ', Alexandra Fabian', Hajnalka Vago ', Zoltan Tésér?,
Béla Merkely ' and Attila Kovacs ™

" Heart and Vascular Center, Semmelweis University, Budapest, Hungary, 2 Argus Cognitive, Inc., Lebanon, NH,
United States, ° Department of Automation and Applied Informatics, Budapest University of Technology and Economics,
Budapest, Hungary

Three main mechanisms contribute to global right ventricular (RV) function: longitudinal
shortening, radial displacement of the RV free wall (bellows effect), and anteroposterior
shortening (as a consequence of left ventricular contraction). Since the importance of
these mechanisms may vary in different cardiac conditions, a technology being able
to assess their relative influence on the global RV pump function could help to clarify
the pathophysiology and the mechanical adaptation of the chamber. Previously, we
have introduced our 3D echocardiography (3DE)-based solution—the Right Ventrlcular
Separate wall motlon quantificatiON (ReVISION) method—for the quantification of the
relative contribution of the three aforementioned mechanisms to global RV ejection
fraction (EF). Since then, our approach has been applied in several clinical scenarios, and
its strengths have been demonstrated in the in-depth characterization of RV mechanical
pattern and the prognostication of patients even in the face of maintained RV EF
Recently, various new features have been implemented in our software solution to
enable the convenient, standardized, and more comprehensive analysis of RV function.
Accordingly, in our current technical paper, we aim to provide a detailed description
of the latest version of the ReVISION method with special regards to the volumetric
partitioning of the RV and the calculation of longitudinal, circumferential, and area strains
using 3DE datasets. We also report the results of the comparison between 3DE- and
cardiac magnetic resonance imaging-derived RV parameters, where we found a robust
agreement in our advanced 3D metrics between the two modalities. In conclusion,
the ReVISION method may provide novel insights into global and also segmental
RV function by defining parameters that are potentially more sensitive and predictive
compared to conventional echocardiographic measurements in the context of different
cardiac diseases.

Keywords: 3D echocardiography, right ventricle, right ventricular function, right ventricular mechanics,
decomposed wall motion
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The Updated ReVISION Method

INTRODUCTION

For many years, emphasis in clinical cardiology was placed on
left ventricular (LV) performance, overshadowing the study of
the right ventricle (RV). However, RV function has been recently
proven to be an important prognostic factor in heart failure
with reduced or preserved ejection fraction (EF) and pulmonary
hypertension (1-4). Moreover, the precise assessment of RV
function has emerged as a cornerstone of patient management
in specific subgroups, such as in patients with mechanical
circulatory support devices or grown-up congenital heart disease
(5-7). Therefore, the detailed evaluation of RV function to
detect even subtle but prognostic changes and to support clinical
decision-making represents a compelling demand.

Mechanistically, the RV shows a distinctive contractile
pattern with three main mechanisms: (i) shortening along the
longitudinal axis with the traction of the tricuspid annulus
toward the apex; (ii) inward (radial) movement of the RV
free wall (often referred to as the “bellows effect”); and (iii)
bulging of the interventricular septum into the RV during the
LV contraction and stretching of the free wall over the septum
(causing shortening along the anteroposterior direction) (3, 8).
Since the importance of these mechanisms may vary in different
cardiac conditions, a technology being able to assess their relative
influence on the global RV pump function could help to clarify
the pathophysiology and the mechanical adaptation of the RV (3).

For this purpose, we developed the Right VentrIcular Separate
wall motlon quantificatiON (ReVISION) method a few years
ago, which is a 3D echocardiography (3DE)-based solution for
the quantification of the relative contribution of longitudinal,
radial, and anteroposterior shortening to global RV EF (9).
Since then, our technology has been applied in several clinical
scenarios (10-12), and the strengths of the ReVISION method
have been demonstrated in the in-depth characterization of RV
mechanical pattern and the prognostication of patients even in
the face of maintained RV EF (13). The ReVISION method
and the associated online platform (demo version available at
https://www.revisionmethod.com) are improved continuously,
and recently, various new features, such as the assessment
of longitudinal, circumferential, and area strains have been
implemented to enable the convenient, standardized, and more
comprehensive analysis of RV function using 3DE datasets.

In addition to the parameters of global ventricular function
and geometry, segmental metrics bear clinically relevant
information. Concerning the LV, standardized segmentation is
widely performed in different cardiovascular imaging modalities
mainly to correlate regional dysfunction with coronary perfusion
territories (14) or to appreciate and quantify distinct patterns
in LV myocardial function, which could be a characteristic of
certain pathological processes (15). The same applies to the RV,
as pulmonary hypertension or arrhythmogenic cardiomyopathy
are just two clinical examples among several others, where
established regional dysfunction exists (1, 16, 17). Nevertheless,
only a few options are available for the comprehensive and
quantitative assessment of the regional RV function due to
its complex 3D shape and mechanics. Therefore, we designed

and implemented a volumetric segmentation (i.e., partitioning)
algorithm in our current software solution.

In this technical paper, we aimed to provide a detailed
description of the updated ReVISION analysis pipeline with
special regards to the volumetric partitioning of the RV
cavity and the calculation of longitudinal, circumferential, and
area strains using 3DE datasets. We also sought to compare
our echocardiography-based findings concerning the relative
contribution of the three aforementioned motion components
with those obtained by cardiac magnetic resonance imaging
(CMRI)-based 3D reconstruction.

MATERIALS AND METHODS

The ReVISION Analysis Pipeline

The updated ReVISION analysis pipeline comprises four
consecutive steps: (i) image acquisition and 3D RV model
reconstruction, (ii) adjusting orientation, (iii) volumetric
segmentation, and (iv) calculation of global and segmental
metrics, including the quantification of the relative contribution
of longitudinal, radial, and anteroposterior motion components
(Figure 1). Our software solution was implemented as a
user-friendly and convenient online platform (https://www.
revisionmethod.com), where the user can upload and analyze the
reconstructed 3D models of the RV. The analytical components
were written in C++, relying on the Eigen linear algebra library
(version 3.3.7). The rest of the software stack uses the Play
Framework (Scala, version 2.8.2) in the backend and Typescript
(version 3.9.5) in the frontend.

Image Acquisition and 3D RV Model Reconstruction
3DE datasets can be acquired with 3D capable commercially
available cardiac ultrasound systems. Then, these datasets are
required to be processed using a dedicated software solution (4D
RV-Function 2, TomTec Imaging, Unterschleissheim, Germany)
to generate 3D models of the RV suitable for the ReVISION
analysis. Following the image acquisition and 3D model
reconstruction process, a series of UCD files and a header file can
be exported for each subject from the dedicated software. Each
UCD file contains a 3D polygon mesh representing a time instant
(a frame) in the cardiac cycle. Each vertex in a mesh corresponds
to a specific anatomical position, and this correspondence is
consistent across time instants and patients. These files serve as
the input for the next steps of the analysis.

Adjusting Orientation
The exported files contain a series of my,...,m, meshes
where m; {(1,71,21) - (x,)4-21) | denotes a set
of 3D coordinates. A local coordinate system is defined
for the end-diastolic mesh of each mesh series, where the
basis vectors correspond to the longitudinal, radial, and
anteroposterior directions (Figure 2). We denote these basis
vectors as B;, B,,B, € R’, respectively, and we use them to
transform each mesh (m;) of the given mesh series into m; =
{B’lvk |vie € m; } where B = [B}, B;, B, .

To define B, the following multistep analysis is performed.
First, the points of the septum-free wall boundary (P
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FIGURE 1 | Schematic illustration of the Right Ventrlcular Separate wall motlon quantificatiON (ReVISION) analysis pipeline. The updated ReVISION analysis pipeline
comprises four consecutive steps: (i) image acquisition and 3D right ventricular model reconstruction, (i) adjusting orientation, (i) volumetric segmentation, and (iv)
calculation of global and segmental 3D metrics. See text for further details. RV, right ventricle.

Volumetric
segmentation

©
t»:?
S

Calculating
3D metrics

Global and segmental
volumes and strains

Motion components

{p1-p2,-...pm}) are selected automatically from predefined
groups of vertices so that they have a maximal local mean
curvature. Then, a plane is fitted to the selected points using
orthogonal distance regression (18), and B, is defined as the
normal vector of this plane. B; should point from the apex
(vq - the vertex corresponding to the apex) toward the midpoint
of the most basal vertex of the anterior and the most basal vertex
of the posterior septum-free wall boundary (v, ‘DIJFTP'”, where
p1 is the most basal vertex of the anterior and p,, is the most basal
vertex of the posterior septum-free wall boundary). These two
points are projected to the plane defined by B, and denoted as e
and 4, respectively. Then, the longitudinal basis vector is defined

I S:Z T Finally, we define the anteroposterior basis vector

as B, = B, x Bj. As the result of the orientation adjustment, the
longitudinal direction will correspond to the vertical axis, and
the radial and anteroposterior directions will be parallel to the
horizontal plane.

as B; =

Volumetric Segmentation

Volumetric segmentation is performed on the end-diastolic
mesh of each series to obtain 15 RV segments (Figure 3). First,
the fraction of the mesh containing the inflow and outflow
segments is separated by a horizontal slicing plane positioned
at a predefined height along the longitudinal (i.e., vertical) axis
(dy—a vector defining the height of the slicing plane along the
vertical axis). Then, the remainder of the mesh is trisected by
two other horizontal planes at equidistant heights. The following
parametric equation represents each horizontal slicing plane:

aTni +di=0

where the n; = 1, = n3 normal vectors of the slicing planes are
vertical, and d3 and d; are placed at equidistant heights between

d; and the most apical point of the RV (i.e., the vertex with the
minimal y-coordinate).

Next, the horizontal slices are divided further. The inflow
segment is separated from the outflow segment by a vertical
slicing plane along the midpoint of the central vertices of
the tricuspid and pulmonary annuli. Using vertically aligned
standard planes, the septal and free wall portions of the
horizontal slices are divided into further segments. The vertical
slicing planes split the slices into three free wall and two
septal segments on the basal and mid-levels and into two free
wall and one apical segments on the apical level aiming for
equal volume distribution among the segments within the given
slice. After the parcellation is completed, the newly generated
(non-closed) sides of the segments are covered by smooth
biharmonic surfaces. As the segmentation is performed on
the end-diastolic mesh, the positions of the newly generated
vertices are interpolated in all other frames using their
barycentric coordinates.

Calculation of Global and Segmental Metrics and
Quantifying the Relative Contribution of Longitudinal,
Radial, and Anteroposterior Motion Components
To calculate global longitudinal strain (GLS), 45 longitudinally
oriented contours (i.e., longitudes) are generated by connecting
the apex (v;) and the predefined vertices of the RV base (E =

{(k)”

Ve }k—l) through specific vertices of the middle section of the
RV (C =

n
vgk)}k 1) with geodesic lines. This method ensures
that the longitude; are distributed evenly on the surface of the
mesh. The length of the j longitude (LJ’-) can be calculated as the
sum of the va—vgk) and vgk)—vgk) geodesic distances. The change
in the length of each longitude can be monitored throughout
the entire cardiac cycle, and GLS can be computed using the

following formula:
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. id single contour], the length of the j circumferential contour is
Pulmonary T”CL:SP' computed as:
valve valve
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FIGURE 2 | Schematic representation of the orientation adjustment. A local
coordinate system is defined for each mesh series, where the basis vectors
correspond to the longitudinal (blue arrow), radial (red arrow), and
anteroposterior directions (green arrow). First, the points of the septum—free
wall boundary (red dots) are selected automatically from predefined groups of
vertices so that they have a maximal local mean curvature. Then, a plane is
fitted to the selected points using orthogonal distance regression (gray plane),
and the radial basis vector is defined as the normal vector of this plane. The
longitudinal basis vector should point from the apex (v,) toward the midpoint of
the most basal vertex of the anterior and the most basal vertex of the posterior
septum—free wall boundary (2522 where p1 is the most basal vertex of the
anterior and pp, is the most basal vertex of the posterior septum—free wall
boundary). These two points are projected to the plane defined by the radial
basis vector, and they are used to define the longitudinal basis vector. Finally,
the anteroposterior basis vector can be determined using the other two basis
vectors. See text for further details. The 3D right ventricular model is visualized
from anteroseptal point of view. The surface of the mesh is color-coded based
on the local mean curvature: yellowish colors indicate the most convex
surface, whereas the deepest blue colors correspond to the most concave
surface. AP, anteroposterior.

n end—systole

_ B
GLS (%) = 100 Z Lendfdiastale 1
=1\

For global circumferential strain (GCS) calculations, the inflow
and outflow segments are omitted. Fifteen circumferential
contours (i.e., latitudes) are created by slicing the mesh with
horizontal planes at equal distances along the longitudinal axis.
After generating the set of circumferential contours [{C;l) }
(@)

where Cj

j=1...n’

(v1,v2,..., v) is the list of vertices on a

-1
Ci=Y llvipn — il
i=1

GCS is calculated using the contour lengths at end-diastole
and end-systole:

n end—systole

J

GCS (%) =100+ Y | — e —
=1\

Global area strain (GAS) quantifies the change in the endocardial
surface area between end-diastolic and end-systolic frames. The
surface area of the m; triangle mesh can be assessed as:

; [t —t3) x (2 — 13)
A=) .

teT!

where T' = {#; € R*},_| is the set of triangles of the /iz; mesh.
Similar to previous calculations, GAS is defined as:

Aend—systole

GAS (%) = 100+ \ i dastole —

The volume of each mesh (or segment) is calculated using the
shoelace formula (19). Let T be the set of triangles 77; mesh. For
eacht = {(xl,yl,zl) s (xz,yz,zz) ,(x3,y3,23)} € T, the volume
of the tetrahedron bounded by the vertices of t and the origin:

1
Vii= g(—x3yzzl + X2)321 + X3Y120 — X1)322 — X2)123 + X1)223)

Note that V; is signed, meaning that its value may be negative
if the normal vector of the triangle points toward the origin.
According to the signed tetrahedron method, the volume of the
m; mesh is the sum of the signed V; volumes:

V=>"V

teT

Motion decomposition is performed along the aforementioned
directions in a vertex-based manner, as previously described (9).
End-systolic volumes (ESV) and corresponding EFs generated by
each motion component (longitudinal ESV and EF, radial ESV
and EF, anteroposterior ESV and EF) can be quantified.

Beyond the global parameters, we can calculate regional
metrics (i.e., septal and free wall longitudinal or area strains;
basal-, mid-, and apical-level circumferential or area strains) and
also segmental metrics for each of the 15 segments (segmental
strains and volumes).
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1. Outflow tract 9. FW mid lateral

2. Inflow tract 10. FW mid posterior

3. FW basal anterior 11. Sept. mid posterior
T 4. FW basal lateral 12. Sept. mid anterior

5. FW basal posterior 13. FW apical anterior

6. Sept. basal posterior 14. FW apical posterior

7. Sept. basal anterior 15. Apex

8. FW mid anterior

FIGURE 3 | Volumetric partitioning of the right ventricle. (A) Segmentation is performed on the end-diastolic mesh of each series to obtain 15 segments. First, the
fraction of the mesh containing the inflow and outflow segments is separated by a horizontal slicing plane positioned at a predefined height along the longitudinal (i.e.,
vertical) axis. Then, the remainder of the mesh is trisected by two other horizontal planes at equidistant heights. Next, the horizontal slices are divided further. The
inflow segment is separated from the outflow segment by a vertical slicing plane along the midpoint of the central vertices of the tricuspid and pulmonary annuli. Using
vertically aligned standard planes, the septal and free wall portions of the horizontal slices are divided into further segments. The vertical slicing planes split the slices
into three free wall and two septal segments on the basal and mid-levels and into two free wall and one apical segments on the apical level aiming for equal volume
distribution among the segments within the given slice. See text for further details. The 3D right ventricular model is visualized from septal point of view. (B) The “bull’s
eye” plot and the nomenclature of the 15 newly generated right ventricular segments. FW, free wall; LV, left ventricle; RV, right ventricle; Sept., septum.

Reproducibility of Global and Segmental were enrolled as part of prospective studies (each approved
RV Metrics by the Regional and Institutional Committee of Science and

Although the second, the third, and the fourth steps of the Research Ethics, approval no. 13687-0/2011-EKU and 034309-
ReVISION pipeline (i.e., the orientation adjustment, the motion ~ 006/2014/OTIG) and provided written informed consent prior
decomposition, the volumetric segmentation, and the calculation 0 enrollment to the archiving and analysis of their datasets and
of metrics) are fully automated, and they do not introduce any  the publication of subsequent results.

additional observer-related variability, we sought to analyze how

the differences in 3D contouring and 3D model reconstruction

(using the dedicated TomTec software solution) affect the results 3D Echocardiography

of our analysis. Echocardiographic examinations were performed with a
commercially available ultrasound system (GE Vivid E95, 4Vc-D
Study Population probe, Horten, Norway) in all cases. Beyond the conventional

To assess the reproducibility of global and segmental RV  echocardiographic protocol, ECG-gated full-volume 3D datasets
metrics, 10 healthy, sedentary control subjects (five males, 21  reconstructed from four cardiac cycles and optimized for the
£ 2 years), 10 elite water polo athletes (five males, 21 = RV were obtained from apical view targeting a minimum
5 years, 22 £ 4h of training per week), and 10 end-stage  volume rate of 25 volumes/second. Datasets were processed
heart failure patients with reduced LV EF (seven males, 57  using a commercially available dedicated software solution (4D
+ 14 years) were retrospectively identified in our database. = RV-Function 2, TomTec Imaging, Unterschleissheim, Germany),
Thus, subjects represented a wide range of cardiac volumes and RV end-diastolic volume (EDV), ESV, EE 2D free wall, and
and function. The study protocol conforms with the principles  septal longitudinal strain were measured. The 3D models of the
outlined in the Declaration of Helsinki and the local regulatory ~ RV were exported frame by frame throughout the cardiac cycle
and data protection standards (20). All subjects in our database  for further analysis with the ReVISION method.
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Analyzing Intra- and Interobserver Reproducibility

To assess the intraobserver reproducibility of the parameters,
the operator (BKL), who performed the first measurements,
repeated the 3D reconstruction (using TomTec 4D RV-Function
2) and analysis of the RV models blinded to previous results.
Then, a second experienced operator (AK) also performed the
3D reconstruction (with TomTec 4D RV-Function 2) and the
ReVISION analysis of the same subjects in a blinded fashion in
order to determine interobserver reproducibility.

Comparison of ReVISION- and TomTec-Derived RV
Longitudinal Strains

Using the first series of measurements performed by the
original operator (BKL), the correlations were assessed between
RV longitudinal strain values computed with the ReVISION
method (3D global, free wall, and septal longitudinal strain)
and the TomTec 4D RV-Function 2 (2D free wall and septal
longitudinal strain). In the calculation of RV longitudinal strains,
an important technical difference should be noted between the
two software solutions: the TomTec 4D RV-Function 2 assesses
2D free wall and septal longitudinal strains using 2D standard
apical four-chamber views derived from the 3D datasets, whereas
the ReVISION method calculates 3D global, free wall, and septal
longitudinal strains using the reconstructed 3D meshes of the RV,
as described above.

Statistical Analysis

The intra- and interobserver variability and reliability were
evaluated using the intraclass correlation coefficient and
the coeflicient of variation, respectively. The correlations
between the ReVISION- and TomTec-derived longitudinal
strain measurements were quantified using Pearson correlation
coefficients. A p < 0.05 was considered significant. All statistical
analyses were performed in R (version 3.6.2, R Foundation for
Statistical Computing, Vienna, Austria).

Comparison of 3DE- and CMRI-Derived

Metrics

Study Population

Six healthy, sedentary control subjects (three males, 21 =+
2 years) without any known cardiovascular disease or risk
factors, along with six healthy elite athletes of various sports
disciplines (four males, 23 & 8 years, 15 & 6h of training
per week) and six heart failure patients with reduced LV EF
in a stable clinical and hemodynamic condition (five males,
73 & 7 years) were retrospectively identified in our database
to match our predefined criterion of having a 3DE and a
CMRI examination within 30 days. This population was used to
investigate the agreement between the 3DE- and CMRI-based 3D
RV models concerning the relative contribution of longitudinal,
radial, and anteroposterior motion components. All analyses and
measurements were performed blinded to the results assessed
with the other imaging modality. The study protocol conforms
with the principles outlined in the Declaration of Helsinki and the
local regulatory and data protection standards (20). All subjects
in our database were enrolled as part of prospective studies
(each approved by the Regional and Institutional Committee of

Science and Research Ethics, approval no. 13687-0/2011-EKU
and 034309-006/2014/OTIG) and provided written informed
consent prior to enrollment to the archiving and analysis of their
datasets and the publication of subsequent results.

3D Echocardiography

Echocardiographic examinations, 3D model reconstruction, and
analyses were performed in the same way as explained in the
previous section (Reproducibility of Global and Segmental RV
Metrics) of this paper.

CMRI Protocol

CMRI examinations were conducted using a 1.5-Tesla MRI
scanner (Achieva, Philips Medical Systems, Eindhoven, The
Netherlands) with a five-channel cardiac coil. Retrospectively
gated, balanced steady-state free precession cine images were
acquired in conventional long- and short-axis views covering the
LV and RV. Short-axis cine images were obtained with 8-mm slice
thickness (no interslice gaps), in-plane resolution of 1.5 x 1.5 mm
and temporal resolution of 25 phases per cardiac cycle.

Reconstruction of 3D RV Meshes From CMR Images
After the end-diastolic and end-systolic cardiac phases were
identified, the epi- and endocardial layers were manually traced
in cine short-axis images, and RV EDV, ESV, and EF were assessed
with a dedicated post-processing software solution (Medis Qmass
7.6, Medis, Leiden, The Netherlands). The endocardial contours
of the RV were exported to separate files as a series of 2D
point coordinates. These files were supplied into a 3D mesh
reconstruction pipeline that comprises four consecutive steps: (i)
preprocessing contour data, (ii) creating 3D point clouds from
contour data, (iii) reindexing the vertices in the 3D point clouds,
and (iv) fitting closed surfaces to the 3D point clouds (Figure 4).

In the preprocessing step, a cubic B-spline (containing exactly
200 points) was fitted to the 2D contour points of each slice.

To create a 3D object from the 2D contours, point coordinates
were converted to millimeters, and the z coordinates were also
generated based on the position of the slice along the vertical
axis of the RV. The slices were ordered; therefore, the first slice
was always the closest to the apex (z = 0), and each slice is
located 8 mm above the previous one. By convention, the center
of each point cloud (i.e., set of contour points) was shifted to
the origin.

As the next step, the 3D points (i.e., vertices) in the point
clouds were reindexed. With appropriate reindexing, a vertex
with a given index was located approximately at the same
anatomical position in the end-diastolic and end-systolic phases,
which was essential to perform the motion decomposition.
First, the middle slice of the end-systolic point cloud was
reindexed in a way that the mean squared error between the
corresponding vertices of the end-diastolic and end-systolic slices
became minimal:

— — 2
r=argmin | Re= o]
arg mIank: k 1 (k) 5
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FIGURE 4 | Schematic illustration of the CMRI-based reconstruction algorithm. After the end-diastolic and end-systolic cardiac phases were identified, the epi- and
endocardial layers were manually traced in cine short-axis images. Then, the endocardial contours of the right ventricle were exported to separate files as a series of
2D point coordinates. These files were supplied into a 3D mesh reconstruction pipeline that comprises four consecutive steps: (i) preprocessing contour data, (i)
creating 3D point clouds from contour data, (iii) reindexing the vertices in the 3D point clouds, and (iv) fitting closed surfaces to the 3D point clouds. See text for further
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FIGURE 5 | Schematic illustration of the reindexing step. The green and blue contours represent two slices containing equal number (1 = 200) of points. The vertices
of the blue contour are reindexed in a way that the mean squared error between the corresponding vertices of the green and blue contours becomes minimal. With
appropriate reindexing, a vertex with a given index is located approximately at the same anatomical position in both contours. See text for further details. dg, the
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where R is the reference slice (i.e., the middle slice of the end-
diastolic point cloud), S is the slice that is being reindexed (i.e.,
the middle slice of the end-systolic point cloud), and I is the
function for reindexing that returns the corresponding index of
the contour point in S for the k* point of R (Figure 5). Then, the
same method was applied to reassign the indices of the remaining
slices within each point cloud using the previously reindexed
middle slice as a reference.

Preceding the surface fitting, duplicates of the most basal and
apical slices were placed 4mm above and below the original
ones. Then, a closed triangle mesh was fitted to the vertices

using the surface interpolation algorithm as implemented in the
geomd] Python library (version 5.2.10) (21). As a result, the slices
were covered by a triangle mesh; however, the top and bottom
remained opened. To close the top and bottom of the mesh,
constrained Delaunay triangulation was performed, ensuring
that the triangulation is successful even if the shape of the given
object is not convex (22). Finally, the volume of each mesh was
calculated using the shoelace formula.

The entire 3D mesh reconstruction pipeline was implemented
in Python (version 3.8.2, Python Software Foundation,
Wilmington, Delaware, USA).
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To validate the reconstruction process, the RV EDV, ESV, and
EF derived from the reconstructed meshes were compared to
those computed using the dedicated post-processing software.
An excellent agreement was observed in all three metrics
(Supplementary Figure 1).

Comparison of 3DE- and CMRI-Derived Metrics

To enable the comparison of 3DE- and CMRI-derived metrics
within the same patient, we had to ensure that the meshes
are aligned in the same orientation. To that end, 3DE- and
CMRI-derived end-diastolic meshes were visualized, and their
orientation was adjusted manually by an experienced operator
(MT) to match the orientation of the 3DE-derived mesh. Then,
the rotation matrix was extracted and was applied to the end-
systolic CMRI mesh of the same patient as well. After adjusting
the orientation of the CMRI-derived meshes, their motion was
decomposed as described previously (9).

The correlations between 3DE-derived measurements and
the corresponding CMRI-derived values were quantified using
Pearson correlation coefficients, and Bland-Altman analyses
were performed to assess the bias and limits of agreement.
Paired Wilcoxon signed-rank test vs. null values was applied
to test the significance of the bias. A p < 0.05 was
considered significant. All statistical analyses were performed
in R (version 3.6.2, R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Reproducibility of Global and Segmental
RV Metrics

The results of the intra- and interobserver variability

and reliability analyses are summarized in Tables1, 2.
Reproducibility of global EDV, ESV, and decomposed ESV's were
high, which is consistent with our previous reports using the
earlier versions of the ReVISION software (10, 11, 13). Regarding
the 15 segments, a smooth base-to-apex gradient could be
observed (Table 2, Figures 6, 7), with the inflow tract and basal
segments having the lowest variability and the highest reliability
and free wall apical segments exhibiting the highest variability
and the lowest reliability. As the orientation adjustment, the
motion decomposition, the volumetric segmentation, and
the calculation of metrics are fully automated, it should be
emphasized that the observed intra- and interobserver variability
is related exclusively to the 3D RV model reconstruction that is
performed using TomTec 4D RV-Function 2.

Three-dimensional GLS correlated robustly with both 2D
free wall and septal longitudinal strains (r 0.907 and
r = 0.891, both p < 0.001, Table3). When we analyzed
free wall and septal longitudinal strains separately with our
software solution, both 3D free wall and septal longitudinal
strains showed strong correlations with the corresponding
TomTec-derived values (r 0.920 and r = 0.919, both
p < 0.001, Table 3).

TABLE 1 | 3D echocardiographic parameters measured by the two operators in
the reproducibility analysis.

Operator 1 Operator 2
1st 2nd
measurements measurements

3D RV EDV, mL 167.5 + 63.1 1742 +66.3 183.2 +64.3
3D RV ESV, mL 95.4 + 55.7 98.4+£60.6  99.8 +56.2
LESV, mL 134.2 £ 58.6 140.8 £63.5 144.9 +£60.5
RESV, mL 131.2 £55.2 1356.3 £59.5 143.4+584
AESV, mL 130.9 £ 62.8 1356.9 £66.7 141.0 £62.9
3D RV GLS, % —-176+71 -185+79 —-184+75
3D RV GCS, % —-19.5+9.0 —-20.7+£94 —-194+75
3D RV GAS, % -31.6£122 -328+132 -832+121
Outflow tract EDV, mL 47.9+£19.0 51.56+210 55.9+20.4
Outflow tract ESV, mL 295+ 169 31.6+18.3 31.8+17.1
Inflow tract EDV, mL 33.9+125 35.2+13.7 34.4+128
Inflow tract ESV, mL 228+ 11.2 245+133 22941238
FW basal anterior EDV, mL 14.3+7.4 145+ 6.5 16.0 + 6.3
FW basal anterior ESV, mL 71+56 6.8+5.3 7.3+4.7
FW basal lateral EDV, mL 11.7+5.0 11.7+45 123+ 4.4
FW basal lateral ESV, mL 53+4.0 52+39 55+ 3.6
FW basal posterior EDV, mL 85+39 85+4.0 84 +35
FW basal posterior ESV, mL 45+ 3.2 45+ 34 46 +3.2
Sept. basal posterior EDV, mL 83+34 8.5 +3.2 9.2 +83.3
Sept. basal posterior ESV, mL 4.4 4+ 3.0 424+29 45+27
Sept. basal anterior EDV, mL 6.5+2.8 6.6 £2.7 6.7+ 26
Sept. basal anterior ESV, mL 3.6+24 3.6+24 3.7+23
FW mid anterior EDV, mL 85+45 88+4.2 9.8+43
FW mid anterior ESV, mL 41 +34 3.8+32 43+29
FW mid lateral EDV, mL 7.3+£3.1 74+£38.0 79+32
FW mid lateral ESV, mL 32+23 3.1+23 34+22
FW mid posterior EDV, mL 38+17 38+17 38+18
FW mid posterior ESV, mL 1.9+13 19+1.4 19+14
Sept. mid posterior EDV, mL 52422 54+23 58425
Sept. mid posterior ESV, mL 27+19 27+19 29+18
Sept. mid anterior EDV, mL 35+14 36+14 3.7+15
Sept. mid anterior ESV, mL 1.9+1.3 19+£1.2 20+1.2
FW apical anterior EDV, mL 21+13 22+13 25+14
FW apical anterior ESV, mL 1.1+1.0 11+11 1.2+1.0
FW apical posterior EDV, mL 1.1+£06 1.1+05 1.2+£0.7
FW apical posterior ESV, mL 05+04 05+04 06+04
Apex EDV, mL 51+25 52+23 55+28
Apex ESV, mL 3.0+21 29+ 2.1 32+22

Cell values are mean + standard deviation.

AESV, anteroposterior end-systolic volume; EDV, end-diastolic volume; ESV, end-systolic
volume; FW, free wall; GAS, global area strain; GCS, global circumferential strain; GLS,
global longitudinal strain; LESV, longitudinal end-systolic volume; RESV, radial end-systolic
volume; RV, right ventricular; Sept., septum.

Comparison of 3DE- and CMRI-Derived

Metrics

The mean values of the measurements performed with the
two imaging modalities are presented in Table4. 3DE- and
CMRI-derived volumes correlated robustly, and a systematic
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TABLE 2 | Intra- and interobserver variability and reliability of global and segmental right ventricular metrics.

Intraobserver reproducibility

Interobserver reproducibility

ICC (95% ClI) CV (%) ICC (95% CI) CV (%)
3D RV EDV 0.945 (0.898-0.970) 5.840 0.902 (0.758-0.953) 9.298
3D RV ESV 0.955 (0.918-0.975) 6.529 0.947 (0.904-0.971) 9.131
LESV 0.943 (0.895-0.969) 6.525 0.920 (0.836-0.959) 9.471
RESV 0.938 (0.889-0.966) 6.514 0.895 (0.785-0.946) 10.333
AESV 0.952 (0.912-0.974) 6.761 0.932 (0.862-0.965) 10.322
3D RV GLS 0.937 (0.881-0.966) 9.296 0.911 (0.841-0.951) 12.240
3D RV GCS 0.944 (0.892-0.971) 11.588 0.845 (0.731-0.913) 18.011
3D RV GAS 0.972 (0.946-0.985) 5.995 0.951 (0.902-0.975) 8.271
Outflow tract EDV 0.818 (0.686-0.898) 10.448 0.674 (0.422-0.819) 17.711
Outflow tract ESV 0.854 (0.745-0.918) 11.670 0.787 (0.639-0.879) 16.414
Inflow tract EDV 0.895 (0.815-0.942) 5.889 0.883 (0.793-0.935) 9.119
Inflow tract ESV 0.919 (0.855-0.956) 7.357 0.914 (0.843-0.953) 9.414
FW basal anterior EDV 0.878 (0.786-0.932) 9.999 0.803 (0.645-0.892) 16.974
FW basal anterior ESV 0.907 (0.834-0.949) 13.648 0.864 (0.763-0.924) 19.973
FW basal lateral EDV 0.919 (0.856-0.956) 8.499 0.856 (0.749-0.920) 12.475
FW basal lateral ESV 0.938 (0.888-0.966) 12.626 0.904 (0.829-0.947) 16.693
FW basal posterior EDV 0.937 (0.887-0.966) 8.528 0.892 (0.810-0.940) 13.269
FW basal posterior ESV 0.940 (0.892-0.967) 10.607 0.918 (0.853-0.955) 14.988
Sept. basal posterior EDV 0.888 (0.802-0.938) 9.302 0.806 (0.650-0.893) 13.187
Sept. basal posterior ESV 0.926 (0.868-0.960) 12.383 0.868 (0.769-0.927) 16.650
Sept. basal anterior EDV 0.938 (0.890-0.966) 8.321 0.876 (0.782-0.931) 13.294
Sept. basal anterior ESV 0.953 (0.914-0.974) 10.262 0.904 (0.829-0.947) 16.537
FW mid anterior EDV 0.881 (0.790-0.934) 13.051 0.833 (0.659-0.914) 16.636
FW mid anterior ESV 0.929 (0.872-0.961) 15.034 0.876 (0.782-0.931) 19.886
FW mid lateral EDV 0.887 (0.800-0.937) 11.484 0.877 (0.773-0.933) 11.708
FW mid lateral ESV 0.935 (0.884-0.965) 15.028 0.911 (0.842-0.951) 17.802
FW mid posterior EDV 0.840 (0.723-0.910) 13.812 0.790 (0.644-0.881) 16.231
FW mid posterior ESV 0.897 (0.817-0.943) 16.277 0.881 (0.790-0.933) 18.573
Sept. mid posterior EDV 0.893 (0.810-0.930) 11.051 0.886 (0.724-0.945) 11.087
Sept. mid posterior ESV 0.924 (0.864-0.958) 13.877 0.906 (0.832-0.948) 14.244
Sept. mid anterior EDV 0.859 (0.754-0.921) 12.028 0.820 (0.691-0.890) 14.455
Sept. mid anterior ESV 0.865 (0.764-0.925) 14.670 0.859 (0.754-0.921) 17.253
FW apical anterior EDV 0.764 (0.604-0.866) 19.717 0.764 (0.573-0.871) 20.048
FW apical anterior ESV 0.872 (0.769-0.930) 18.407 0.867 (0.768-0.927) 23.412
FW apical posterior EDV 0.664 (0.456-0.803) 22.065 0.608 (0.381-0.767) 25.802
FW apical posterior ESV 0.772 (0.615-0.870) 19.669 0.771 (0.601-0.872) 24.043
Apex EDV 0.883 (0.789-0.936) 11.067 0.868 (0.769-0.927) 12.545
Apex ESV 0.936 (0.885-0.965) 12.204 0.841 (0.725-0.911) 16.263

Cl, confidence interval; CV, coefficient of variation, ICC, intraclass correlation coefficient.
Other abbreviations as in Table 1.

underestimation by 3DE could be seen (Figure8, Table5),
which is in line with previous studies (23, 24). RV EF
demonstrated a good correlation, and only a negligible bias
could be observed between its values derived from the two
imaging modalities (Table 5). The comparison of 3DE- and
CMRI-derived ESVs after motion decomposition along the
three aforementioned directions is illustrated in Figure9.
Strong correlations could be reported (Pearson correlation

coefficients > 0.9 of the three motion components), and
similar to global RV volumes, a consistent underestimation of
volumes by 3DE could also be detected in the values of the
decomposed volumes (Table5). Not surprisingly, the values
of the decomposed EFs showed slightly weaker but highly
significant correlations between the two modalities, and in
addition, bias was found to be non-significant in all of them
(Figure 10, Table 5).
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Intraobserver variability Interobserver variability

EDV

ICC

ESV

FIGURE 6 | Intra- and interobserver variability of right ventricular end-diastolic and end-systolic segmental volumes. The 15 segments are color-coded based on the
value of the intraclass correlation coefficient: reddish colors indicate a lower, whereas blueish colors correspond to a higher value of intraclass correlation coefficient in
the given segment. Segment numbers as defined in Figure 3. EDV, end-diastolic volume; ESV, end-systolic volume; ICC, intraclass correlation coefficient; LV, left

ventricle; RV, right ventricle.
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FIGURE 7 | Intra- and interobserver reliability of right ventricular end-diastolic and end-systolic segmental volumes. The 15 segments are color-coded based on the
value of the coefficient of variation: reddish colors indicate a higher, whereas blueish colors correspond to a lower value of coefficient of variation. Segment numbers
as defined in Figure 3. EDV, end-diastolic volume; ESV, end-systolic volume; CV, coefficient of variation; LV, left ventricle; RV, right ventricle.

DISCUSSION option of measuring RV volumes and EF by 3DE opened

up new horizons in terms of a relatively easy and quick
The detailed assessment of RV function is the cornerstone but more thorough quantiﬁcation of the “forgotten chamber.”
of patient management in several cardiovascular diseases. The ~ 3DE-derived RV EF has a well-established added value over
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TABLE 3 | Correlations between the ReVISION- and TomTec-derived right
ventricular strains (n = 30).

TomTec

2D free wall
longitudinal strain

2D septal
longitudinal strain

ReVISION 3D GLS r=0.907 r=0.891
p < 0.001 p < 0.001
3D free wall r=0.920 -
longitudinal strain p < 0.001
3D septal - r=0.919
longitudinal strain p < 0.001

Statistical test: Pearson correlation.
GLS, global longitudinal strain.

TABLE 4 | Summary of the 3D echocardiography- and cardiac magnetic
resonance imaging-derived measurements.

Healthy Athletes HFrEF
controls n=6 patients
n==6 n==6

3D ECHOCARDIOGRAPHY
RV EDV, mL 140.7 £19.9 185.4 + 52.6 145.8 £ 37.6
RV ESV, mL 60.2 +£13.8 87.5+27.7 778 +£27.4
RV EF, % 574+59 52.8+56.2 47.6+5.8
LESV, mL 110.4 £13.7 140.8 +45.0 124.0 £35.7
RESV, mL 96.4 + 16.4 135.2 +38.3 99.5 +34.7
AESV, mL 95.94+156.5 148.0 £ 47.1 120.4 £29.3
LEF, % 21.3£35 24.7 £ 6.6 15.0+£7.4
REF, % 31.4+7.4 26.6 +8.2 33.0£7.0
AEF, % 31.9+33 20.6+5.9 171+ 3.4
CMRI
3D RV EDV, mL 154.7 £23.9 200.1 £+ 56.4 151.9 £ 37.6
3D RV ESV, mL 64.1 £10.6 92.3 +26.0 80.3 £26.6
3D RV EF, % 582 +567 53.6 6.2 4794562
LESV, mL 1232 +£14.9 167.4 £ 46.7 133.5 £38.0
RESV, mL 110.2 £ 20.3 140.3 +30.5 104.0 + 33.8
AESV, mL 105.5 £ 20.0 166.0 + 48.2 130.5 + 33.0
LEF, % 199+75 21.7+4.2 126+£5.6
REF, % 28.8+58 282498 325+7.0
AEF, % 320+ 4.2 22.6+35 142+ 2.6

Cell values are mean =+ standard deviation.

AEF, anteroposterior ejection fraction; CMRI, cardiac magnetic resonance imaging; EF,
ejection fraction; HFrEF, heart failure with reduced left ventricular ejection fraction; LEF,
longitudinal ejection fraction; REF, radial ejection fraction.

Other abbreviations as in Table 1.

two-dimensional echocardiographic parameters (25). Beyond EF,
however, more comprehensive metrics are needed, which can
precisely characterize the complex mechanical pattern of the RV
and is also able to detect subtle, often segmental dysfunction.
By developing the new version of the ReVISION method, we
aimed to provide a tool for the detailed evaluation of the different
motion components and to enable segmental analysis using 3DE-
derived RV models.

In our current technical paper, we have described a novel,
rule-based method for standardizing the orientation of 3D RV
models, which holds the potential to progress to an agnostic
approach for the analysis of 3D models provided by other
vendors or imaging modalities. This is a clear step forward from
our previous approach, in which each input mesh series was
superimposed to a reference mesh (pre-oriented manually by
expert consensus). Moreover, we have developed and tested the
volumetric partitioning of the 3D model into 15 segments to
allow the assessment and visualization of regional differences and
to detect potential changes in the segmental contraction pattern
(Figures 11, 12). The reproducibility of global and segmental
volumes was found acceptable and concordant with previous
reports. Finally, using a custom CMRI-based 3D reconstruction
algorithm, we have found a robust agreement between 3DE-
and CMRI-derived decomposed volumes and EF, confirming the
applicability and credibility of our method to express the relative
contribution of longitudinal, radial, and anteroposterior motion
components to global RV function.

Volumetric Segmentation of the RV

In contrast to its left counterpart, no generally accepted
and standardized myocardial segmentation approach exists
concerning the RV. This is attributable to its more complex 3D
shape and the relatively inferior clinical relevance of segmental
RV analysis in coronary artery disease compared to the LV.
Nevertheless, regional alterations in RV myocardial mechanics
may have a pivotal role in detecting subclinical alterations that
cannot be captured by global metrics.

Various algorithms have been proposed for the volumetric
segmentation of the RV. Moceri et al. used the output of
the TomTec solution (4D RV-Function 2, TomTec Imaging,
Unterschleissheim, Germany) and divided the 3D endocardial
surface into four septal (membranous, infundibular, trabecular,
inlet) and four free wall regions (inferior, lateral, anterior, outflow
tract) (1). In their method, the accurate identification of regions
requires the anatomical position of each vertex to be consistent
across time instants and patients. In healthy subjects, they
found the area and circumferential strains to show the greatest
values in the inferior free wall region, whereas longitudinal
deformation predominated in the inferior free wall segment.
They also reported that patients with pulmonary hypertension
had significantly worse longitudinal, circumferential, and area
strains compared to healthy controls in all of the regions.
Moreover, GAS was found to be a powerful independent
predictor of survival. Similar to these results, Satriano et al.
reported that principle strain (assessed with contraction angle
analysis) could reliably identify pulmonary arterial hypertension
patients (26). In their analysis, six surface segments (septal body,
septal apex, free wall body, free wall apex, inflow, and outflow)
were separated. The greatest magnitude of difference (compared
to healthy controls) was observed in the principal strain values of
the free wall segments, suggesting that these segments suffer the
most severe contractile impairment in patients with pulmonary
arterial hypertension.

Addetia and coworkers also used the triangular mesh model
generated with the TomTec software solution (4D RV-Function
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FIGURE 8 | Correlation and agreement between 3D echocardiography- and cardiac magnetic resonance imaging-derived measurements of right ventricular
end-diastolic volume, end-systolic volume, and ejection fraction depicted by correlation and Bland-Altman plots. The correlations between 3D
echocardiography-derived measurements and the corresponding cardiac magnetic resonance imaging-derived values were quantified using Pearson correlation
coefficients, and Bland-Altman analyses were performed to assess the bias and limits of agreement. Paired Wilcoxon signed-rank test vs. null values was applied to
test the significance of the bias. 3DE, 3D echocardiography; CMRI, cardiac magnetic resonance imaging; EDV, end-diastolic volume; EF, ejection fraction; ESV,
end-systolic volume; LOA, limits of agreement.

TABLE 5 | Correlation and agreement between 3D echocardiography- and
cardiac magnetic resonance imaging-derived measurements.

Pearson correlation

Bland-Altman analysis

r p-value Bias LOA

RV EDV 0.971 <0.001 —11.60 mL* +21.36 mL
RV ESV 0.966 <0.001 —3.74 mL* +12.80 mL
RV EF 0.940 <0.001 —0.62 % +4.57 %

LESV 0.958 <0.001 —12.94 mL* +20.67 mL
RESV 0.950 <0.001 —7.82mL* +21.25 mL
AESV 0.948 <0.001 —-9.23 mL* +24.83 mL
LEF 0.724 <0.001 2.27% +10.16 %
REF 0.810 <0.001 0.52 % +9.16 %

AEF 0.771 <0.001 0.25% +10.53 %

*o < 0.05, paired Wilcoxon signed-rank test vs. null values to test the significance of

the bias.

LOA, limits of agreement.
Other abbreviations as in Tables 1, 4.

1.1, TomTec Imaging, Unterschleissheim, Germany) to divide
the RV into four subvolumes: apex, body, inflow tract, and
outflow tract (27). Then, they separated the septal and free wall
surfaces of the body and the apex to analyze regional curvature
indices on a total of six endocardial surfaces. In pulmonary

hypertension patients, they have elegantly demonstrated that the
normal “bellows effect” vanishes as the RV free wall regions
remain similarly convex from end-diastole to end-systole. This
finding corresponds to the literature data and our own experience
with the ReVISION method, as the radial motion of the RV free
wall is affected early by pressure overload, and thus, it may be
a better marker of even subclinical RV dysfunction compared
to global measures and, importantly, to parameters referring
to longitudinal shortening only (28). To establish the reference
ranges for regional indices, they quantified volumes and EFs for
the four above-mentioned subvolumes and curvature for the six
above-mentioned endocardial surfaces in 245 healthy subjects,
and they reported sex- and age-related differences in the values
of these metrics (29).

More recently, Bernardino et al. proposed an automated,
mesh-independent method for partitioning the RV cavity
and computing regional volumes and EFs in three regions
(apex, inlet, and outflow) (30). To avoid errors due to
inconsistent anatomical vertex positioning between different
3D meshes, their method wuses well-defined anatomic
landmarks (the apex, the tricuspid, and the pulmonary
annuli), and each vertex is assigned to the region whose
representing landmark is located the closest based on geodesic
distance. Although they used meshes exported from the
TomTec solution (4D RV-Function 2, TomTec Imaging,

Unterschleissheim, Germany) in the presented analysis,
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FIGURE 10 | Correlation and agreement between 3D echocardiography- and cardiac magnetic resonance imaging-derived measurements of right ventricular
decomposed ejection fractions depicted by correlation and Bland-Altman plots. Statistical tests: same as in Figure 8. 3DE, 3D echocardiography; AEF,
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Healthy control

Longitudinal strain (%) Area strain (%)

FIGURE 11 | A healthy, sedentary subject’s (male, 23 years old) right ventricle analyzed using the ReVISION method. Right ventricular end-diastolic volume,
end-systolic volume, and ejection fraction are normal, along with global longitudinal, circumferential, and area strains. Segmental values of the aforementioned metrics
at end-systole are depicted on bull’'s eye heatmaps. Segment numbers as defined in Figure 3. In the upper left corner, the green mesh represents the end-diastolic
volume, and the blue surface corresponds to the end-systolic volume. EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; GAS, global area
strain; GCS, global circumferential strain; GLS, global longitudinal strain; LV, left ventricle; RV, right ventricle.

259.0 mL
197.0 mL
23.9%

-6.2 %
-9.3 %
-12.3 %

gitudinal strain (%) Area strain (%)

FIGURE 12 | Right ventricle of a patient (male, 29 years old) with end-stage heart failure with reduced left ventricular ejection fraction analyzed using the ReVISION
method. Right ventricular end-diastolic and end-systolic volumes are increased, ejection fraction is severely reduced, along with global longitudinal, circumferential,
and area strains. Segmental values of the aforementioned metrics at end-systole are depicted on bull’'s eye heatmaps, the loss of function can be easily appreciated
when compared to the maps of the healthy control (Figure 11). Segment numbers as defined in Figure 3. In the upper left corner, the green mesh represents the
end-diastolic volume, and the blue surface corresponds to the end-systolic volume. EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; GAS,
global area strain; GCS, global circumferential strain; GLS, global longitudinal strain; HFrEF, heart failure with reduced (left ventricular) ejection fraction; LV, left ventricle;
RV, right ventricle.

their method might be capable of analyzing 3D RV models Besides the methods using the triangular meshes generated
reconstructed using other post-processing software solutions  with the TomTec software, there is a commercially available
as well. RV-dedicated 3D speckle tracking tool from Canon Medical
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Systems (Otawara, Japan) for the calculation of global and
regional longitudinal, circumferential, and area strains (31).
During 3D reconstruction, this software solution uses manually
appointed anatomical landmarks (attachment sites of the
moderator band to the septum and anterior papillary muscle
to the free wall) that separate the inlet, the outflow, and
the apical segments. Finally, seven surface segments are
identified, namely, inlet lateral, inlet inferior, inlet septum,
outflow septum, outflow free wall, apical free wall, and apical
septum (32). After evaluating the reliability and feasibility
of this algorithm in a group of patients with various heart
diseases, Ishizu et al. suggested that the assessment of RV
dyssynchrony could be one of the major clinical implications
of regional RV myocardial deformation by 3D speckle tracking
echocardiography (32).

Opverall, clinical data support the usefulness of the 3D-derived
segmental RV analysis. Although the majority of studies focused
on pulmonary hypertension, we may hypothesize a similar
diagnostic and prognostic value in case of RV volume overload,
ischemia, or even arrhythmogenic cardiomyopathy. Of note, our
software offers a unique solution for RV segmentation, as it
defines 15 segments and it is capable of computing segmental EFs
and longitudinal, circumferential, and area strain values.

The Relative Contribution of Longitudinal,
Radial, and Anteroposterior Motion

Components to Global RV Function

In our current analysis, we found a robust agreement between
3DE- and CMRI-derived measurements of decomposed ESVs
and EFs. These results also justify the concept of analyzing
longitudinal, radial, and anteroposterior motions separately.

Previously, we aimed to characterize the RV mechanical
pattern in healthy volunteers and various clinical settings via local
and international collaborations. In a dual-center study involving
300 healthy subjects, we aimed to determine the physiological
contribution of RV longitudinal, radial, and anteroposterior
motion components to global RV EF (12). Despite the traditional
view that the longitudinal shortening is the main driver of RV
global function, we found that the anteroposterior shortening
is a similarly prominent motion component. Moreover, there
is an age-dependent increase (until the age of 60 years) in
radial motion with a concomitant decrease in longitudinal
shortening. However, individuals over 60 years of age represent
a distinct group as radial motion decreases again, which
may be attributable to the age-related increases in pulmonary
pressures (12).

We also investigated the RV mechanical pattern of the
athlete’s heart. Evidently, regular vigorous physical exercise
induces significant changes in cardiac morphology and function
(33). The mechanical adaptation to intense, long-term exercise
implies a functional shift in the RV: the relative contribution
of longitudinal motion to global function was increased,
whereas the radial shortening was significantly decreased (11).
Moreover, this functional pattern correlated with aerobic exercise
performance assessed with cardiopulmonary exercise testing,

representing a potential new resting marker of the athlete’s
heart (11).

RV function is commonly altered following cardiac surgeries,
such as coronary artery bypass grafting, surgical valve repair,
or heart transplantation (34-36). The most prominent change
is the decline in longitudinal shortening, even if the global
RV function is preserved (10). This deterioration of the
long-axis RV function is quite persistent and independent
of the side of the surgical procedure (37). Notably, RV
systolic function (EF and stroke volume) is mostly preserved
regardless of the surgery, as radial RV contraction might
compensate for the decline in longitudinal shortening. We
have confirmed this phenomenon in heart transplanted patients
(10). Moreover, in one of our clinical outcome studies
focusing on patients with severe mitral regurgitation (PREPARE-
MVR: PRediction of Early Post-operAtive Right vEntricular
failure in Mitral Valve Replacement/Repair patients), the
characteristic contraction pattern (i.e., decreased radial and
increased longitudinal contribution to global RV function) of
this patient population underwent an instantaneous shift at
open-heart surgery (mitral valve replacement or repair), and the
radial motion became the dominant component in the early
post-operative period (13). However, at 6-month follow-up, the
normal RV contraction pattern (i.e., the equal contribution of
longitudinal and radial components) was restored, suggesting
functional RV reverse remodeling. Interestingly, the observed
increase in preoperative longitudinal contractions was associated
with decreased post-operative RV contractility as assessed by
right heart catheterization; thus, it might predict perioperative
RV failure (13).

All these results suggest that the ReVISION software enables
the exploration of RV response to different physiological and
pathophysiological processes and may also provide parameters
that are predictive of outcomes. Further studies are underway to
explore the diagnostic and prognostic value of the 3D assessment
of RV mechanics in other clinical scenarios as well.

Limitations

The ReVISION method and the presented analyses have
some limitations that should be acknowledged. First, the
current version of our software relies on the 3D RV meshes
generated using a specific commercially available software.
However, we are continuously improving our software solution,
and we are moving toward an agnostic approach that
enables the processing of 3D models from other vendors
or other imaging modalities as well. Second, a relatively
limited number of subjects were included in our retrospective
analysis. Thus, additional large-scale studies are required
to evaluate the reliability, reproducibility, and repeatability
of our parameters in a multicentric, prospective manner
using datasets acquired with ultrasound systems of various
manufacturers. Third, due to the retrospective nature of
our study, same-day 3DE and CMRI examinations were
not available for all subjects. In spite of this, we observed
moderate-to-strong correlations between 3DE- and CMRI-
derived measurements. Last, volumetric segmentation and strain
analysis were not applicable to the CMRI-derived 3D meshes.
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Therefore, we could not assess their agreement between the
two modalities.

CONCLUSIONS

Since the first version of the ReVISION method was
released, our algorithm has been continuously improved,
and recently, various new features, such as the volumetric
segmentation of the RV or the assessment of longitudinal,
circumferential, and area strain have been implemented
to enable more advanced and comprehensive analysis of
the RV function using 3DE datasets. Beyond providing
a detailed description of the updated ReVISION analysis
pipeline, we also demonstrated the reproducibility of global
and segmental RV volumes, and we compared the 3DE-
and CMRI-derived metrics of the decomposed RV motion.
Moreover, we updated the online interface of the software
(a demo version is available at https://www.revisionmethod.
com), which now allows the users to upload and analyze 3D
RV meshes, to inspect the segments in 3D, to generate time—
volume or time-strain curves, and to archive the findings
of clinical cases. In conclusion, the ReVISION method
may provide novel insights into global and also segmental
RV function by defining parameters that are potentially
more sensitive and predictive compared to conventional
echocardiographic measurements in the context of different
cardiac diseases.
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Micro-CT-Based Quantification of
Extracted Thrombus Burden
Characteristics and Association With
Angiographic Outcomes in Patients
With ST-Elevation Myocardial
Infarction: The QUEST-STEMI Study

Efstratios Karagiannidis ', Andreas S Papazoglou'’, Georgios Sofidis 7,
Evangelia Chatzinikolaou?, Kleoniki Keklikoglou?®t, Eleftherios Panteris*,
Anastasios Kartas ', Nikolaos Stalikas'', Thomas Zegkos', Fotios Girtovitis®,
Dimitrios V. Moysidis ", Leandros Stefanopoulos®, Kleanthis Koupidis?’,
Stavros Hadjimiltiades ', George Giannakoulas’, Christos Arvanitidis 28,
James S. Michaelson®, Haralambos Karvounis' and Georgios Sianos ™"

" First Department of Cardiology, AHEPA University Hospital, Aristotle University of Thessaloniki, Thessaloniki, Greece,

2 Hellenic Centre for Marine Research, Institute of Marine Biology, Biotechnology, and Aquaculture, Heraklion, Greece,

9 Biology Department, University of Crete, Heraklion, Greece, * Laboratory of Forensic Medicine and Toxicology, School of
Medicine, Aristotle University of Thessaloniki, Thessaloniki, Greece, ° Blood Centre, AHEPA University Hospital, Thessaloniki,
Greece, °Lab of Computing, Medical Informatics, and Biomedical Imaging Technologies, Aristotle University of Thessaloniki,
Thessaloniki, Greece, ” School of Mathematics, Aristotle University of Thessaloniki, Thessaloniki, Greece, ¢ LifeWatch ERIC,
Sector II-ll, Seville, Spain, ° Massachusetts General Hospital and Harvard Medical School, Boston, MA, United States

Background: Angiographic detection of thrombus in STEMI is associated with adverse
outcomes. However, routine thrombus aspiration failed to demonstrate the anticipated
benefit. Hence, management of high coronary thrombus burden remains challenging. We
sought to assess for the first time extracted thrombotic material characteristics utilizing
micro-computed tomography (micro-CT).

Methods: One hundred thirteen STEMI patients undergoing thrombus aspiration were
enrolled. Micro-CT was undertaken to quantify retrieved thrombus volume, surface,
and density. Correlation of these indices with angiographic and electrocardiographic
outcomes was performed.

Results: Mean aspirated thrombus volume, surface, and density (tstandard deviation)
were 15.71 & 20.10 mm3, 302.89 + 692.54 mm?, and 3139.04 + 901.88 Hounsfield
units, respectively. Aspirated volume and surface were significantly higher (p < 0.001)
in patients with higher angiographic thrombus burden. After multivariable analysis,
independent predictors for thrombus volume were reference vessel diameter (RVD) (o =
0.011), right coronary artery (RCA) (o = 0.039), and smoking (o = 0.027), whereas RVD
(p =0.018) and RCA (p = 0.019) were predictive for thrombus surface. Thrombus volume
and surface were independently associated with distal embolization (p = 0.007 and p
= 0.028, respectively), no-reflow phenomenon (p = 0.002 and p = 0.0086, respectively),
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and angiographically evident residual thrombus (p = 0.007 and p = 0.002, respectively).
Higher thrombus density was correlated with worse pre-procedural TIMI flow (p < 0.001).
Patients with higher aspirated volume and surface developed less ST resolution (p =
0.042 and p = 0.023, respectively).

Conclusions: Angiographic outcomes linked with worse prognosis were more frequent
among patients with larger extracted thrombus. Despite retrieving larger thrombus load
in these patients, current thrombectomy devices fail to deal with thrombotic material
adequately. Further studies of novel thrombus aspiration technologies are warranted to
improve patient outcomes.

Clinical Trial Registration: QUEST-STEMI  trial ~ ClinicalTrials.gov  number:
NCT03429608 Date of registration: February 12, 2018. The study was
prospectively registered.

Keywords: micro-computed tomography, thrombus aspiration, thrombus, ST-elevation myocardial infarction,

interventional cardiology

INTRODUCTION

Despite the tremendous progress in cardiovascular medicine
over the last decades, ST-segment elevation myocardial infarction
(STEMI) still remains one of the leading causes of mortality
worldwide (1). Intracoronary thrombosis developed after plaque
erosion or rupture, causing partial or total occlusion of coronary
vessels which is the most common underlying pathophysiologic
mechanism in STEMI. Thrombus burden (TB) is an important
prognostic determinant (2), as it has been associated with an
increase in the rate of major adverse cardiac and cerebrovascular
events (MACCE) (3).

The optimal therapy for STEMI is timely performed primary
percutaneous coronary intervention (pPCI) (4). However,
myocardial recovery and restoration of epicardial coronary blood
flow are often suboptimal due to thrombus embolization (5),
leading to perturbed microvascular perfusion and obstruction of
the microvasculature.

Manual aspiration thrombectomy (MATh) was first described
in 1980 as a useful adjunctive therapy to conventional PCI
with the potential to remove the thrombotic component of
the culprit lesion (6, 7). However, large randomized controlled
trials (RCTs) and meta-analyses failed to demonstrate the
theoretically anticipated benefit for routine MATh, suggesting
lack of synergy between MATh and pPCI with a subsequent
increase in the risk of stroke (8-11). Therefore, current ESC
guidelines do not recommend routine thrombus aspiration (class
of recommendation ITIA) (12).

Several hypotheses might serve to explain why MATh
did not succeed in the majority of recent trials, such as
the presence of small amount of thrombus at the culprit

Abbreviations: ECG, Electrocardiogram; MACCE, Major Adverse Cardiac
and Cerebrovascular events; MATh, Manual Aspiration Thrombectomy; MBG,
Myocardial Blush Grade; Micro-CT, Micro-Computed Tomography; OCT,
Optical Coherence Tomography; PCI, Percutaneous Coronary Intervention; RVD,
Reference Vessel Diameter; STEMI, ST-Elevated Myocardial Infarction; TIMI,
Thrombolysis In Myocardial Infarction; TB, Thrombus Burden.

lesion before thrombectomy or of large amount of residual
thrombus after thrombectomy (13). Indeed, it was shown that
the elective application of MATh in certain cases with large
thrombus burden (9, 14, 15) as a bail-out therapy showed some
cardiovascular (CV) benefit (reduced CV death), which was
counterbalanced by an increased risk of stroke. Previous studies
utilizing optical coherence tomography (OCT) have shown that
there is substantial amount of residual thrombus even after
thrombectomy (13, 14, 16). Interestingly, STEMI patients with
greater residual TB after MATh had microvascular dysfunction
and more significant myocardial damage than those with smaller
residual TB (14).

Thus, the prognostic significance of initial angiographic TB
and post-aspiration residual TB has already been investigated.
However, evidence on the association of extracted thrombotic
material characteristics with post-pPCI angiographic outcomes
is lacking.

Micro-computed tomography (micro-CT) is an emerging
technology with high spatial resolution in the submicrometer
range, which is increasingly employed in medicinal studies
(17-20). Despite being initially used for skeletal imaging,
the development of contrast agents, which amplify the low
intrinsic contrast of soft-tissues in X-ray absorption, facilitates
detailed micro-CT imaging of soft tissues (21). Since micro-
CT allows non-destructive 3D imaging of both the internal
and external structures of samples, exceeding the capabilities
of histomorphometric analysis (21), it can be employed to
accurately quantify extracted thrombotic material characteristics,
which have been subjective to date. These novel imaging
parameters could be used to improve patient risk stratification,
enabling individualized treatment of patients with STEML

MATERIALS AND METHODS

The design of the QUEST-STEMI study has been previously
described (22).
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Study Population and PCI Procedures
QUEST-STEMI (ClinicalTrials.gov Identifier: NCT03429608) is
a prospective cohort trial including patients, who presented
to AHEPA University Hospital with STEMI and underwent
primary PCI and MATh at the discretion of the treating
physician within 12h of symptom onset. The eligibility criteria
are depicted in Table 1. The Scientific Committee of AHEPA
Hospital approved the study protocol, and all trial procedures
comply with the principles set by the Declaration of Helsinki (23).
Each participant provided written informed consent before being
enrolled in the study.

Angiographic Analysis, ECG, and
Thrombus Aspiration Procedure

Before primary PCI, each patient received guideline-directed
pharmaceutical therapy (unfractionated heparin (100 IU/kg)
and a loading dose of aspirin (325mg) and either ticagrelor
(180 mg) or clopidogrel (600 mg) (12). Intravenous GP IIb/IIIa
inhibitors were administered at the interventionalist’s discretion.
Thrombus aspiration was undertaken according to standard
practices, as described (12, 22). Briefly, after crossing the
lesion with a wire, the thrombectomy catheter was advanced
proximal to the occluded segment. Continuous manual suction
was recommended via a proximal-to-distal approach, so that
active aspiration was initiated before the catheter crossed the
thrombotic occlusion (8, 10). The thrombectomy catheter was
slowly passed through the lesion multiple times (at least two), so
that a minimum of 40 cc of blood and material were extracted.

A 12-lead ECG was obtained at presentation and 90 min post-
intervention. ST-segment deviation was assessed, as previously
described (24). Based on the degree of resolution of ST-segment
elevation, patients were classified into three groups: (1) complete
ST resolution (>70%); (2) partial ST resolution (30-70%); and
(3) absent ST resolution (<30%).

Coronary angiograms were analyzed by two experienced
interventional cardiologists (GSi, GSo). Angiographic thrombus
burden was assessed based on the modified TIMI (thrombolysis
in myocardial infarction) thrombus classification scale by Sianos
et al. (25). According to this classification, patients with
TIMI Grade 5 thrombus are classified to another thrombus
category (G0-G4) post-flow achievement with either guidewire
crossing or a small balloon. Furthermore, baseline, post-MATh,
and post-procedural antegrade coronary flow was evaluated
based on TIMI classification (26). Reference vessel diameter
(RVD), minimum luminal diameter, percentage of diameter
stenosis, and lesion length were also calculated using quantitative
coronary angiography. Presence of distal embolization (21) and
angiographically evident residual thrombus were also recorded.
For the present analysis, a patient was regarded to have
angiographically evident residual thrombus, if modified TIMI
thrombus grades 2-4 were present (27).

Micro-CT Analysis

The detailed protocol for the micro-CT scanning and analysis
of aspirated thrombi has been previously described (22). Briefly,
extracted thrombotic material was initially preserved in 10%
formalin for 24h and then successively dehydrated in ethanol

TABLE 1 | Eligibility criteria for the QUEST STEMI study.

Inclusion criteria Exclusion criteria

e Patients who have received
fibrinolytic therapy for index
STEMI event

e Known intolerance to heparin or
anti-platelet medication

e Patients with symptoms of myocardial
infarction for >30 min

e ST-segment elevation in ECG

e Patients undergoing primary PCl and
manual aspiration thrombectomy (at
the discretion of the treating physician)
within 12 h from symptom onset

e Written informed consent

solutions up to 70% and stained using 0.3% phosphotungstic
acid (PTA) in 70% ethanol according to Metscher’s protocol
(28). All scans were performed with a SkyScan 1172 micro-
tomograph (Bruker, Kontich, Belgium, Figure 1A) at the Hellenic
Center for Marine Research (HCMR) (48 kV, 204 pA, no filter,
360° rotation). Projection images were reconstructed into cross
sections using SkyScan’s NRecon software (Bruker, Kontich,
Belgium). The cross-section images were loaded into the software
CT Analyser v.1.14.4.1 (CTAn, Bruker, Kontich, Belgium) to
extract measurements for the volume and density of thrombi
(Figures 1B,C) as mean grayscale values (£Standard Deviation),
which were also converted to Hounsfield units (HU). The
presence of different cell types within a thrombus was also
quantified by comparing their density with in-vitro produced
thrombi with known homogeneous composition, as described
(22). The range of grayscale values used for the full thrombus
specimen was 25-255. Red (erythrocyte-rich) thrombi showed
densities 80-255 grayscale values, whereas clots with the highest
platelet content (white thrombi) had densities in the range 25—
80 (Figure 2). Analysis of the thrombi was undertaken by two
independent blinded assessors.

STATISTICAL ANALYSIS

Statistical analysis was performed using SPSS v26 (SPSS software,
Chicago, IL, USA) software. Continuous data are presented
as mean and standard deviation, whereas categorical variables
are expressed as counts and percentages. The inter- and
intraobserver reproducibility of thrombus measurements were
assessed based on data obtained from a subset of 34 subjects (30%
of study population), performing Spearman’s correlations, and
the intraclass correlation coefficient (ICC) (29, 30).

The data were analyzed by non-parametric tests as indicated
by the Shapiro-Wilk-test for normality. Group differences were
tested using the Wilcoxon-Mann-Whitney-test for continuous
measures. The Kruskal-Wallis H-test was used to compare
between two or more groups of an independent variable
on a continuous or ordinal dependent variable. Univariable
analysis was initially carried out to clarify the association of
demographic characteristics, history of smoking, medical history,
statin, antiplatelet or anticoagulant use, pain-to-balloon time,
pre-procedural TIMI flow, RVD, and culprit vessel with extracted
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was used for the reconstruction of the projections.
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FIGURE 1 | Thrombus analysis via micro-computed tomography. (A) Thrombi are mounted on a specific head inside SkyScan 1172; (B,C) Representative computer
generated renderings of thrombi. Clots were stained using 0.3% phosphotungstic acid and scanned via SkyScan 1172. NRecon (Bruker, Kontich, Belgium) software

FIGURE 2 | 3D color visualization of a thrombus sample. A 3D model of a
thrombus sample was created using CTAN software (Bruker, Kontich,
Belgium), and color visualization was performed via CTVol software (Bruker,
Kontich, Belgium). Erythrocyte-rich regions were rendered in red, whereas
platelet-rich regions were rendered in white.

thrombus characteristics (volume, surface, and density) and with
angiographic and electrocardiographic outcomes. The variables
with statistical significance (p-value < 0.05) were included in the
multivariable regression models.

Linear and logistic regression using stratified bootstrapping
to account for the non-parametric nature of the data was used
to identify independent predictors of thrombus characteristics
and of angiographic outcomes. Correlation coeflicients were
investigated to address potential multicollinearity among the
predicting variables in the created regression models (31).
Multivariable logistic regression models, including both volume
and surface as independent variables, demonstrated potential
multicollinearity (correlation coefficients higher than 0.89).
Therefore, thrombus volume and surface were not included

in the same model as independent predictors. R, R?, Durbin-
Watson, and Nagelkerke R? metrics along with p-values are
reported for the linear and logistic models, respectively.

RESULTS
Study Population

During the study period, 113 consecutive patients were enrolled
based on the study eligibility criteria. The baseline clinical and
angiographic characteristics are shown in Tables 2, 3. Mean age
was 60.05 (£12.12) years, and 89 patients (78.8%) were male.
Smoking was reported by 69.9% of participants, and reperfusion
was achieved on an average 330.2 (245.74) min from symptom
onset. A no-reflow phenomenon was observed in 13.3% of
patients and distal embolization in 23.9% of the participants.
Residual thrombus was angiographically evident in 14 patients
(12.4%), whereas MBG was equal to 0 or 1 in 36 (31.86%)
of patients.

Micro-CT Findings on Extracted Thrombus

Burden

Micro-tomography effectively quantified the volume, surface,
and density of all aspirated thrombi. No sample disintegration
was observed, and hence all thrombi were suitable for micro-
CT scanning. The mean extracted thrombus volume, surface, and
density were 15.71 (4 20.10) mm?, 302.89 (& 692.54) mm?, and
3139.04 (£ 901.88) HU, respectively.

Intraobserver and interobserver reliabilities were high for all
thrombus volume (interobserver: 0.995; intraobserver: 1.000),
thrombus surface (interobserver: 0.999; intraobserver: 0.999),
and thrombus density (interobserver: 0.982; intraobserver:
0.982). Interclass correlation coeflicients for thrombus volume,
surface, and density were equal to 0.995 (95% C.I.: 0.981-
0.998), 0.995 (95% C.1.: 0.991-0.996), and 0.987 (95% C.I.: 0.966—
0.993), respectively.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

64

April 2021 | Volume 8 | Article 646064


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

Karagiannidis et al.

The QUEST-STEMI Study

TABLE 2 | Demographics and baseline characteristics.

Demographics and baseline
characteristics

Mean (+SD) for continuous variables;
count (n) with percentage (%) for
categorical variables

Age 60 (£12)
Male n (%) 89 (78.80%)
Medical history: N (%)

A. Smoking 79 (69.90%)
B. Hypertension 37 (32.70%)
C. Dyslipidemia 23 (20.40%)
D. Diabetes mellitus 19 (16.80%)
E. Coronary artery disease 17 (15.00%)

Pain-to-balloon time (mean,
range of minutes)

330 (30-720)

Prior medication N (%)

I. Aspirin 14 (12.40%)
Il. Clopidogrel 6 (5.30%)
IIl. Statins 19 (16.80%)
IV. Anti-coagulant 3(2.70%)
V. Beta blockers 13 (11.50%)

Association of Extracted Thrombus Burden
Characteristics With Intracoronary

Thrombus Classification

Aspirated thrombus volume and surface were significantly
higher (p-value < 0.001) in patients with higher intracoronary
angiographic thrombus burden according to modified TIMI
thrombus grade classification (Figure 3A). Similarly, aspirated
thrombus density analysis revealed that higher values of density
(indicating a higher proportion of erythrocytes within the
clot) were significantly correlated with larger intracoronary
angiographic thrombus burden according to modified TIMI
thrombus grade classification (p-value = 0.037).

Determinants of Extracted Thrombus

Burden Characteristics

Univariable analysis revealed that male gender, history of
smoking, RVD, and right coronary artery (RCA) as the culprit
vessel are significantly associated with higher extracted thrombus
volume (p-values = 0.044, 0.001, 0.021, 0.017, respectively).
Preprocedural TIMI flow was not associated with aspirated
volume (p-value = 0.794). On bootstrapped multivariable linear
regression analysis (Table4), RVD (p-value = 0.011), RCA as
the culprit vessel (p-value = 0.039), and history of smoking (p-
value = 0.027) were independent predictors of higher extracted
thrombus volume (Figure 3B).

Higher extracted thrombus surface was—both univariably
and multivariably (Table 4)—significantly linked with larger
RVD (p-value = 0.018) and RCA as the culprit vessel (p-value
= 0.019; Figure 3H), whereas the association of surface with
preprocedural TIMI flow was not significant (p-value = 0.860).

It is worth mentioning that the Durbin-Watson values of
our regression models (for volume: 1.240 and for surface: 1.320)

TABLE 3 | Percutaneous coronary intervention procedure details and
angiographic outcomes.

Infarct-related artery

LM 2 (1.80%)
LAD 47 (42.34%)
LCx 17 (15.32%)
RCA 45 (40.54%)
Pre-procedural TIMI flow

0 69 (62.16%)
1 20 (18.01%)
2 10 (9.00%)
3 12 (10.81%)
Modified TIMI thrombus grade classification*

0 0

1 0

2 5 (4.50%)

3 31 (27.93%)
4 61 (54.95%)
Use of stenting—no. (%) 103 (91.20%)
GP2B3A antagonist use 41(36.30%)
Post-procedural results

Final TIMI flow

0 2 (1.80%)

1 1(0.90%)

2 18 (16.22%)
3 90 (81.08%)
Angiographic no reflow 15 (13.30%)
Distal embolization 27 (23.90%)
Angiographically evident residual thrombus burden 14 (12.40%)
Myocardial blush grade*

0 31 (27.43%)
1 5 (4.4%)

2 15 (13.27%)
3 47 (41.59%)
ECG: ST-segment resolution

Complete (>70%) 59 (52.21%)
Partial (30-70%) 41 (36.28%)
Absent (<30%) 13 (11.50%)
In-hospital death 10 (8.85%)

*In 14 patients (12.61%), thrombus grade could not be classified according to modified
TIMI thrombus grade classification (25), and in 15 patients (13.27%) myocardial blush
grade could not be calculated, because of inadequate angiographic documentation.
PCI, percutaneous coronary intervention;, LM, left main artery; LAD, left anterior
descending; LCx, left circumflex; RCA, right coronary artery; IRA, infarct-related
artery; TIMI, thrombolysis in myocardial infarction; ECG, electrocardiography, GP2B3A,
glycoprotein IIB/IIIA.

indicate that there is no significant autocorrelation. Despite, R-
values of these models propose a significant, but weak, predictive
value (R% < 0.300).

As for thrombus density, univariable analysis demonstrated
that higher density values (erythrocyte-rich clots) were
significantly correlated with worse pre-procedural TIMI
flow (p-value < 0.001; Figure 3I), but no other statistically
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FIGURE 3 | Main findings of the QUEST STEMI study. (A) Association of thrombus volume with angiographic thrombus classification by modified TIMI thrombus
grade classification [Grade 2: 4.64 (2.66-8.92) mm®, Grade 3: 4.21 (3.72-8.80) mm?®, Grade 4: 15.94 (10.60-19.51) mmq]. (B) Association of thrombus volume with
smoking history [yes: 13.14 (9.31-16.35) mm?, no: 4.64 (2.66-8.69) mm?®]. (C-E) Association of thrombus volume with angiographic outcomes {(C) distal
embolization [yes: 18.70 (9.27-24.52) mm?, no: 9.61 (6.61-13.82) mm?®], (D) no-reflow phenomenon: [yes: 18.98 (15.79-32.26) mm?, no: 9.31 (6.61-13.65) mm?],
and (E) angiographically evident residual thrombus [yes: 25.81 (9.31-39.87) mm?, no: 9.61 (6.61-13.65) mmq]}. (F,G) Association of thrombus volume with
electrocardiographic outcomes [complete ST resolution; 8.12 (5.93-10.31) mm?, partial ST resolution; 13.74 (6.42-16.97) mm® and absent ST resolution: 26.26
(7.31-45.26) mm?®]. (H) Association of thrombus surface with reference vessel diameter [RVD: 2.5 mm: 150.30 (£175.22) mm?, 3 mm: 187.54 (+152.22) mm?, 3.5
mm: 233.21 (+198.23) mm?, 4 mm: 539.17 (+1388.82) mm?, 4.5 mm: 855.73 (+78.26) mm?]. (I) Association of thrombus density with pre-procedural TIMI flow
[TIMI 0: 3322 (3023-53523) HU, TIMI I: 3171 (2863-3331) HU, TIMI II: 2574 (2307-3564) HU, TIMI lIl: 2152 (2019-2594) HU].

significant predictor of density was revealed and hence no  phenomenon (p-value = 0.032; Figures 3C,D). Additionally,
multivariable regression model was performed. angiographic evidence of residual thrombus was more frequent
in patients with larger aspirated thrombus (p-value = 0.002;

. Figure 3E). Furth X -significant trend t d
Association of Extracted Thrombus Burden igure 3E). Furthermore, a non-significant trend toward worse

S ; . g MBG in patients with larger extracted thrombus volume was
Characteristics With Anglographlc observed (p = 0.073), hence multivariable regression analysis on

Outcomes MBG was not performed.

Higher extracted thrombus volume was significantly linked with Bootstrapped multivariable logistic regression analyses
angiographic outcomes suggestive of poor patient prognosis, (Table 5) showed that aspirated thrombus volume remained an
including distal embolization (p-value = 0.037), and no reflow  independent predictor for (i) distal embolization (p-value =
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TABLE 4 | Determinants of extracted thrombus burden characteristics.

Determinants of TB Volume

Surface

Univariable p-value
and stand. beta

Multivariable p-value
and stand. beta

Univariable p-value
and stand. beta

Multivariable p-value
and stand. beta

Gender p=0.044 p =0.419
B=-0.171 B =-0.034
History of smoking p = 0.001 p = 0.027
B =0.285 B =0.193
RVD p =0.021 p =0.011
B =0.294 B =0.272
RCA as the culprit vessel p=0.017 p = 0.039
B =0.039 B =0.203

Model metrics:

Durbin-Watson = 1.240,
R = 0.444, adjusted
R? =0.164, p < 0.001

p = 0.081 p=0.729
B=-0.112 B =-0.026
p =0.003 p=0.193
B =0.226 B =0.102
p=0.014 p=0.018
B =0.236 B =0.348
p=0012 p =0.019
B = —0.040 B =0.219

Durbin-Watson = 1.320,
R = 0.495, adjusted
R? = 0.205, p < 0.001

RCA refers to right coronary artery and RVD refers to reference vessel diameter.

Bold p- and beta- values represent statistically significant outcomes of multivariable analysis.

0.007), (ii) no-reflow phenomenon (p-value = 0.002) together
with smoking (p = 0.015), and (iii) angiographically evident
residual thrombus (p-value = 0.007).

Similarly, bootstrapped multivariable logistic regression
analysis on thrombus surface (Table 6) showed that the higher
surface of aspirated thrombus was independently associated with
(i) distal embolization (p-value = 0.028) along with age (p-
value = 0.024), (ii) no-reflow phenomenon (p-value = 0.006)
along with smoking (p-value = 0.021), and (iii) angiographically
evident residual thrombus (p-value = 0.002) along with RCA
(p-value = 0.016). On the other hand, multivariable regression
analysis on MBG was not performed, since univariable analysis
did not yield statistically significant results (p-value = 0.226).

Of note, multivariable model metrics indicate that the
predictive models for angiographically evident residual thrombus
explain the most of the variation compared with the other models
(volume, smoking, age, RCA: Nagelkerke R? = 0.587 and surface,
age, smoking, RCA: Nagelkerke R?> = 0.544). However, the
other multivariable models created for the prediction of
distal embolization and no-reflow phenomenon have weak,
but statistically significant, predictive value (Nagelkerke
R* < 0.300).

Additionally, thrombus density was not associated with distal
embolization (p-value = 0.246), no-reflow phenomenon (p-value
= 0.859), angiographically evident residual thrombus (p-value
= 0.549), or MBG (p-value = 0.155) in univariable analysis and
therefore no multivariable regression model was executed.

Association of Extracted Thrombus Burden
Characteristics With Electrocardiographic

Outcomes

ECG analysis revealed that patients with higher aspirated
thrombus volume and surface developed significantly less
ST resolution (p-value = 0.042 and 0.023, respectively).
After classifying patients by the presence of angiographically
evident residual thrombus, ST-segment resolution was less in
patients with angiographically evident residual thrombus and

particularly in those with higher aspirated thrombus volume
(Figures 3EG). On the other hand, no significant correlation
between thrombus density and ST-segment resolution (p-value
= 0.451) was observed.

DISCUSSION

To our knowledge, this is the first study to comprehensively
evaluate extracted thrombotic material in patients with STEMI
using micro-CT. The main findings of our study (Figure 4)
were as follows: (1) thrombus analysis by micro-CT is
feasible, reliable, and reproducible; (2) larger thrombus (higher
volume and surface) was extracted in patients with high
intracoronary TB under angiographic imaging; (3) higher
aspirated thrombus volume and surface were associated with
adverse angiographic outcomes, including distal embolization
and no-reflow phenomenon; (4) angiographically evident
residual thrombus was more frequent among patients with
larger retrieved thrombus; (5) a non-significant trend (p =
0.073) toward worse myocardial blush grade in patients with
larger extracted thrombus volume was observed; (6) aspirated
thrombus volume and surface were significantly higher in
smokers; and (7) worse pre-procedural TIMI flow was observed
in thrombi with higher density.

Thrombus is a typical histopathologic characteristic of
patients suffering from STEMI, which has been linked with worse
patient prognosis (32). Qualitative and quantitative assessment of
coronary thrombi has been a challenge. Recently, OCT has been
employed to effectively quantify and characterize intracoronary
thrombus before (15) and after (14, 16) MATh.

In this study, using a novel technology (micro-CT) we
aimed to develop a methodology for the visualization and
the quantitative 3D analysis of extracted thrombotic material
in patients with STEMI undergoing MATh during pPCI.
Micro-CT is an established imaging modality, which facilitates
high-resolution, non-destructive visualization of 3D structures
along with quantitative volumetric measurements and tissue
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TABLE 5 | Association of extracted thrombus volume with angiographic outcomes.

Multivariable analysis* Angiographic 1. Distal embolization 2. No-reflow 3. Angiographically evident
outcomes residual thrombus
Variables Standardized p-value Standardized p-value Standardized p-value
beta beta beta

Volume 0.060 0.007 0.085 0.002 0.078 0.007
Age 0.047 0.039 —0.025 0.421 —0.086 0.104
Smoking —-0.125 0.866 1.75 0.015 0.499 0.540
RCA as the 0.706 0.337 —0.522 0.345 —2.790 0.025

culprit vessel

x° = 13.526, Nagelkerke
R? = 0.182, p = 0.035

x? = 17.862, Nagelkerke
R? =0.282,p = 0.013

Model metrics:

x? = 38.488, Nagelkerke
R? = 0.587, p < 0.001

*Each column represents a different multivariable regression model for each dependent predictor (1: distal embolization, 2: no reflow phenomenon, and 3: angiographically evident
residual thrombus). Each row represents a different independent predictor. Statistically significant results are marked in bold. RCA refers to right coronary artery.

TABLE 6 | Association of extracted thrombus surface with angiographic outcomes.

Multivariable analysis* Angiographic 1. Distal embolization 2. No-reflow 3. Angiographically evident
outcomes residual thrombus
Variables Standardized p-value Standardized p-value Standardized p-value
beta beta beta

Surface 0.002 0.028 0.003 0.006 0.005 0.002
Age 0.051 0.024 —-0.015 0.566 —0.059 0.121
Smoking -0.312 0.611 1.595 0.021 0.286 0.776
RCA as the 0.222 0.672 —0.526 0.421 —2.824 0.016

culprit vessel

%2 = 13.908, Nagelkerke
R? =0.196, p = 0.042

x?2 = 13.025, Nagelkerke
R? =0.211, p = 0.011

Model metrics:

x2 =35.119, Nagelkerke
R?2 =0.544, p < 0.001

*Each column represents a different multivariable regression model for each dependent predictor (1: distal embolization, 2: no reflow phenomenon, and 3: angiographically evident
residual thrombus). Each row represents a different independent predictor. Statistically significant results are marked in bold. RCA refers to right coronary artery.

characterizations. Our results indicate that this method shows
high reliability and repeatability for measuring the volume,
surface, and density of extracted clots. Interestingly, micro-
CT-quantified thrombus burden was strongly correlated with
the intracoronary TB under angiographic imaging according to
modified TIMI thrombus grade classification (25), suggesting
that higher amount of thrombus is retrieved in patients with
larger thrombotic load as seen in angiography.

In cases of large TB, fully optimizing stent expansion, while
simultaneously preventing distal embolization and protecting
the distal coronary vasculature, remains a clinical challenge,
given the fact that routine MATh has not been proven
effective (12). The inability of MATh to demonstrate a
clinical benefit (8, 33, 34) might be the result of current
MATh technology limitations, including inadequate retrieval
of thrombus, thrombus embolization downstream prior to
aspiration, and limited ability to deal with and not to dislodge
large organized thrombotic material to other vascular territories
during removal of the aspiration catheter (13). Interestingly,
several trials using OCT demonstrated large residual thrombus
after aspiration with current thrombus aspiration devices (16,
35). Hence, effective thrombus removal is crucial.

Our study is the first to show that angiographic outcomes,
linked with worse prognosis, including distal embolization

(5), no-reflow phenomenon (36), and angiographically evident
residual thrombus, are more frequent among patients with larger
retrieved thrombus, as assessed quantitatively. Similarly, we
observed a trend toward worse MBG in patients with larger
aspirated thrombus volume. Moreover, in these patients a lower
extent of ST-segment resolution was observed, which could
be potentially attributed to a higher prevalence of residual
thrombus. These findings suggest that, despite retrieving higher
thrombus load, current MATh technology fails to adequately deal
with thrombotic material in patients with large TB, who are at
higher risk for adverse outcomes and who would theoretically
benefit most from effective thrombus removal. Therefore, given
the fact that residual thrombus due to ineffective thrombectomy
has been associated with impaired microcirculatory perfusion
and more significant myocardial injury (14), further studies
are warranted to explore novel more effective thrombus
aspiration technologies with the potential to improve patient
outcomes (37).

Regarding variables correlated with larger extracted
thrombus, we observed that aspirated thrombus volume
was higher among smokers. This finding is in line with previous
studies showing a greater thrombus burden in smokers (38).
Smoking may induce a hypercoagulable state increasing
blood viscosity (39) and promoting platelet aggregation and
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FIGURE 4 | Visual overview of the main findings of the QUEST STEMI study.
(A) Independent predictors of large aspirated thrombus and (B) Angiographic
outcomes linked with large aspirated thrombus.

thrombogenesis. These mechanisms could also explain our
finding that smoking constitutes an independent risk factor
for no-reflow phenomenon, although this relationship has not
been yet confirmed (40). Apart from smoking, our data suggest
that lumen diameter and RCA are predictive factors for larger
retrieved thrombi. Larger coronary vessels can accommodate
greater amounts of thrombotic material. Another potential
explanation could be lower shear stress observed in vessels with
greater diameter, as shear stress has been shown to influence the
mechanisms supporting platelet aggregation and adhesion to
the thrombogenic area through different pathways (41). Current
literature also supports that thrombi in RCA tend to be larger
possibly due to proximal propagation of thrombotic material
related to fewer branch points (42, 43).

Moreover, micro-CT analysis of thrombus density
demonstrated that patients with clots of high density
(erythrocyte-rich thrombi) experienced worse pre-procedural
TIMI flow. This finding is in line with previous histopathologic
reports (44) showing that TIMI flow was worse in patients
with red clots, compared to patients with white clots. A similar
OCT-based study by Higuma et al. (35) showed that thrombi
with greater erythrocyte-positive area were associated with worse
angiographic outcomes.

LIMITATIONS

Our study has several limitations. Firstly, all patients
were enrolled from a single center, which could limit the
generalizability of our results. Secondly, the study lacks

intracoronary imaging data, thus the presence of residual
thrombus was based on visual evaluation. Moreover, MATh was
performed at the discretion of the interventionalist executing
the pPCI and therefore the possibility of selection bias cannot be
excluded. It is also possible that periprocedural IIBIIIA inhibitor
administration and operators’ technique could have affected the
outcomes of our study. However, all operators were strongly
encouraged to follow the same thrombectomy procedure. Thus,
derived outcomes should not have been substantially affected, by
inconsistent aspiration techniques. Additionally, formalin used
to preserve extracted clots may have caused thrombus shrinkage
and subsequent underestimation of thrombus measurements.
Similarly, sample staining with PTA has altered the measured
density of the thrombotic material. However, both formalin
fixation and PTA staining affected equally all specimens, since
the same process was applied to all of them. Hence, we expect
that these processes did not influence the comparability of our
measurements. Last, this trial was not designed to investigate
potential associations between micro-CT findings and hard
clinical outcomes.

In conclusion, novel imaging techniques, such as micro-
CT, can be employed for accurate and reproducible assessment
of extracted thrombotic material, paving the way for more
extensive research in this field. Our results indicate that the
inadequacy of MATh to provide the anticipated benefit to
patients with STEMI and large thrombotic load could be
attributed to the limitations of current aspiration thrombectomy
devices. A major question to be addressed by future studies is
whether the development and optimization of more efficient
MATh devices could facilitate effective thrombus removal and
minimal residual thrombus burden and subsequently improve
short- and long-term outcomes of coronary procedures in this
challenging setting.
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Introduction: Simulation-based training in transesophageal echocardiography
(TEE) seems promising. However, data are limited to non-randomized or
single-center studies. To assess the impact of simulation-based vs. traditional
teaching on TEE knowledge and performance for medical residents in cardiology.
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SIMULATOR Study: TEE Simulation Training

Materials and Methods: Nationwide prospective randomized multicenter study
involving 43 centers throughout France allowing for the inclusion of >70% of all
French cardiology residents. All cardiology residents naive from TEE will be included.
Randomization with stratification by center will allocate residents to either a control group
receiving theoretical knowledge by e-learning only, or to an intervention group receiving
two simulation-based training sessions on a TEE simulator in addition.

Results: All residents will undergo both a theoretical test (0—-100 points) and a practical
test on a TEE simulator (0-100 points) before and 3 months after the training. Satisfaction
will be assessed by a 5-points Likert scale. The primary outcomes will be to compare
the scores in the final theoretical and practical tests between the two groups, 3 months
after the completion of the training.

Conclusion: Data regarding simulation-based learning in TEE are limited to non-
randomized or single-center studies. The randomized multicenter SIMULATOR study
will assess the impact of simulation-based vs. traditional teaching on TEE knowledge
and performance for medical residents in cardiology, and whether such an educational
program should be proposed in first line for TEE teaching.

Keywords: simulation-based, medical education, residents, transesophageal echoardiography, randomized study

INTRODUCTION

Excellent know-how in transthoracic (T'TE) and transesophageal
echocardiography (TEE) is an essential requirement for the
training of cardiology residents (1-3). Although TTE is rapidly
taught and practiced on patients during the cardiology residency
with dedicated studies (4), TEE remains too often neglected.
The reference hands-on TEE teaching may be hampered by the
availability of the teacher and equipment according to trainees’
working patterns, and by the procedure, which is semi-invasive
by itself with the need of esophageal intubation. Simulation may
be a key educational tool to improve accessibility of TEE training
and to accelerate the learning curve (5).

Despite a growing interest in simulation-based training (6, 7),
its accessibility remains limited in the cardiology field. In a recent
international survey performed with 172 young cardiologists
from 43 countries, only 48% of the participants had already
participated in a simulation training, while 91% considered this
teaching method as “necessary” in cardiology (8). To respond
to this training demand, several teams already offer to their
residents a simulation education on TEE mannequin for several
years (9). In France, simulation-based teaching in cardiology has
also experienced significant developments, both technologically
and institutionally. Indeed, simulation-based teaching is soon
to become a legal obligation in the evaluation of graduate
medical students (Health Law 2022) (10). However, as of yet,
no national French simulation educational program exists in
cardiology. The lack of studies evaluating simulation educational
programs and the cost of TEE simulator may explain the lack of
national consensus.

While supervised real-life TEE experience is essential,
recent studies suggested that simulation-based TEE teaching is

displaying significant benefit over conventional methods (11-
17). To our knowledge, all these studies were non-randomized
or randomized with limited single-centre sample size (11, 12, 14,
15, 18-23).

The SIMULATOR study is designed to assess the impact
of SIMULation-bAsed Training on transoesophageal
echocardiOgraphy leaRning for cardiology residents comparing
simulation-based vs. traditional teaching on TEE knowledge and
performance in cardiology residents, in several French centres.
Our hypothesis is that skills and knowledge in TEE may be
enhanced by the simulation-based TEE teaching.

METHODS
Study Population and Centers

From November 2020 to November 2021, all consecutive
residents in cardiology, of all training levels (year 1-4), who have
never performed a TEE alone will be included in this randomized
multicenter study conducted in 43 centers throughout France.
The list of participating centers allowing for the inclusion of
more than 70% of all French cardiology residents is provided
in Supplementary Table 1. All residents who have already
performed a TEE alone will be excluded. Residents will be invited
via email from their local University coordinator to participate in
the study.

The study will be approved by the Ethics committee of
each center and authorized by the French data protection
committee (Commission Nationale Informatique et Liberte,
CNIL). Written informed consent will be obtained from all
participants. Anonymized data supporting the findings of this
study will be available from the corresponding author upon
reasonable request. The study will be registered before starting
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FIGURE 1 | Flowchart of the study with schedule for training sessions and examinations in the two groups.

the recruitment of the participants, and study data and results
will be added at the completion of the study. All authors and
future study investigators of this study have read and approved
the manuscript as written.

Randomization

Randomization with stratification by center will be performed
at the individual (resident) level in 1:1 ratio, using a computer-
based software (Research Randomizer 4.0; Social Psychology
Network, Middletown, USA) to assign all the residents
to the traditional group or to the simulation group. The
random allocation sequence will be computer-generated by the
statistician (E.A.) prior to the study using Stata v16.0 (StataCorp,
College Station, TX, USA). Cluster-level randomization at the
center level was not used for the present study, considering as
minimal the risk of “contamination” of the effect of the training
intervention in residents allocated in the control group.

Study Design

Each participant will complete two different tests during the
study: (1) a pre-training test before starting the educational
program; and (2) a final test performed 3 months after the end
of the educational program. Each of these tests will include a
theoretical test and a practical test on a TEE simulator (Figure 1).
Notably, the pre-test will allow for an accurate assessment of each
resident’s theoretical and practical level in TEE at baseline.

Baseline Participants Characteristics

The following demographic data will be collected: age,
sex, residency semester, having the national diploma in
echocardiography (validation on the SIDES platform), number
of TTE performed, number of TEE observed, desire for a

technical specialty in cardiology (cardiovascular imaging,
interventional cardiology, electrophysiology, pediatric and
congenital cardiology, or no technical specialty). All participants
will answer a questionnaire on their prior experience of video
games in childhood or currently, defined by more than 1 hour
per week, as this seemed to be associated with performance on
simulation-based models in previous studies (15, 24).

Theoretical Test

The theoretical test will include 20 video-based questions
online that evaluate recognition of standard TEE views, normal
anatomy and some cases of mitral regurgitation, as already
described (13, 19, 22, 23). Beyond the mitral regurgitation, the
presence and severity of pathology and advanced TEE skills
such as quantification and haemodynamic calculations will not
be assessed. The residents will be given 90s to choose the best
answer out of a multiple-choice of 5 for each question (23). These
tests will be designed by the experts from the French Group
of Cardiovascular imaging of the French Society of Cardiology.
Each question will be scored on 5 points (5 points if all the
propositions correct and 0 points if at least one error), for a total
of 100 points per test.

Practical Tests

Immediately after each theoretical test (pre-training and final
tests), all participants will be asked to demonstrate 10 basic views
on a TEE simulator (Table 1), as previously described (14, 15). Of
note, all residents of the two groups will have a few minutes before
the practical test, to familiarize themselves with the handling
of the simulator, without specific training and before the probe
introduction. The standardized assessment that will be used by
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TABLE 1 | List of basic TEE views, general anatomic structures (25, 26) and the mitral valve structures (27) that will be assessed in the study.

Basic TEE views General anatomic structures

Mitral valve structures

ME 4-chamber

ME commissural view

LA/LV/RA/RV/mitral valve

LV/Mitral valve/LA/LA appendage/circumflex artery/coronary sinus

A2/P2

P1/A2/P3
Antero-lateral commissure
Antero-lateral muscle pillar

A2/P2

(2-chamber)

3-chamber LA/LV/right coronary cusp/non-coronary cusp/mitral valve
ME bicaval Interatrial septum/RA/LA/vena cava

ME RV inflow-outflow RV free wall/RV outflow tract/tricuspid valve

ME aortic valve SAX

valve/inter atrial septum
Descending aorta SAX
Descending aorta LAX
ME ascending aorta SAX
ME ascending aorta LAX

Right coronary, left coronary and non-coronary cusps/pulmonary valve/tricuspid

Descending aorta/inferior wall/superior wall

Descending aorta/round shape/wall (without interruption)
Superior vena cava/ascending aorta/aortic valve/pulmonary artery
Right pulmonary artery/ascending aorta/aortic valve

LA, left atrium; LAX, long axis; LV, left ventricle; ME, midesophageal; RA, right atrium; RV, right ventricle; SAX, short axis; TEE, transesophageal echocardiography.

all teachers for the TEE grading scale of each views is presented
in Figure 2. For each image, residents will have a maximum of
1 min to obtain their best view. The teacher will time the duration
between TEE probe introduction and obtention of the specified
view judged successful by the trainee. The modified Ferrero
grading scale will be used to assess the quality of achievement
of the views (14, 15, 23). In this grading system, each view will
be marked out of 10 points according to the quality of the view.
Of these 10 points, 5 will score for imaging angle and overall
clarity of the view (poor quality = 0 points, average quality
= 2 points, optimal quality = 5 points); and 5 will assess the
presence of all the pertinent anatomic structures in the view
(—1 point per missing structure not shown, and zero point if
no structure identified) (Table 1). All teachers will ask for the 10
basic views in a pre-established order. Each view will be scored
on 10 points, for a total of 100 points per practical test. These
examinations will be evaluated by the local teacher, a certified
national echocardiography teacher. Of note, residents will not
be informed of their individual performance on theoretical or
practical tests to avoid additional training beyond the study for
performance purposes.

Traditional and Simulation-Based Training

After the pre-training test, all participants will complete the
following training sessions corresponding to the randomization.
The first group (“traditional group”) will take part in a traditional
didactic training using e-learning with the free-access online
course on the SIDES-NG platform (website: https://www.uness.
fr/plateformes-sides/sides-ng). This internet-based resource was
developed by the French Group of Cardiovascular of the French
Society of Cardiology and is freely accessible online. No session
on TEE simulator will have to be performed during the study.
The second group (“simulation group”) will access online
courses too. Additionally, they will receive two one-on-one
teaching sessions using a TEE simulator. The teaching program
will be designed to facilitate sequential TEE examination
according to ESC guidelines (3). The simulation session will
involve standardized initial teaching of normal cardiac, including

anatomy of mitral valve with some mitral regurgitation cases,
aortic valve, tricuspid valve, interatrial septum, and left atrial
appendage, and demonstration of image acquisition by the
teacher (time duration: 30 min) (25). The duration of each session
will be 2 h with a 6:1 instructor to student ratio. Each subject will
have a dedicated 20 min of hands-on to manipulate the probe and
undertake a sequential TEE examination under the supervision of
the teacher. Instruction and feedback will be primarily verbal, but
physical assistance with probe movement will also be provided
to obtain and optimize the 10 basic views. Other participants
can watch their colleagues working on the TEE simulator. The
time allocated on TEE simulator will be divided between the
acquisition of basic views and normal cardiac anatomy, including
anatomy of mitral valve, aortic valve, tricuspid valve, interatrial
septum, and left atrial appendage (first session), and an in-
depth learning of mitral valve anatomy in TEE using some
cases of mitral regurgitation (second session). The two practical
sessions will be taught by the same instructor in each center. The
maximum time between the two sessions will be 2 months.

Three months after completion of the study, all participants
will be invited to a final test to assess long-term retention.
Participants will be asked not to access additional learning
resources about TEE between the pre- and final tests. All
participants in both groups will be allowed to perform TEE
during their daily clinical practice throughout the study. They
will have to quantify prospectively the number of TEE observed
or performed after training using a personal logbook provided by
the teacher.

TEE Simulator Protocol

For the “simulation group,” the same mannequin-based TEE
simulators will be used for the study (“U/S Mentor Simulator;,”
3D Systems-Simbionix, Littleton, USA). Functionalities of TEE
simulators have been described previously (13). All trainers
of the study are certified teachers in echocardiography and
are accustomed to use simulation as a teaching method. To
standardize the training and the practical test on TEE simulator,
all trainers will follow a webinar of 30 min presenting the entire
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content of each session and the final test. Eighteen simulators will
be used for this study. Some University centers already have their
own simulator and will perform the study without additional
cost. For the other centers which do not have a simulator, we will
be able to set up a system of delivery of the simulator on the other
centers during a limited period allowing to carry out the study.

Satisfaction Assessment

After completion of the two training sessions, the participant
satisfaction will be assessed by an anonymous questionnaire on
the quality and effectiveness of the TEE training received during
this study for the simulation group. As already published (15, 19),
the questionnaire will include six statements on different aspects
of the training such as (1) overall satisfaction and usefulness;
(2) perceived benefit; (3) duration of the sessions; (4) relevance
of the current level of training; (5) ideas of improvement; and
(6) whether the participants would recommend this educational
program for others. Satisfaction will be assessed using a 5-point
Likert scale from 1 = strongly disagree to 5 = strongly agree.
Responses will be deemed negative (Likert scale 1 and 2), neutral
(Likert scale 3), or positive (Likert scale 4 and 5). The satisfaction
of each participant will be scored on a total of 30 points.

Outcomes

The coprimary outcomes of the study to compare the two groups
will be the scores in the final theoretical and practical tests after
the training will be completed.

The secondary outcomes will be the change in theoretical and
practical tests scores from pre- to final-training. In addition, we
will assess the satisfaction of participants.

Statistical Analysis

Sample Size Calculation

Based on recent available literature (13, 15, 19, 21) and
considering normalized 0-100 points score ranges for the two co-
primary outcomes, a minimally important difference of 5 points
(standard deviation 7 points) will be considered for the difference
in change from pre- to post-training scores in theoretical and
practical tests between the two randomized groups. Under these
assumptions, a sample size of 50 subjects per group (for an
overall population of 100 participants) will provide 90% power
to detect a statistically significant difference between the two
groups at a significance level of alpha = 2.5%, applying a
Bonferroni correction to account for multiple testing of the two
co-primary outcomes.

Statistical Methods

Demographic characteristics (age, sex, residency semester),
having the national diploma in echocardiography, number of
TTE performed, number of TEE observed, desire for a technical
specialty in Cardiology collected at the time of randomization,
will be summarized and compared between participants of the
“traditional group” and the “simulation group.” Continuous
data will be reported as means + standard deviation (SD) for
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normally distributed data or as medians and interquartile range
(IQR) for non-normally distributed data, as assessed through
graphical methods and the use of the Shapiro-Wilk test for
normality. Categorical data will be reported as counts and
percentages. Between-groups comparisons will be performed
using Student’s t-test or Mann-Whitney test for continuous
variables and using the Chi-2 or Fisher’s exact test for categorical
variables, as appropriate. Regarding the co-primary outcomes,
on-parametric approaches (i.e., Mann-Whitney tests) will be
favored over parametric tests due to the skewed distribution
of test scores previously described in the literature (15). For
within-groups comparisons (pre- vs. final tests), paired t-tests
and Wilcoxon signed-rank tests will be performed for continuous
variables. Longitudinal analysis of the evolution of the co-
primary outcomes over the two time points (pre- and 3-month
follow-up) will rely on mixed effects linear regression modeling,
accounting for the correlation between repeated data over time.
To address this risk of bias due the difference of number of TEE
observed between the residents, an adjustment for the number of
TEE observed will be performed in the final analysis. Prespecified
subgroup analyses will be performed after stratifying by prior
experience of video games in childhood or currently. A two-
tailed p < 0.025 will be considered statistically significant for
the primary analyses, and a two-tailed p < 0.05 for all other
comparisons. All data will be analyzed using the R software,
version 3.6.3 (R Project for Statistical Computing, R Foundation,
Vienna, Austria) and Stata v16.0 (StataCorp, College Station,
TX, USA).

DISCUSSION

This study will be the largest multicentre randomized study to
assess the impact of simulation-based TEE teaching on the level
of skills and practices of residents in cardiology. Simulation-
based teaching in cardiology is experiencing a period of
significant technological and institutional development. Further,
simulation-based teaching has recently became a legal obligation
in the evaluation of graduate medical students in France (10).
Previous studies evaluated the difference between TEE
simulation training and conventional didactic training and
e-learning (11, 12, 14, 20, 21, 23) and only three studies
compared simulation training with hands-on training (15, 19, 22)
considered as the “gold-standard” for TEE teaching. The majority
of these studies showed superiority of TEE simulation training
compared to traditional methods (12, 14, 15, 19-23). However,
all of these studies were non-randomized (20) or randomized
but limited by their sample size and monocentric character. Our
multicentric randomized study with stratification by center will
reduce the bias of variability in the quality and effectiveness
of instructors, which is an essential step in the validation of
an educational program. Besides, the majority of studies only
evaluated the participants’ retention in short-term recall 1 week
after TEE education (19), and only a few studies performed long-
term recall at 3 months (15). Only two small single-center studies
have suggested a benefit of simulation training for residents
who played video games with better visual, spatial and motor

coordination than other students (15, 24). For that reason, we
have chosen to also assess this element in the study.

Almost all of the studies evaluating the impact of simulation-
based TEE teaching were performed with anesthesia residents
(11, 13-15, 18-21, 23) or with cardiac surgery residents (22).
To date, no study has been performed to assess the interest
of simulation-based TEE teaching in cardiology residents.
This may be explained by the earlier and faster development
of simulation-based education in anesthesia-resuscitation and
surgery compared with cardiology. However, TEE is most often
challenging and stressful in cardiology as patients are usually
awake under local anesthesia, and not under general anesthesia
and as TEE exams usually need to provide a quick answer
when guiding structural or surgical procedures with immediate
consequences for the patient (26). Thus, TEE training in a safe
environment with no risks for patients is particularly critical
for cardiologists.

Study Limitations

This study will have some limitations. First, residents of the
traditional group will not manipulate any TEE probe during the
training program. It could be argued that the opportunity for
probe manipulation in the simulation group might confer an
advantage in understanding anatomical relationships. Second, as
previously described in the majority of educational studies (27).
There is a risk of contamination of control residents, meaning the
simulation group could discuss outside of the training sessions
with the traditional group. However, the potential consequences
of this risk are very limited, because the simulation-teaching
experience is essentially practical.

Third, the practical test assessor will not be blinded due to
the cluster randomization. Nevertheless, this assessment will be
standardized for all assessors by the dedicated webinar.

Fourth, this study is an introduction to the practice of TEE
and the use of simulators are not allowing for learning of probe
insertion or the skills to manage the potential complications
during an examination on real patients. Even though the
simulation-based teaching should be even more beneficial for
TEE with pathological cases which requires greater expertise.
Indeed, the aim of our study was to evaluate the impact of
simulation-based learning on basic TEE skills and knowledge.
Further studies should assess its impact on more advanced
level of expertise. Moreover, this study will not evaluate the
educational contribution of simulated-based TEE training on
actual patients. Indeed, this method is time-consuming and
hardly compatible with clinical routine, with difficulty in finding
patients with acceptable image quality for beginners. Hands-
on TEE training may also present a patient safety issue, as
TEE can potentially be traumatic for the patient, especially
without general anesthesia. Finally, the financial aspect is another
limitation of simulation-based training. Indeed, a significant
and constant investment is necessary for the purchase of
a simulator, for the maintenance and the update of the
software. For this reason, simulation centers are most often
based on multiple funding (University, national, regional and
international grants, sponsorships).
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CONCLUSION

This multicentre randomized study will allow an assessment
of the simulation-based TEE training impact compared to
traditional teaching. Finally, the result of this study will highlight
the interest of an educational program, including simulation-
based TEE training.
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Background: Distinguishing the etiology of left ventricular hypertrophy (LVH) is
clinically relevant due to patient outcomes and management. Easily obtained,
echocardiography-based myocardial deformation patterns may improve standard
non-invasive phenotyping, however, the relationship between deformation phenotypes
and etiology-related, microstructural cardiac remodeling has not been reported.
Synchrotron radiation-based X-ray phase-contrast imaging (X-PCI) can provide high
resolution, three-dimensional (3D) information on myocardial microstructure. The aim of
this pilot study is to apply a multiscale, multimodality protocol in LVH patients undergoing
septal myectomy to visualize in vivo and ex vivo myocardial tissue and relate non-invasive
LVH imaging phenotypes to the underlying synchrotron-assessed microstructure.

Methods and findings: Three patients (P1-3) undergoing septal myectomy were
comprehensively studied. Medical history was collected, and patients were imaged
with echocardiography/cardiac magnetic resonance prior to the procedure. Myocardial
tissue samples obtained during the myectomy were imaged with X-PCI generating high
spatial resolution images (0.65um) to assess myocyte organization, 3D connective
tissue distribution and vasculature remodeling. Etiology-centered non-invasive imaging
phenotypes, based on findings of hypertrophy and late gadolinium enhancement (LGE)
distribution, and enriched by speckle-tracking and tissue Doppler echocardiography
deformation patterns, identified a clear phenotype of hypertensive heart disease
(HTN) in P1, and hypertrophic cardiomyopathy (HCM) in P2/P3. X-PCl showed
extensive interstitial fibrosis with normal 3D myocyte and collagen organization in
P1. In comparison, in P2/P3, X-PCl showed 3D myocyte and collagen disarray,
as well as arterial wall hypertrophy with increased perivascular collagen, compatible
with sarcomere-mutation HCM in both patients. The results of this pilot study
suggest the association of non-invasive deformation phenotypes with etiology-related
myocyte and connective tissue matrix disorganization. A larger patient cohort could
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enable statistical analysis of group characteristics and the assessment of deformation

pattern reproducibility.

Conclusion: High-resolution, 3D X-PCl provides novel ways to visualize myocardial
remodeling in LVH, and illustrates the correspondence of macrostructural and functional
non-invasive phenotypes with invasive microstructural phenotypes, suggesting the
potential clinical utility of non-invasive myocardial deformation patterns in phenotyping
LVH in everyday clinical practice.

Keywords: hypertrophic cardiomyopathy, hypertension, myocardial disarray, fibrosis, remodeling, synchrotron,
speckle tracking, cardiac magnet resonance

INTRODUCTION

Distinguishing sarcomere protein gene mutation hypertrophic
cardiomyopathy (HCM) from other etiologies of left ventricular
hypertrophy (LVH) is clinically relevant, given the association
with elevated risk for sudden death, familiar inheritance, and
different pharmacological management. The contemporary
approach to diagnosing LVH is based on non-invasive
multimodality imaging [echocardiography and magnetic
resonance (CMR)] - where LV chamber size/shape remodeling,
distribution of hypertrophy/fibrosis, and functional alterations
form the basis for diagnosis (1, 2). Cardiac mechanics
are influenced by the structural and pathophysiological
processes underlying the LV remodeling. Therefore, easily
obtained, echocardiography-based myocardial deformation
patterns, reflecting cardiac mechanics and suggested as
highly characteristic for specific etiologies (3), may improve
phenotyping when added to the traditional data integration.
Nevertheless, the relationship between deformation phenotypes
and etiology-related microstructural cardiac remodeling has
not been reported. While relatively novel in the field of cardiac
imaging, synchrotron radiation-based X-ray phase-contrast
imaging (X-PCI) can provide high resolution, three-dimensional
(3D) histological information on myocardial microstructure ex
vivo non-destructively (4-7) - providing a novel approach to
visualize complex structural changes related to remodeling in
different disease etiologies.

The aim of this pilot study is to apply a multiscale,
multimodality protocol in LVH patients undergoing septal
myectomy to visualize in vivo and ex vivo myocardial tissue
with non-invasive and X-PCI imaging, respectively, and relate
non-invasive LVH imaging phenotypes to the underlying
synchrotron-assessed microstructure (Figure 1).

METHODS

Patients Under Study

The population under study were three patients (P1-3) with
obstructive LVH referred for septal myectomy from the familiar
cardiomyopathy outpatient clinic. At the moment of inclusion, a
clinical interview was performed. Medical history was reviewed
and data on demographic characteristics, cardiovascular risk
factors, comorbidities, pharmacological treatment was collected.

The 5-year HCM risk score was evaluated (8). Upper arm
cuff blood pressure measurement in the sitting position was
performed directly preceding the echo examination. Genomic
DNA was obtained from peripheral blood and analyzed using
NGS technology (MiSeq, Illumina). The most prevalent gene
mutations involved in cardiomyopathies were scanned (i.e.,
hypertrophic cardiomyopathy (CM), laminopathies, Danon
disease, dilatative CM, arrhythmogenic CM, non-compaction
CM, Marfan syndrome, long QT syndrome, Holt-Oram, Ehlers-
Danlos, and Brrugada syndrome). A generational family pedigree
was assessed to explore the genetic origin of disease.

Echocardiography

All participants underwent a comprehensive transthoracic
echocardiographic examination, prior to the surgical myectomy,
performed on a commercially available E95 system (GE, Vingmed
Ultrasound, Horten, Norway) equipped with a 4Vc transthoracic
transducer. In addition to full two-dimensional and Doppler
echocardiography, additional parasternal short-axis, and 4-
chamber, 2-chamber, and 3-chamber apical acquisitions with
appropriate frame rates were obtained for speckle-tracking and
Tissue Doppler analysis, respectively.

LV and LA volumes were assessed in the apical 4- and 2-
chamber views. LV ejection fraction was calculated by using the
biplane Simpson method. LA volumes were indexed to the BSA.
Cardiac dimensions were measured in appropriate 2D views, as
according to current guidelines (9). LV mass was calculated using
the linear method and normalized by body surface area, whereas
hypertrophy was defined as >88 g/m? in females and >102 g/m?
in males (9). Relative wall thickness (RWT) was calculated by
dividing the doubled value of the end-diastolic posterior wall
thickness with the end-diastolic internal diameter of the LV. The
type of LV remodeling was determined based on the RWT and
indexed LV mass.

Resting LVOT peak velocity was measured by using
continuous-wave Doppler echocardiography, and the LVOT
pressure gradient peak estimated by using a simplified Bernoulli
equation. The maximal LVOT gradient was defined as the highest
recorded gradient, either in rest of during Valsalva maneuver.
Pulsed-wave Doppler was performed in the apical 4-chamber
view by placing the sample volume at the level of the leaflet
tips to obtain mitral inflow velocities. Peak velocity of early (E)
and late (A) diastolic filling, E velocity deceleration time and
A wave duration were measured, and the E/A ratio calculated.
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Isovolumic relaxation time (IVRT) was measured as the time
difference between aortic valve closure and mitral valve opening
as assessed in the five-chamber view using continuous-wave
Doppler of the LV outflow tract. Tissue Doppler was used to
measure early and late diastolic mitral annular velocity at the
septal (¢ and a septal) and lateral (¢’ and @ lateral) annular sites.
Myocardial deformation of the left ventricle (LV) was assessed
with speckle tracking echocardiography (STE) on 2D grayscale
images obtained from the three apical cardiac views and with
tissue Doppler deformation imaging (TDI) in the 4-chamber
view - both using GE Echopac software (GE Medical Systems,
version 202.41.0). The endocardial border was manually marked
at end-systole of the LV. A region of interest with six segments
was automatically generated. If needed, manual adjustments
were performed to achieve optimal tracking. Longitudinal strain
curves were generated and end-systolic strain, defined by the
aortic valve closure time, measured. The LV global longitudinal
strain was calculated by averaging values of the 18 segments. The
focus of analysis was the basal and mid septal region, as this
is where myocardial tissue is removed during septal myectomy.
Regional deformation was therefore explored by placing the
region of interest (ROI) in different parts of the interventricular

septum. TDI-derived deformation was assessed using color-
coded maps of myocardial deformation and by determining ROIs
to generate regional TDI-derived longitudinal strain curves of
myocardial areas within the adjacent ventricular segment.

Cardiac Magnetic Resonance Imaging

All cardiac magnetic resonance (CMR) exams were performed in
a 3.0 Tesla scanner (Signa Architect, General Electric Healthcare),
equipped with a 32-channel chest coil. All images were ECG-
triggered and obtained in apnea. Standard short axis SSFP
cines were obtained (slice thickness 6-8 mm, 2-4mm gap)
in order to calculate left and right ventricular volumes and
function. Additionally, 4-, 3-, and 2-chamber SSFP cines were
acquired. A standard phase contrast in-plane flow sequence in
a 3-chamber view orientation (or a similar orientation with
a good visualization of the LV outflow tract) was acquired
in order to assess for the presence of flow obstruction. An
additional through-plane phase contrast image was obtained
at the point of maximal turbulence; VENC was appropriately
adjusted in each case to avoid aliasing. A perfusion sequence
in three standard short axis orientations (basal, midventricular
and apical) was obtained after administration of a single bolus
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of gadolinium-based contrast (0.15 mmol/kg). Seven min after
contrast administration a standard Look-Locker sequence was
acquired and the optimal inversion time selected for each
patient. Immediately after, late gadolinium enhancement imaging
(inversion recovery gradient echo and PSIR sequences) was
acquired using the same imaging planes, slice thickness and
spacing as the cine images; inversion time was adjusted during
the acquisition, if necessary.

Surgical Myectomy and Tissue Handling
Septal tissue samples were obtained as a part of the planned
surgical procedure performed at the center. Patients underwent
myectomy as previously described (10). No additional invasive
procedure was performed beyond the ones indicated for the
management of the patient’s clinical condition. The tissue that
was removed by the expert judgement of the cardiac surgeon.
The number and size of tissue specimens were dependent
on the predisposing patient anatomy. The tissue was initially
placed in a vile with a heparin solution, and afterwards fixed
and stored in a formalin solution at room temperature in a
standard formalin container regularly used in the clinical setting
(DiaPath SafeCapsule 31.7 ml). Tissue samples were measured
and photographed for reference.

Synchrotron Imaging and Data Analysis

Samples were imported to the TOMCAT beamline at Swiss Light
Source (Villigen, Switzerland) according to the participating
institution’s ethical recommendations and the governing
international legal requirements. Due to limited available
beamtime, only the largest removed pieces of tissue were selected
for scanning. The tissue was imaged using X-PCI. A multiscale
protocol combining a low-resolution (LR) and a high-resolution
(HR) setup (5.8 and 0.65 pm pixel size, respectively) was used0
(7). Briefly, the tissue sample was introduced in a tube with
deionized degassed water in order to minimally affect the
tissue structural conditions and avoid bubble formation. After
positioning the sample on the rotation stage, image acquisition
was performed using a 20 keV parallel synchrotron X-ray beam.
The sample was first imaged at LR (5,001 projections, exposure
time = 30 ms, field of view (FoV) = 11.83 x 3.29 mm?, 360°
rotation) with a sample-detector distance of 333 cm. X-rays
were converted to visible light through a LuAG:Ce 300 pm
scintillator and detected by a sCMOS camera (PCO Edge 4.2).
LR scans correspond well to traditional histology (11), enabling
a non-destructive evaluation of the overall morphology of the
septal tissue — allowing visualization of the endocardium, an
overview of myocyte organization to locate regional disruptions,
and the identification of patches of replacement fibrosis or areas
with interstitial fibrosis. Furthermore, LR scans were also used
to select several ROIs to be imaged at HR (2,501 projections,
exposure time = 220 ms, FoV 1.64 x 1.38 mm?, 180° rotation),
with a sample-detector distance of 20 cm, a LuAG:Ce 20 pm
scintillator and a PCO.Edge 5.5 CMOS detector. Additionally,
50 pre-flat, 50 post-flat and 50 dark images were acquired for
flat-field and dark-field corrections of each acquisition. The
acquired projections were reconstructed using the Gridrec
algorithm. In the case of HR, the single distance phase retrieval

method developed by Paganin was applied (12, 13) using specific
ring correction (14). Several overlapping scans were acquired
to cover the full sample in LR or the full ROI in HR. These
scans were later stitched in order to obtain full sample/ROI
datasets. HR images enabled assessment of individual myocyte
organization, vessels morphology and collagen distribution.

X-PCI datasets were visualized and analyzed with Fiji
(stitching/cropping) (15) and the open-source software Ilastik
(collagen segmentation) (16) with the aim of reproducible
segmentations of the different microstructural components.
Specifically, the pixel classification workflow of Ilastik was used
for collagen segmentation. Finally, 3D slicer was used to generate
the 3D volume renders of segmented collagen (17).

RESULTS

Non-Invasive Imaging Phenotypes -

Macrostructure and Function

Information on family history of HCM, demographic data
and medical history is shown in Table1, and additional
echocardiographic measurements in Supplementary Table 1. All
patients had severe symptomatic LV outflow tract obstruction
with systolic anterior motion (SAM) of the mitral valve. The
non-invasive imaging for P1-3 is illustrated in Figures 2-4.

P1 had normal LV cavity dimensions, showing concentric
LVH combined with pronounced basal anteroseptal hypertrophy
(19mm) (Figure2), while LGE showed traces of septal
intramyocardial and pronounced endocardial fibrosis (Figure 2,
first row, yellow arrow). Global longitudinal strain was reduced,
whereas regional STE deformation analysis revealed impaired
deformation at both the basal, basal/mid and mid septum
(Figure 2, yellow, pink and blue curves), associated with post-
systolic shortening (PSS) (Figure 2, yellow arrows). Upon further
exploration with TDI, areas with reduced deformation and PSS
were identified in the basal septum.

P2 had normal LV dimensions and an asymmetric LVH
localized in the inferoseptal region (17 mm) (Figure 3), with
focal intramyocardial enhancement in the basal and mid inferior
septum and both right ventricular insertion points (Figure 3,
first row, yellow arrows). While global longitudinal strain was
only slightly reduced, septal regional STE deformation analysis
showed a heterogeneous deformation pattern: reduced, but
normally profiled deformation in the basal segment (Figure 3,
yellow curve), virtually completely absent deformation on the
transition from basal to mid region (Figure 3, pink curve),
and normalizing deformation toward the apex (Figure 3, blue
and green curves). Exploration with color-coded TDI and TDI
deformation curves confirmed these findings visualizing an
isolated area with very abnormal deformation in the transition
from basal to mid septum (Figure 3, blue septal region in the
color-coded TDI, blue strain curve).

P3 had a slightly dilated LV, with an extreme, asymmetric
LVH, localized throughout the whole septum (37 mm), and
paired with severe enhancement in the septum and inferior
interventricular junction (Figure 4). While ejection fraction was
supranormal, global longitudinal strain and septal € velocity
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TABLE 1 | Clinical data and medical history.

Patient 1 Patient 2 Patient 3
Age (years) 64 50 32
Gender Male Male Female
Body mass index (kg/m?) 32.0 26.5 22.8
Avrterial hypertension Yes No No
Diabetes mellitus Yes No No
Hyperlipidemia Yes No No
Sleep apnea Yes No No
Atrial fibrillation Paroxysmal No No
New York Heart Association Functional Classification Il Ml 1l
Known family history of HCM - Brother had obstructive HCM and underwent -

septal myectomy

Family history of SCD No No No
Cardiac sarcomere protein gene mutations Negative for tested variants ~ MYH7 Negative for tested variants
History of unexplained presyncope or syncope No No Yes
History of arrhythmia No Non-sustained ventricular tachycardia (2017) No
5-year HCM risk (%) 2.09 6.25 4.88

‘ Jatient

Dimensions

LVEF 56 %
LVEDVi 43 ml/m?
LVESVi 25 ml/m?2

LVMIi 110 g/m?

FIGURE 2 | Non-invasive imaging phenotype of P1.

was severely reduced. Septal regional STE deformation analysis
showed completely abnormal deformation throughout the basal
and mid region (Figure 4, yellow, pink and blue curves), returning
to normal values in the apex (Figure4, green curve). Color-
coded TDI and TDI deformation curves, based on smaller, more
focused regions of interest, revealed an underlying heterogeneous
deformation pattern. Deformation in the basal region was, in
fact, normal (Figure 4, yellow curve), whereas the transition from

basal to mid septum showed completely abnormal deformation
(Figure 4, blue curve), slowly recovering toward the apical region
(Figure 4, green curve).

Invasive Imaging Phenotypes -

Microstructure
After surgical removal in P1, the septal tissue showed a
smooth endocardial fibrotic layer which could be visualized
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Dimensions

LVEF 64 %
LVEDVi 81 ml/m?2
LVESVi 25 ml/m?

LVMi 64 g/m?

FIGURE 3 | Non-invasive imaging phenotype of P2.

—{Dimensions }—

LVEF 75 %
LVEDVi 111 ml/m?
LVESVi 41 ml/m?
LVMi 111 g/m?

FIGURE 4 | Non-invasive imaging phenotype of P3.

with LR, and the underlying collagen organization with HR  arranged myocytes (Figure 5A, yellow frame). The segmented
X-PCI (Figure 5A, orange frame, Supplementary Video 1, 2). 3D collagen distribution was visualized (Figure 5A, second row,
HR revealed extensive interstitial fibrosis surrounding normally  collagen shown in blue, Supplementary Video 3), demonstrating
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A Patient 1 - Microstructural invasive imaging phenotype

b 00'um
Collagen (%) = 7.1%

e 100 pm
Wall thickness 20 um

o

MEDICAL HISTORY/NON-INVASIVE IMAGING PHENOTYPE ]

INVASIVE IMAGING
VALIDATION

comorbidities
Arterial hypertension

[ Clinical data } + [ Echo and CMR ] [ Synchrotron ]
- Concentric hypertrophy
No HCM family history :/ltheza:zal:eptal - Layer of endocardial
Negative genotype Nypt . F: J CM LGE fibrosis
Multiple cardiovascular . p:ttZI?rI\ca - Overt interstitial fibrosis

- Reduced basal/mid septal
deformation with post-
systolic shortening

- Normal organization of
myocytes and collagen

~
=

HTN HCM
phenotype phenotype

HTN
phenotype

organization.

~
[

FIGURE 5 | (A) Invasive imaging phenotype of P1. (B) Clinical data described a patient with no family history of HCM, negative genotype, and a burden of
cardiovascular comorbidities, including arterial hypertension. The non-invasive imaging concurred with the HTN clinical phenotype showing basal septal hypertrophy
with no typical HCM LGE pattern and a characteristic hypertensive spatiotemporal deformation pattern in the basal and mid septum coupled with post-systolic
deformation. The invasive imaging confirmed the non-invasive-imaging-based HTN phenotype with findings of normal myocyte, collagen and blood vessel

-~
[

HTN HCM
phenotype phenotype

HCM
phenotype

extensive (quantified at 7.1% in the selected volume), but spatially
normally organized, fibrosis. A blood vessel is shown with
normal dimensions, normal perivascular collagen, and mild wall
hypertrophy (20 pwm). The integration of clinical data for P1 is
shown in Figure 5B.

In P2 the septal tissue revealed a localized (likely related
to the SAM impact) fibrotic patch on the endocardial side
(Figure 6A, yellow arrow). LR revealed regions of normal
myocardial organization (Figure 6A, orange frame) alternated
with patches of myocyte disarray (Figure 6A, yellow frame,
Supplementary Video 4). Disarray was further explored
with HR. Visualization of the 3D collagen distribution
(Figure 6A, second row, collagen shown in blue) showed

increased fibrosis (13.4%), highly disorganized, except in the
smaller regions of normal organization (Figure 6A, yellow arrow,
Supplementary Video 5). The vasculature revealed abnormal
vessels with intima/media hypertrophy (45um) and increased
perivascular collagen. The integration of data for P2 is shown in
Figure 6B.

Septal myocardial samples from P3 showed no pronounced
fibrotic patch visible on the endocardial side. LR, further
enhanced with HR, revealed hypertrophied myocytes with
overt myocyte disarray, interlaced with small patches of normal
organization (Figure 7A, yellow frame, Supplementary Video 6).
In the acquired tissue sample, collagen was not increased
(1.9%), but showed spatial disarray (Supplementary Video 7).
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Patient 2 - Microstructural invasive imaging phenotype

Wall thickness 45 um
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[ Clinical data
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HTN
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FIGURE 6 | (A) Invasive imaging phenotype of P2. (B) Clinical data described a patient with family history of obstructive HCM, history of arrhythmic episodes, and a
positive genotype. Here, non-invasive imaging confirmed the clinical HCM phenotype. Although localized basal septal hypertrophy can also be seen in hypertension,
the deformation pattern was characteristic of HCM, and the LGE findings concurred. Invasive imaging validated the non-invasive-imaging-based HCM remodeling
phenotype with findings of myocardial disarray, abnormal collagen organization and hypertrophied blood vessels.

N\
m |

HTN HCM
phenotype phenotype

N

HCM
phenotype

Pronounced hypervascularization was noted throughout
the sample with an increased number of blood vessels,
combined with wall hypertrophy (39um) and increased
perivascular collagen.

DISCUSSION

In this pilot study we demonstrate a unique multiscale,
multimodality protocol to visualize in vivo and ex vivo
myocardial tissue with non-invasive and X-PCI imaging. We
report a novel approach to visualize 3D cardiac microstructure
in LVH and relate the findings to the etiology-discriminative
interpretation of non-invasive imaging data. The findings are
hypothesis-generating, providing insights about the relationship

of myocyte and connective tissue matrix spatial disorganization
and myocardial deformation - thus suggesting the potential
clinical utility of deformation patterns in phenotyping left
ventricular hypertrophy.

The Functional Consequences of

Myoarchitectural Abnormalities

X-PCI has proven as a powerful tool for visualizing cardiac
microstructure in cardiac biopsies of rat models, human
fetal hearts, as well as in endomyocardial biopsies of heart
transplantation patients. The modality enables imaging up to
the scale of an individual myocyte, demonstrating feasibility
of quantification of fiber orientation, vessels and collagen
from multiscale 3D datasets; enabling multiresolution, 3D,
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Patient 3 - Microstructural invasive imaging phenotype
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FIGURE 7 | (A) Invasive imaging phenotype of P3. (B) Clinical data was inconclusive, revealing negative family history of HCM, lack of cardiovascular comorbidities, a
history presyncope, and a genotype negative for the most common mutations associated with HCM. Here, non-invasive imaging played a crucial role in revealing the
etiology — showing extreme wall thickening in the septal region, with a characteristic HCM deformation pattern, and severe LGE in the septum. Invasive imaging
confirmed the non-invasive-imaging HCM remodeling phenotype with findings of vast myocardial disarray, collagen disarray, hypervascular tissue and hypertrophied
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quantitative ex vivo analysis of cardiac microstructure, without
the need for artifact prone slice-processing that strains
histological/microscopic reconstruction (4, 5, 7, 18). In our study,
X-PCI and the subsequent analysis - applying machine-learning
solutions to provide automated, 3D segmentations of myocardial
structure - enabled a novel way to visualize and quantify the
complex microstructural abnormalities that inherently influence
cardiac mechanics in LVH.

The histological findings of myocyte (19, 20) and connective
tissue matrix (21, 22) disorganization in HCM has evoked
research relating abnormal myocardial architecture to LV
function. A transgenic HCM mouse model demonstrated
decreased sarcomere length and impaired systolic shortening in

regions of myocardial hypertrophy (23). In human hearts non-
invasive imaging, histology, and in vitro experiments suggested
an association between disarray, fibrosis, active contraction in
vitro, and STE-derived deformation in vivo (24, 25). Similarly,
diffusion tensor CMR and CMR-derived strain rate imaging
inferred intramural disarray correlated with both active and
passive myocardial function (26). The intrinsic contractile
dysfunction can be recognized with deformation imaging
even at the early disease stages, before onset of LVH (27).
This described relationship between abnormal myoarchitecture
and cardiac mechanics in HCM is captured by characteristic
deformation patterns, easily obtained in everyday workflow, and
potentially clinically useful in the process of distinguishing LVH
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etiologies, especially when integrated with remaining clinical and
imaging findings.

The Challenge of Distinguishing Disease
Etiologies

Clinical practice relies on interpretation of available clinical
information for diagnosis in LVH - medical history and physical
examination, genetic analysis for the most frequent mutations,
and insights gained from non-invasive cardiac imaging (28).
The challenge for a genetic diagnosis is the considerable genetic
heterogeneity of HCM, where the underlying genetic cause is
only found in a percentage of patients fitting the phenotype
(29). In our analysis, P3 had a “textbook” microstructural,
macrostructural, and functional HCM phenotype, however,
the genotyping approach was unsuccessful in identifying the
causative genetic mutation strongly suggested to be present.
Differentiating HCM from hypertensive heart disease is a
process based on integrating findings from clinical history
and multimodal non-invasive imaging - the distribution of
LVH and LGE, frequency of LV outflow tract obstruction,
severity of longitudinal dysfunction, functional asynchrony
and deformation heterogeneity (2). Such integration is shown
in Figures 5B, 6B, 7B. In this analysis, echo-based regional
deformation patterns, reflective of the influence of structural
and pathophysiological processes in LV remodeling on cardiac
mechanics, are easily accessible and of potential clinical use (3).

The echocardiographic finding of basal septal hypertrophy
has been shown to be a morphological marker of increased
afterload in arterial hypertension (30, 31) Here intra-ventricular
heterogeneity is the consequence of heterogeneous wall stress
distribution in response to elevated blood pressure. In an average
heart, the septum has a greater radius of curvature compared
to the free wall (32, 33), leading to a disproportionately higher
wall stress in the basal parts in the setting of high systemic
pressure (33). This results with an imbalance between locally
developed force and wall stress, and, consequently, decreased
local deformation and PSS. Thus, in HTN, prolonged exposure
to increased afterload can result in compensatory localized basal
septal hypertrophy in an attempt to normalize wall stress and
maintain deformation (3), and ultimately lead to LV outflow
obstruction (34). Localized hypertrophy in HTN, as seen in
P1 and opposed to P2, was associated with microstructurally
described overt interstitial fibrosis (not clearly inferred by LGE),
showing organized 3D structure of the collagen surrounding
normally arranged myocytes. These microstructural findings
support the hypertensive etiology of the hypertrophy, especially
when combined with the HTN-related deformation pattern -
reduction in peak systolic strain (30, 35) and PSS occurring in
the basal and mid-septum (36).

Another type of intra-ventricular heterogeneity can be
seen in HCM, where, as compared to the heterogeneity
of loading in HTN, the heterogeneity is in the tissue
structure itself. In our study, X-PCI of HCM myocardial
tissue revealed both myocyte and connective tissue matrix
3D disorganization or disarray. The heterogeneous tissue and

compensatory hypertrophy leads to high variability in regional
myocardial wall thickness and characteristic regional contractile
heterogeneity (37-40). The structural finding of basal septal
hypertrophy in HCM commonly overlaps with that seen in
HTN (e.g., P1 vs. P2), however, with clearly different patterns
of deformation. In P2 and P3, we noted a heterogeneous
septal deformation pattern, with localized parts of the septum
showing virtually absent deformation, unlike that seen in HTN,
while surrounding regions show normal deformation pattern
(with/without reduced amplitude).

Regional longitudinal strain is still burdened by
reproducibility ~and  inter-vendor  variability = (41-43).
Nevertheless, regional spatiotemporal strain patterns contain
important diagnostic information (3, 41), and remain consistent
despite underlying variability in inter-observer segmentations
and regional peak strain values (44). The results of this pilot study
are hypothesis-generating, suggesting non-invasive deformation
phenotypes are associated with etiology-related myocyte and
connective tissue matrix 3D disorganization, thus inferring the
potential clinical value of deformation patterns in everyday
clinical analysis and phenotyping LV hypertrophy.

Scientific and Clinical Implications

The ability to explore microstructural organization is essential
for understanding myocardial mechanics and resolving the
etiology of non-invasive imaging phenotypes in LV hypertrophy.
In contemporary translational research, electro-mechanical
computational models of the heart integrate multiscale and
multimodal imaging, and apply novel methods of data extraction
from large datasets and across different resolutions, with the
aim toward deciphering mechanistic descriptors of personalized
structure and function (45). Detailed information on fiber
orientation and fibrosis organization can be integrated to
these models (46), a concept particularly relevant in HCM
(47). Previously, fiber structure information has been extracted
from diffusion tensor imaging (at low resolution) or localized
microscopy (48), but this may be advanced with high resolution,
3D X-PCI data. Derived information about disease-specific
patterns could help relate structural and dynamic features
measured in vivo with high-resolution characterization of
microstructure ex vivo, enabling personalized modeling of
cardiac biomechanics, potentially bringing incremental insights
to disease pathophysiology and tailoring risk assessment (49).

In a more clinical perspective, continuing evidence point
out the inconsistencies of the single sarcomere gene hypothesis
in HCM, suggesting the need to incorporate the influences of
numerous disease modifiers, each exerting a small effect on
phenotype expression (50-52). Here, the opportunity to explore
the structure-function relationship, through the insights of
combined in vivo and ex vivo imaging is highly relevant. Applying
this methodology enables quantification of myocardial structure
abnormalities potentially associated to sarcomere protein gene
mutations and clinical risk, even in patients with no signs
of macrostructural remodeling when assessed with traditional
non-invasive imaging. In comparison to X-PCI, histology is a
destructive imaging method, relying on tissue preparation -
slicing and staining, and of limited (2D) analysis. Multiscale
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analysis with CMR may provide better soft tissue contrast,
however, at much lower resolutions and/or prolonged scan
time. Furthermore, CMR-based techniques rely on indirect
measures of myocardial structure, through the use of contrast
agents or diffusion tensor imaging, whereas with X-PCI we
can directly measure myocardial structure based on changes
in X-ray intensity and phase. On an important note, X-PCI is
currently a research methodology, and as such it is linked to
synchrotron facilities with limited accessibility. Integration of
X-PCI technology in traditional hospital CT machines is for
now still not feasible (53), but the developments in compact
synchrotrons (54) and grating based X-PCI technology (55) may
lead to a translation of this methodology towardz clinical, ex
vivo use — particularly for imaging tissue biopsies. Application
of these tools has already been suggested - for clinically relevant
topics such as the assessment of ex vivo endomyocardial tissue in
heart transplantation patients to assess graft rejection with more
reproducibility (56), or assessment in vivo to clarify ambiguous
findings in traditional mammography (57).

Limitations
Our pilot study consisted of a detailed, multi-modality in vivo
and ex vivo analysis of a small sample, with the goal of applying
existing X-PCI technology to the field of cardiac imaging to
provide a novel visualization of microstructural organization
in LVH, and to generate a hypothesis of structure/function
relations by linking these invasive findings to non-invasive
imaging phenotypes. Nonetheless, no causation can be claimed
based on these initial results. The results motivate larger patient
cohorts to enable statistical analysis/group comparison, as well as
the assessment of reproducibility of deformation patterns (44).
All imaged tissue samples were derived from surgical
myectomy; therefore, the sample size was limited and potentially
not representative of the heart as a whole. However, septal tissue
has consistently demonstrated structural abnormalities in prior
studies (22, 24, 25, 52).

CONCLUSIONS

High-resolution, 3D X-PCI provides novel ways to visualize
myocardial remodeling in excised myectomy tissue, and
illustrates the correspondence of macrostructural and functional
phenotypes with invasive microstructural
phenotypes, suggesting the potential clinical utility of non-
invasive myocardial deformation patterns in phenotyping left
ventricular hypertrophy. A larger patient cohort could enable
statistical analysis of established differences and the assessment
of the reproducibility of deformation patterns.

non-invasive
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Supplementary Video 6 | Patient 3 - Top to bottom scan of a subvolume of the
HR X-PClI Paganin reconstructed dataset.

Supplementary Video 7 | Patient 3 — A 3D visualization of the
collagen organization.
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Cardiovascular magnetic resonance (CMR) is the reference standard for non-invasive
assessment of right-sided heart function. Recent advances in CMR post-processing
facilitate quantification of tricuspid annular (TA) dynamics and longitudinal strains of the
right ventricle (RV) and right atrium (RA). We aimed to determine age- and sex-specific
changes in CMR-derived TA dynamics, and RV and RA functional parameters in healthy
Asian adults. We studied 360 healthy subjects aged 21-79 years, with 30 men and
30 women in each of the six age groups. Functional parameters of RV and RA were
measured on standard four-chamber cine CMR using fast feature tracking: (1) TA peak
velocities (systolic velocity S/, early diastolic velocity E’, late diastolic velocity A’) and
TA plane systolic excursion (TAPSE); (2) RV global longitudinal strain (GLS) and strain
rates; and (3) RA phasic longitudinal strains and strain rates. S’ and TAPSE exhibited
negative correlations with age. RV GLS was significantly higher in females than in males
but not associated with age in both sexes. Females had similar E/, lower A", and higher
E'/A’ ratios compared to males. Positive associations of E' and E'/A’, and negative
association of A’ with age were observed in both sexes. Females had higher RA reservoir
and conduit strains compared to males. There were significantly negative and positive
associations between RA conduit and booster strains, respectively, with age. Age- and
sex-specific reference ranges were established, and associations revealed, for fast CMR
feature tracking parameters of right heart function in a large normal Asian population.

Keywords: cardiovascular magnetic resonance, feature tracking, right ventricular function, right atrial function,
age, sex

Frontiers in Cardiovascular Medicine | www.frontiersin.org 93

June 2021 | Volume 8 | Article 664431


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.664431
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.664431&domain=pdf&date_stamp=2021-06-04
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:chenyucheng2003@126.com
mailto:zhong.liang@nhcs.com.sg
https://doi.org/10.3389/fcvm.2021.664431
https://www.frontiersin.org/articles/10.3389/fcvm.2021.664431/full

Leng et al.

Age, Sex, Right Heart Function

INTRODUCTION

The right side of the heart has traditionally received less attention
than the left, yet there is a growing body of evidence showing that
right heart size and function are perhaps of equal importance in
providing diagnostic and prognostic information in a wide range
of cardiovascular diseases (1).

Cardiovascular magnetic resonance (CMR) imaging is the
current gold standard for quantitation of right ventricular
(RV) geometry and function (2). Guidelines recommend CMR
for assessment of global RV functional parameters such as
RV volumes, ejection fraction (EF), and cardiac output (3).
Recent advances in CMR post-processing have facilitated
reliable quantitation of tricuspid annular (TA) dynamics and
longitudinal strains of the RV and right atrium (RA) using
feature tracking (4-8). CMR-based TA systolic velocity (S'),
early diastolic velocity (E’), late diastolic velocity (A’), and TA
plane systolic excursion (TAPSE) have been reported to be
significantly lower in patients diagnosed with heart failure (4),
hypertrophic cardiomyopathy (4), repaired tetralogy of Fallot
(rTOF) (4, 5), unrepaired atrial septal defect (5), and severe
tricuspid insufficiency (6) than in normal controls. RV and
RA longitudinal strains can be quantified either by feature
tracking of the whole RV and RA endocardium, respectively
(9, 10), or more rapidly by tracking discrete anatomical points
on standard cine CMR (7, 8). A prior study demonstrated the
prognostic utility of impaired fast CMR feature tracking-derived
RA strain parameters for predicting clinical and hemodynamic
deterioration in patients with pulmonary arterial hypertension
(PAH) (7). The quantitative RV fast strain and strain rate
parameters assessed from CMR identify abnormalities of RV
function in rTOF and PAH and are predictive of exercise
capacity, RV decompensation, and clinical risks in these
patients (8).

The emerging importance of these parameters motivates
efforts to define normal ranges and distributions in a healthy
population. In addition, most CMR normal ranges for right
heart size and volume have been established for Caucasians
and may not be generalizable to other ethnicities (11).
Accordingly, the aim of this study is to determine age- and
sex-specific changes in CMR-derived RV and RA dimensions
and functional (systolic and diastolic) parameters among healthy
Asian subjects.

Abbreviations: A’, peak tricuspid annular late diastolic velocity; BSA, body
surface area; CMR, cardiovascular magnetic resonance; &4, right atrial booster
strain; &, right atrial conduit strain; &;, right atrial reservoir strain; E’, peak
tricuspid annular early diastolic velocity; EDV, end-diastolic volume; EF, ejection
fraction; ESV, end-systolic volume; GLS, global longitudinal strain; GLSR,, global
longitudinal strain rate during late diastole, GLSR., global longitudinal strain
rate during early diastole; GLSR;, global longitudinal strain rate during systole;
LV, left ventricle; PAH, pulmonary arterial hypertension; RA, right atrium; rTOFE,
repaired tetralogy of Fallot; RV, right ventricle; §', peak tricuspid annular systolic
velocity; SD, standard deviation; SR,, right atrial booster strain rate; SR,, right
atrial conduit strain rate; SRy, right atrial reservoir strain rate; SV, stroke volume;
TA, tricuspid annular; TAPSE, tricuspid annular plane systolic excursion; TDI,
tissue Doppler imaging.

MATERIALS AND METHODS

Study Population

In this multicenter study, 360 subjects (aged 21-79 years, 180
males and 180 females) without known cardiovascular disease
were enrolled from three hospitals between 2014 and 2019. The
subjects were recruited from the (1) Cardiac Aging study (12), (2)
INITIATE study, and (3) Database of healthy controls in West
China Hospital. All subjects (1) had no known cardiovascular
disease and demonstrated no signs of cardiovascular disease in
prior electrocardiographic or echocardiographic investigations,
(2) displayed no uncontrolled cardiovascular risk factors at the
time of enrollment (systolic blood pressure <140 mmHg and
diastolic blood pressure <90 mmHg without anti-hypertensive
treatment, total cholesterol <6.2 mmol/L, fasting glucose <7
mmol/L, body mass index <30 kg/m?, and current non-smoker
status), and (3) had no significant kidney or lung disease. Other
exclusion criteria were cerebrovascular disease or nervous system
disease, cancer, autoimmune diseases, recent systemic infection
(within a month), recent surgery or severe trauma (within a
month), any recent medications, and a history of implantation
of a pacemaker or other metals that are contraindicated for
CMR. The institutional review board of each hospital approved
the study protocol. Informed consent was obtained from
each participant.

CMR Acquisition
CMR acquisitions were performed using a 3T magnetic
resonance scanner (Ingenia, Philips Healthcare, The

Netherlands) at National Heart Centre Singapore, a 1.5T
MAGNETOM Aera magnetic resonance scanner (Siemens
Healthineers, Erlangen, Germany) at National University
Hospital Singapore, and a 3T MAGNETOM Tim Trio magnetic
resonance scanner (Siemens Healthineers, Erlangen, Germany)
at West China Hospital (Sichuan China). End-expiratory
breath-hold-balanced steady-state free precession cine images
were acquired in standard short- and long-axis views. Typical
parameters for the Philips scanner were as follows: repetition
time (TR)/echo time (TE), 3/1ms; matrix, 240 x 240; flip
angle, 45°; field of view, 300 x 300 mm; pixel spacing, 1.25 x
1.25 mm; slice thickness, 8 mm; number of frames, 30/40 per
cardiac cycle. Parameters for the 1.5T Siemens scanner were:
TR/TE, 33/1 ms; matrix, 192 x 180; flip angle, 58°; field of view,
320x300 mm; pixel spacing, 1.67 x 1.67 mm,; slice thickness,
6 mm; number of frames, 30 per cardiac cycle. Parameters for the
3T Siemens scanner were: TR/TE, 3.4/1.3 ms; matrix, 192 x 162;
flip angle, 50°; field of view, 320 x 270 mm; pixel spacing, 1.67
x 1.67 mm; slice thickness, 8 mm; and number of frames, 25 per
cardiac cycle.

Echocardiography

A sub-study was conducted to validate CMR-derived TA
dynamics against those measured using echocardiography.
Echocardiography was performed on the same day as CMR
using a commercial ultrasound system (Aloka 10, Japan). TA
velocities and displacement were measured using tissue Doppler
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imaging (TDI) and M-mode, respectively, in the apical four-
chamber view.

CMR Data Analysis

The parameters measured were (1) RV volumes and RVEF
(derived from standard CMR volumetric analysis), (2) Two-
dimensional chamber dimensions (RV chamber diameters and
RA area and diameters), (3) TA velocities (systolic velocity S,
early diastolic velocity E’, and late diastolic velocity A’) and
displacement (TAPSE), (4) RV longitudinal strain and strain
rates, and (5) RA phasic (reservoir, conduit, and booster)
longitudinal strains and strain rates.

Volumetric Analysis and Chamber

Dimensions

Endocardial contours were manually traced from the stack of
short-axis cine images to obtain RV end-diastolic volume (EDV)
and end-systolic volume (ESV), from which stroke volume (SV)
and EF were derived (Figures 1A,B). Papillary muscles and
trabeculae were included in the blood volume (3). RV size was
measured from the four-chamber view at end-diastole. RV basal
diameter was measured at the level of the tricuspid valve, and
mid-cavity diameter was measured in the middle third of the
RV at the level of the left ventricular (LV) papillary muscle (13)
(Figure 1C).

Longitudinal
diameter

Basal
diameter

Transverse
diameter

strain

strain

RV longitudinal

FIGURE 1 | Derivation of right ventricular (RV) volumes by contouring of RV at (A) end-diastole and (B) end-systole; (C) RV basal and mid-cavity diameters at
end-diastole; (D) right atrial (RA) area, longitudinal and transverse diameters at RV end-systole; (E) tricuspid annular dynamics at RV medial (septum) and lateral (free
wall); (F) longitudinal strains of RV and RA; (G) Example of RV strain and strain rate curves; (H) Example of RA strain and strain rate curves.
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RA area and diameters were measured from the four-chamber
view at RV end-systole. RA longitudinal diameter was measured
as the distance between the midpoint of the line joining the
medial and lateral (free wall) insertions of the tricuspid valve
and the posterior wall (roof) of the RA. RA transverse diameter
was measured as the orthogonal line bisecting the longitudinal
diameter (14) (Figure 1D).

All chamber dimension measurements were reported as both
absolute values and indexed values normalized to body surface
area (BSA).

Tricuspid Annular Velocities and

Displacement

Custom software developed in the MATLAB environment
(MathWorks Inc., MA, USA) and validated in prior studies
(4,7, 8, 15-19) was used to perform the semi-automatic tracking
of medial and lateral tricuspid valve insertions in the four-
chamber view (Figure 1E). A video of the TA tracking and
resultant TA velocity and displacement curves are shown in
Supplementary Materials. Peak TA velocities were read off the
velocity curve during systole (§'), early diastole (E’), late diastole
(A’); TAPSE—TA displacement at end-systole—was read off the
displacement curve (4, 7). We reported mean values for S, E/, A’,
and TAPSE averaged from medial and lateral TA measurements.

Longitudinal Strains of RV and RA

Using the same custom software, the RV epicardial apex and
the RA roof point were tracked in the four-chamber view over
the cardiac cycle (Figure 1F). We followed the convention of
determining RV apex location by its proximity to the LV apex.
The RV apex is close to but separated from the LV apex by
the interventricular septal wall, which can be seen on the four-
chamber view (13). The RA roof was localized to the intersection
of the RA posterior wall and the RA longitudinal diameter.

The distance (L) from either the medial or the lateral tricuspid
valve insertion to the RV epicardial apex on the four-chamber
view was measured at any time point (t). RV strain value at time ¢
with respect to RV end-diastole (time 0) was calculated using the
formula for Lagrangian strain: (L(t) — L(0)) x 100/L(0) (8). RV
global longitudinal strain (GLS)—strain value at end-systole—
was read off the strain curve, and peak global longitudinal strain
rates at RV systole (GLSRy), early diastole (GLSR), and late
diastole (GLSR,) were calculated as first time-derivatives of the
strain curve at the corresponding cardiac phases (8) (Figure 1G).

Similarly, RA longitudinal strain (¢) was derived from the
time-varying distances between either the medial or the lateral
tricuspid valve insertion and the RA roof point (7). RA reservoir
strain (g&;), conduit strain (&) and booster strain (g;) were read
off the generated strain curve at RV end-systole, diastasis, and
pre-RA systole, respectively, and the corresponding peak strain
rates (SR, SR,, and SR,;) calculated as first time-derivatives of the
strain curve at the corresponding cardiac phases (7) (Figure 1H).

A video showing the derivation of RV and RA strain is
given in Supplementary Materials. Mean RV and RA strain
and strain rate parameters averaged from medial and lateral TA
measurements were used for all analyses. RV strain and strain rate
parameters were presented as absolute values.

Conventional Feature Tracking Strain

A sub-study was conducted to validate the fast feature tracking-
derived RA and RV strain measurements against those derived
from conventional CMR RA and RV endocardial feature tracking
using dedicated QStrain software (Version 2.0, Medis BV, Leiden,
The Netherlands).

Statistical Analysis

The distribution normality of continuous variables was assessed
using the Shapiro-Wilk test. Data were expressed as mean =+
standard deviation (SD), and reported across six pre-specified
age groups stratified by sex. Age-specific reference limits were
defined as mean £ 1.96-SD. Values obtained in females and
males were compared using Students t-test. For either sex,

TABLE 1 | Demographics and right heart function parameters of the control
population.

Parameters Total Men Women P-value
(n=360) (n=180) (n=180)
Demographics
Age (years) 50 + 17 51 + 17 49 + 17 0.464
Height (cm) 163 £ 9 169 £ 7 158 + 6 <0.0001
Weight (kg) 61 + 11 66 + 10 56 + 9 <0.0001
BSA (m?) 1.7+02 18+02 16+02 <0.0001
BMI (kg/m?) 228 +28 233+27 224+238 0.002
Systolic blood pressure 124 +£12 127 £10 120+ 12 <0.0001
(mmHg)
Diastolic blood pressure 76 +9 78 7 74 £ 10 <0.0001
(mmHg)
Heart rate (beats per minute) 74 + 11 74 + 12 73 £ 11 0.881
Right ventricular function (systolic and diastolic)
RVEF (%) 58 +£7 57 £ 7 60+ 7 0.001
S’ (cm/s) 95+14 96+16 94412 0.070
E’ (cm/s) 105+29 103+30 10.8+29 0.138
A (cm/s) 109+23 112+22 105+24 0.004
E/AN 10+£04 10+£04 1105 0.001
TAPSE (mm) 195 +26 193+26 197 +25 0.118
RV GLS (%) 24 4+ 4 23 +3 26 + 3 <0.0001
RV GLSRs (1/s) 1.3+03 13+£03 13+02 0.052
RV GLSR. (1/s) 156+04 13+£04 16+05 <0.0001
RV GLSR; (1/s) 12+ 04 1.2+04 12+04 0.703
Right atrial phasic function
Reservoir strain &5 (%) 46 +£ 9 43+ 8 48+ 9 <0.0001
Conduit strain ¢ (%) 24 + 8 22+7 26+ 9 <0.0001
Booster strain &5 (%) 22+5 21+£5 22+ 6 0.408
Reservoir strain rate SRy (1/s) 2.4+ 05 23+05 24+05 0.019
Conduit strain rate SRe (1/s) —-2.2+ 0.8 —-2.0+0.7 —-23+0.8 0.001
Booster strain rate SR, (1/s) —2.7 £ 0.7 —-2.7+06 -2.8+ 0.7 0.147

Data are presented as mean =+ SD. P-value is for t-test between sexes. BSA, body surface
area; BMI, body mass index; RV, right ventricular; EF, gjection fraction; S', peak systolic
tricuspid annular velocity; E', peak early diastolic tricuspid annular velocity; A', peak late
diastolic tricuspid annular velocity; TAPSE, tricuspid annular plane systolic excursion; GLS,
global longitudinal strain; GLSRs, peak systolic global longitudinal strain rate; GLSRe, peak
early diastolic global longitudinal strain rate; GLSRa, peak late diastolic global longitudinal
strain rate.
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linear regression was used to characterize the relationship of
right heart measurements with age. Intra- and inter-observer
variability of study parameters was studied in a selected
subgroup of 20 cases using Bland-Altman analysis and coefficient
of variation. Statistical analyses were performed using SPSS
software (Version 17.0, IBM, Chicago, IL, USA). P < 0.05
indicated statistical significance.

RESULTS

Baseline Characteristics and Summary
Results

We recruited 360 healthy individuals (male:female 180:180, age
range 21-79 years). Baseline demographics and right heart
CMR measurements stratified by sex are given in Table 1.

presented in Tables 2, 3. Figures 2, 3 show RV volume and
systolic and diastolic RV function parameters plotted against age
with 5th, 50th, and 95th percentile values in males and females,
respectively. Figures4, 5 show RA dimensions and phasic
function parameters vs. age with 5th, 50th, and 95th percentile
values in males and females, respectively. Measurements of right
heart dimensions and volumes stratified by sex and age group are
presented in Supplementary Tables 1-3.

Validation of Fast CMR Feature

Tracking-Derived Measurements

Results from a sub-study of 60 subjects comprising 10
randomly selected from each of the six age groups showed
that fast CMR feature tracking-derived TA dynamic
measurements, RA and RV strain measurements were in

Age group-specific CMR measurements stratified by sex are

good agreement with echocardiographic (r = 0.76-0.83,

TABLE 2 | Males: right heart function parameters by age group [mean + SD (reference range, lower/upper limits calculated as mean = 1.96-SD)].

Parameters <30 30-39 40-49 50-59 60-69 >70
(n = 30) (n = 30) (n = 30) (n = 30) (n = 30) (n =30)
Right ventricular function (systolic and diastolic)
RVEF (%) 55+7 55+7 55+ 6 58 +7 58 +7 62+7
(42, 68) (43, 68) (44, 66) (44, 71) (45, 71) (48, 76)
S’ (cm/s) 106 +1.7 99+12 97+14 95+15 92+16 89+ 15
(7.4,13.9) (7.5,12.4) (7.0, 12.4) 6.7, 12.4) 6.1,12.9) (5.9,11.9
E’ (cm/s) 142+26 123+1.9 10.6 £ 2.1 92+16 8.6+ 1.7 77 +£17
9.1,19.2) (8.6, 16.0) 6.6, 14.7) (6.0, 12.3) (5.2,11.9) (4.3,11.0)
A (cm/s) 9.8+ 1.7 102+1.6 10.7+1.8 11.2+£17 121 +£23 129+1.9
(6.5, 13.0) (7.0,13.4) (7.2,14.3) (8.0, 14.5) (7.6, 16.6) (9.1,16.9)
E/AN 1.4+03 1.2+02 1.0+0.3 0.8+0.2 0.7+0.2 0.6 + 0.1
0.9,1.9) 0.8,1.7) (0.5, 1.5) 0.5,1.1) 0.4,1.0) (0.3,0.9)
TAPSE (mm) 204 +£238 19.7+£23 195+25 191 +24 189+24 181 +28
(15.0, 25.8) (15.1,24.2) (14.6, 24.4) (14.5, 23.8) (14.2, 23.6) (12.5, 23.6)
RV GLS (%) 23+3 23+3 22+3 23+ 3 23+ 3 24 +£3
(18, 28) (17, 28) (16, 29) (17, 30) (17, 30) (17, 31)
RV GLSRs (1/s) 1.3+£02 1.2+02 1.3+0.3 1.3+03 1.2+03 1.3+0.3
0.9,1.7) 0.8,1.6) 0.7, 1.8) (0.7, 1.8) (0.7,1.8) (0.7,1.9)
RV GLSRe (1/s) 1.7+03 1.6+£0.3 1.3+0.3 12+03 1.1+£03 1.1+£02
(1.1,2.4) (1.1,2.1) 0.8, 2.0) (0.7,1.8) (0.4,1.8) (0.6, 1.6)
RV GLSR; (1/s) 09+0.2 1.1+£03 1.2+03 1.2+0.2 14+04 1.6+0.3
(0.5,1.3) (0.5,1.6) (0.5, 1.8) (0.7,1.7) (0.7,2.1) (1.0, 2.1)
Right atrial phasic function
Reservoir strain &g (%) 48 +9 45+ 8 43+ 8 41+8 42 +£8 41+8
(30, 66) (30, 61) (27, 58) (26, 57) (27, 58) (26, 57)
Conduit strain &e (%) 30+8 27 +£5 22+6 20+ 5 18+5 18+4
(14, 47) (18, 36) (10, 34) (9, 30) (8, 28) (10, 26)
Booster strain ¢; (%) 18+3 19+4 20+ 4 22+ 4 24+ 6 24+6
(11, 24) (10, 27) (18, 28) (14, 30) (13, 36) (12, 36)
Reservoir strain rate SRy (1/s) 25+05 24+0.5 22+0.5 22+05 22+05 23+06
(1.5,3.4) (1.5,3.3 (1.3,3.2) (1.2,3.1) (1.1,3.3 (1.2,3.4)
Conduit strain rate SR, (1/) —29+0.7 -25+05 -2.0+05 -1.7+04 —-1.6+04 —-1.56+04
(—4.2, —1.6) (-3.4, —1.6) (=3.1, =1.0) (2.6, —0.9) (—2.4, -0.7) (-2.3, =0.7)
Booster strain rate SR, (1/s) —24+06 -23+05 —-25+04 —-2.6+0.6 —29+0.7 -3.1+0.7
(-3.5, —1.3) (-=3.3, -1.3) (=3.3, —1.7) (—8.7, —1.5) (—4.4, —1.5) (—4.4, -1.8)

RV, right ventricular; EF, ejection fraction; S', peak systolic tricuspid annular velocity; E', peak early diastolic tricuspid annular velocity; A, peak late diastolic tricuspid annular velocity;
TAPSE, tricuspid annular plane systolic excursion; GLS, global longitudinal strain; GLSRs, peak systolic global longitudinal strain rate; GLSRe, peak early diastolic global longitudinal
strain rate; GLSR3, peak late diastolic global longitudinal strain rate.
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TABLE 3 | Females: right heart function parameters by age group [mean =+ SD (reference range, lower/upper limits calculated as mean + 1.96-SD)].

Parameters <30 30-39 40-49 50-59 60-69 >70
(n = 30) (n = 30) (n = 30) (n = 30) (n = 30) (n = 30)
Right ventricular function (systolic and diastolic)
RVEF (%) 58 +5 58 £ 8 58 +7 58 + 6 62+6 63+7
(48, 68) (43, 73) (43, 72) (46, 70) (50, 74) (50, 77)
S’ (cm/s) 10.0+1.2 96+ 1.2 95+13 92+13 9.0+ 11 88+ 1.0
(7.7,12.4) (7.2,11.9) (7.0,12.0) 6.7,11.7) 6.9,11.2) 6.9, 10.8)
E’ (cm/s) 145+22 121 +£17 11.56+1.9 1056+ 2.1 87+1.9 75+15
(10.2, 18.7) (8.6, 15.5) (7.7,15.3) 6.4,14.7) (4.9,12.5) (4.7,10.4)
A (cm/s) 85+17 9.6+1.8 102+ 1.9 11.1+20 11.5+24 12.3+23
(5.1,11.9) (6.0, 13.1) (6.4, 14.0) (7.2,14.9) 6.7,16.2) (7.8,16.8)
E/AN 1.7+04 1.3+0.3 12+03 1.0+£02 0.8+0.2 0.6+0.2
(1.0, 2.5) 0.7,1.9) 0.6,1.7) (0.5, 1.4) 0.4,1.2) (0.3,1.0)
TAPSE (mm) 20.8+24 20.1 £25 202 +24 19.7+25 19.3+23 18.0+25
(16.0, 25.6) (15.2, 25.0) (15.4, 25.0) (14.8, 24.5) (14.8, 23.7) (13.2,22.8)
RV GLS (%) 25+3 26 +3 26+ 4 25+ 3 26+ 3 27+ 4
(19, 32) (19, 33) (18, 34) (18, 32) (19, 32) (20, 34)
RV GLSRs (1/s) 1.3+02 1.3+02 1.3+03 1.3+£02 1.3+03 1.4+£03
0.9,1.7) 0.9,1.7) 0.8, 1.8) 0.9, 1.8) 0.8,1.9) (0.7, 2.0)
RV GLSRe (1/s) 21+04 1.7+£03 16+04 1.5+05 1.3+05 1.2+03
(1.3, 2.8) (1.1, 2.9 0.9, 2.4) (0.6, 2.4) 0.4,2.2) (0.6, 1.8)
RV GLSR; (1/s) 09+0.2 1.1+03 1.2+03 1.3+0.3 1.3+ 04 1.7+04
(0.5, 1.3 (0.5,1.7) (0.6, 1.8) (0.8, 1.8) 0.6, 2.1) (0.9, 2.4)
Right atrial phasic function
Reservoir strain &g (%) 56 + 8 49+7 49+ 9 44 +9 45 £ 10 44 £ 7
(40, 73) (36, 63) (33, 66) (26, 62) (25, 65) (29, 58)
Conduit strain &e (%) 39+6 30+6 28+ 6 23+ 6 20+ 7 18+5
(26, 51) (17, 43) (17, 39) (11, 35) (6, 35) (8,29
Booster strain ¢5 (%) 18+4 19+4 22+5 21+5 25+ 5 25+ 5
(9, 26) (10, 26) (12, 31) (11, 31) (15, 36) (16, 35)
Reservoir strain rate SRs (1/s) 28+0.6 2.4+05 2.4 +05 22+04 2.4 +0.5 244+04
(1.5, 4.0) (1.5, 3.3 (1.5, 3.4) (1.5,3.0) (1.3, 3.4) (1.6,3.2)
Conduit strain rate SR, (1/s) —-3.4+0.7 —2.6+0.5 —25+05 —2.1+05 —-1.7+05 —-1.5+04
(=4.7, =2.1) (-3.7, —1.6) (—3.5, —1.5) (-3.2, —=1.0) (2.7, =0.7) (-2.3, -0.8)
Booster strain rate SR, (1/s) -25+05 -25+0.7 -2.8+0.6 -2.8+0.7 -3.0+0.9 —-3.1+£07
(=3.5, —1.4) (3.8, —1.2) (=3.9, —1.6) (=4.2, —1.3) (—-4.7, -1.2) (4.5, -1.8)

RV, right ventricular; EF, ejection fraction; S', peak systolic tricuspid annular velocity; E', peak early diastolic tricuspid annular velocity; A, peak late diastolic tricuspid annular velocity;
TAPSE, tricuspid annular plane systolic excursion; GLS, global longitudinal strain; GLSRs, peak systolic global longitudinal strain rate; GLSRe, peak early diastolic global longitudinal

strain rate; GLSR,, peak late diastolic global longitudinal strain rate.

P < 0.0001, Supplementary Figure 1) and conventional CMR
endocardial tracking-derived results (r = 0.75-0.94, P < 0.0001,
Supplementary Figures 2-4).

Influence of Sex and Age on Right

Ventricular Function

Among RV systolic functional parameters, RVEF and RV GLS
were significantly higher in females than in males but there
were no significant sex differences in S, TAPSE, and RV GLSR
(Table 1). RVEF correlated positively with age in both males (r
= 0.31, P < 0.0001) and females (r = 0.30, P < 0.0001). S’ and
TAPSE exhibited negative correlations with age in both males
(S: r = —0.36, P < 0.0001; TAPSE: r = —0.28, P < 0.0001)
and females (S: r = —0.30, P < 0.0001; TAPSE: r = —0.31,
P < 0.0001). RV GLS and RV GLSR, were not associated with age
in both sexes (Figures 2, 3).

With respect to RV diastolic function, females had
significantly lower A’ and higher E'/A’ ratios and RV GLSR.
compared to males, but no significant sex differences in E’ and
RV GLSR, were observed (Table 1). Among male subjects, E’
(r =—0.75, P < 0.0001), E'/A’ ratio (r = —0.80, P < 0.0001) and
RV GLSR, (r = —0.58, P < 0.0001) decreased significantly with
age, whereas A’ (r = 0.49, P < 0.0001) and RV GLSR, (r = 0.57,
P < 0.0001) increased with age. Similar positive associations of
E/, E'/A’, and RV GLSR,, and negative associations of A’ and RV
GLSR, with age were observed among females (all P < 0.0001)
(Figures 2, 3).

Influence of Sex and Age on Right Atrial
Phasic Function

Females had higher RA reservoir strain, conduit strain, reservoir
strain rate, and conduit strain rate compared to males, while RA
booster strain and strain rate were similar (Table 1). RA reservoir
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FIGURE 2 | Right ventricular parameters plotted against age in male subjects. (Central line) The 50th percentile; (Top line) The 95th percentile; (Bottom line) The
5th percentile.

strain, conduit strain, and strain rate correlated negatively with
age among both males (reservoir strain: r = —0.26, P < 0.0001;
conduit strain: r = —0.61, P < 0.0001; conduit strain rate: r =
—0.70, P < 0.0001) and females (reservoir strain: r = —0.38, P <
0.0001; conduit strain: r = —0.70, P < 0.0001; conduit strain rate:
r = —0.75, P < 0.0001). Booster strain and strain rate exhibited
positive correlations with age among both males (booster strain:
r = 0.46, P < 0.0001; booster strain rate: r = 0.42, P < 0.0001)
and females (booster strain: r = 0.51, P < 0.0001; booster strain
rate: r = 0.34, P < 0.0001) (Figures 4, 5).

Influence of Sex and Age on Right

Ventricular Dimensions

Absolute and indexed RV EDV, ESV, and SV were higher
in males compared to females (P < 0.0001 for all). Males
had larger absolute RV basal and mid-cavity diameters than
females (both P < 0.0001) but not when normalized to BSA
(Supplementary Table 1). RV volumes correlated negatively with

age among both males (EDV: r = —0.50, P < 0.0001; ESV: r =
—0.49, P < 0.0001) and females (EDV: r = —0.39, P < 0.0001;
ESV: r = —0.41, P < 0.0001), with similar correlations after
normalization to BSA (males, EDV/BSA: r = —0.43, P < 0.0001;
ESV/BSA: r = —0.44, P < 0.0001; females, EDV/BSA: r = —0.45,
P < 0.0001; ESV/BSA: r = —0.44, P < 0.0001). Absolute and
indexed RV basal and mid-cavity diameters were not significantly
associated with age in both sexes.

Influence of Sex and Age on Right Atrial

Dimensions

Males had larger absolute RA diameters and areas compared to
females. After normalization to BSA, indexed RA longitudinal
and transverse diameters were significantly smaller in males
compared to females, while the indexed RA area was not
significantly different (Supplementary Table 1). Among male
subjects, age was positively correlated with indexed RA
longitudinal diameter (r = 0.32, P < 0.0001). Among female
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FIGURE 3 | Right ventricular parameters plotted against age in female subjects. (Central line) The 50th percentile; (Top line) The 95th percentile; (Bottom line) The
5th percentile.

subjects, age was positively correlated with indexed RA
longitudinal diameter (r = 0.37, P < 0.0001) and indexed RA area
(r=0.30, P < 0.0001).

Reproducibility

Good to excellent intra- and inter-observer reproducibility was
observed for RV and RA dimensions and volumes, TA velocities
and displacement, RV longitudinal strain and strain rates, and RA
phasic strains and strain rates (Table 4).

DISCUSSION

In this study, we investigated age- and sex-specific changes
in CMR-based right heart dimensions and functional
measurements in a large, healthy Asian population. Increased age
was associated with impairment of §’ and E’ velocities, TAPSE,
and RV GLSR. and increases in A’ velocity and RV GLSR,, in
both sexes. RV GLS and RV GLSR; were not affected by age in
both sexes. As age increased, RA reservoir and conduit strains

and strain rates decreased, while RA booster strain and strain
rate increased.

CMR is recommended for many patients at the time of
the transition from pediatric to adult congenital heart disease
programmes, and this is the gold standard for RV volume, EF,
flow quantification, and assessment of extracardiac anatomy.
Additionally, CMR is recommended in the presence of clinical
deterioration, non-diagnostic echo findings, and prior to surgical
or transcatheter intervention (20). Data on age and sex-specific
CMR reference ranges for right heart function in an Asian
population are lacking at present. This information is crucial to
CMR clinical practice in Asia. Moreover, our CMR-based method
is simple, reproducible, and easily implemented for efficient RA
and RV function assessment.

This work is novel for a number of reasons. First, it
comprises the largest Asian CMR cohort reported to date,
enrolling participants from multiple centers to provide broad
generalizability of results and high precision in sample estimates
of mean and SD. Second, CMR parameters were stratified not
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only by sex but also by age categories across a broad age range
of 21-79 years. The increased granularity of results is key to
clinical implementation and interpretation in light of the sex-
and age-related differences observed in many of the studied
parameters. Third, this study is the first to report age- and
sex-specific reference ranges for various recently published fast
CMR feature tracking parameters used to assess RV systolic and
diastolic function as well as phasic RA function.

RV Functional Parameters

Asian subjects in our study have numerically smaller right heart
size compared to Caucasians in another study (21) (RVEDV: 121
£ 34 vs. 154 &+ 40 ml; indexed RVEDV: 72 £ 15 vs. 85 £ 17
ml/m?), which underscores the need for ethnic-specific reference
values. Our study showed a negative correlation between RV
volume and age and a positive correlation between RVEF and
age, corroborating similar observations in Caucasian subjects
(21). Beyond conventional RV volumes and EF, we quantitated

TA dynamics and RV longitudinal strain and strain rates—
measurements for assessing RV function in both systole and
diastole—and reported their age- and sex-specific reference
ranges. Increasing age was associated with reductions in TAPSE,
S, E/, E'/A’, and RV GLSR. and increases in A" and RV GLSR,
in both sexes. These results agree with prior studies involving
echocardiographic TDI (22) and conventional feature tracking
CMR with endocardial contour tracing (23). Of note, we found
that RV GLS and RV GLSR were not associated with age,
which suggests that they are suited to be applied clinically as
markers of disease progression unaffected by chronological aging.
Our study replicated prior findings of higher systolic functional
performance in females than in males as determined by RVEF
(21) and RV GLS (24).

RA Functional Parameters
We previously demonstrated that RA function as assessed using
our fast RA feature tracking method had important diagnostic
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and prognostic implications in patients with PAH (7). RA
volume and function (i.e., emptying fraction) assessment using
volumetric analysis requires additional cine CMR acquisitions
of atrial short-axis images and post-acquisitional analysis,
which are not routinely performed. The area-length method,
through geometric assumptions, shortens analysis time slightly
(calculation still has to be repeated at all time phases) but
is dogged by accuracy and reproducibility issues (25). In our
study, we characterized the RA reservoir, conduit, and booster
pump functions using strain and strain rate parameters that can
be reproducibly and expeditiously measured. These parameters
have been shown to be useful for detecting RA dysfunction,
RV decompensation, and monitoring disease progression in
patients with PAH (7). Among the healthy subjects in our
study, females had higher reservoir and conduit strains but
similar booster strain compared to males. This is concordant
with a previous study of Caucasian subjects (25). In addition,
we found age-related changes in RA function manifested as

a significant decrease in conduit strain and an increase in
booster strain. We surmise the latter is necessary in order to
maintain reservoir strain, which increased slightly with age.
These results are in agreement with previous reports using
speckle tracking echocardiography (26) and feature tracking
CMR with endocardial contour tracing (27).

Advantages of Fast CMR Feature Tracking

Parameters

This is the first study to establish age- and sex-specific reference
ranges for CMR-derived TA dynamic parameters, which are
a prerequisite for clinical applicability and adoption. The
CMR-derived TA velocities correlated significantly with TDI-
derived measurements, with no angle dependence and excellent
reproducibility. This corroborates our previous work which
demonstrated good correlation and agreement between CMR-
derived mitral annular velocities and TDI measurements (18).
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TABLE 4 | Intra- and inter-observer reproducibility for right heart dimension and
function parameters.

Parameters Intra-observer (n = 20) Inter-observer (n = 20)
Bias CV, % Bias CV, %
(limits of (limits of
agreement) agreement)

Right ventricular dimension

RV basal diameter 0.1(=1,7,1.9) 16 —2.1(=4.4,02) 44

(mm)

RV mid-cavity 1.3 (-0.1, 2.6) 2.7 1.3(-0.6, 3.2) 3.0
diameter (mm)

RVEDV (ml) 0.9(-11.4,13.2) 3.5 1.4 (=11.6,14.5) 3.8
RVESV (ml) -0.3(-10.8,102) 7.6 2.6(-8.0,13.2) 8.9
RVSV (ml) 1.3(-7.4,10.0) 4.2 —-1.1(-10.8,86) 45

Right atrial dimension

RA longitudinal -0.8(-2.5,0.9) 1.5 0.7 (—1.1,2.6) 1.6
diameter (mm)
RA transverse —0.1(—4.8,4.7) 3.6 2.7(-0.2,5.5) 4.8

diameter (mm)
RA area (cm?) 0.1(=1.0,1.1) 1.9

Right ventricular function (systolic and diastolic)

1.2(-0.5,2.9) 52

RVEF (%) 0.6(~6.7,7.9) 42  —17(-91,57) 45
S’ (cmv/s) ~0.1(-0.9,07) 30  -02(-1.3,1.0) 44
E (cm/s) ~05(~1.4,05) 47  -05(-2.0,1.0 6.6
A (cm/s) —05(-25,1.5 66 0.1(=1.9, 2.0) 5.8

E'/A 0.1(-0.2,0.3) 6.9
TAPSE (mm) 0.1(=1.2,1.3 2.3
RV GLS (%) —-0.1(—=1.5,1.3) 1.9
RV GLSRs (1/s) —0.02 (-0.16,0.11) 3.9
RV GLSRe (1/s) —0.01(-0.24,0.21) 4.5
RV GLSR;, (1/s) —0.03(-0.20,0.15) 5.5
Right atrial phasic function

—-01(-0.3,02) 103

0.1(=1.0,1.2) 2.1

01 (-21,1.9) 27
—0.02(~0.15,0.10) 3.6
—0.04 (~0.34,0.25) 6.1
—0.03(~0.29,0.24) 7.9

es (%) 0.3(-2.9,3.5) 2.9 0.9 (-4.2,5.9) 4.7
co (%) 0.4 (-2.5,3.4) 55 0.3 (=3.5,4.1) 6.8
ea (%) —0.1(-25,2.4) 4.4 0.3(~2.5,8.2) 53
SR (1/s) 0.01(-0.24,026) 4.0 0.03(-0.28,033) 53
SR, (1/9) 0.01(-0.26,027) 53 0.02(-0.28,032) 6.0
SR, (1/9) 0.06(—0.27,0.39) 46 —0.03(-0.38,0.32) 438

CV, coefficient of variation; RV, right ventricular; EDV, end-diastolic volume; ESV, end-
systolic volume; SV, stroke volume; EF, gjection fraction; RA, right atrial; S', peak systolic
tricuspid annular velocity; E', peak early diastolic tricuspid annular velocity; A', peak late
diastolic tricuspid annular velocity; TAPSE, tricuspid annular plane systolic excursion; GLS,
global longitudinal strain; GLSRs, peak systolic global longitudinal strain rate; GLSRe, peak
early diastolic global longitudinal strain rate; GLSRa, peak late diastolic global longitudinal
strain rate; es, right atrial reservoir strain; ee, right atrial conduit strain; e, right atrial booster
strain; SRs, right atrial reservoir strain rate; SRe, right atrial conduit strain rate; SRa, right
atrial booster strain rate.

In addition to TA dynamics, we presented simplified strain
indices relating time-varying distances between TA medial and
lateral points and a fixed anatomical point at the RV apex or
RA roof. Good correlation between the simplified longitudinal
strains and those obtained from conventional endocardial
contour-based feature tracking CMR was demonstrated, which
is consistent with the results of our prior studies involving
patients with rTOF, PAH, and age- and sex-matched controls
(7, 8). In fact, the accuracy of conventional endocardial feature

tracking-derived longitudinal strain is degraded in subjects
with vigorous TA motion, as contour tracking of the RV
free wall segment adjacent to the tricuspid valve in the
long-axis view becomes adversely affected (28). Compared
to conventional contour-based strain measurements, the fast
feature tracking strain measurements presented in this study
are less dependent on RV and RA geometry, and more
closely approximate the motion and reflect the function of
longitudinal fibers in the RV, which are the greatest contributors
to RV contraction (29). Our prior studies have shown that
the simplified approach is not only faster but also more
reproducible compared to the conventional CMR feature
tracking approach (7, 8, 15, 16).

Limitations

There were some limitations in the present study. First, as
CMR examinations were not performed repeatedly on the same
subjects over time, the associations between age and CMR
parameters are cross-sectional, not longitudinal. Nonetheless,
the cross-sectional study design is commonly used in studies
to establish reference ranges and make inferences regarding
relationships in support of further research and clinical studies.
We need a longitudinal study with repeated CMR scans on the
same individual, which can help us investigate how age affects
the heart structural and functional changes. Second, RV mass was
not assessed in this study as RV mass is usually not quantified
in a routine assessment because of the thin RV myocardium in
healthy subjects.

CONCLUSIONS

We investigated age- and sex-related CMR measurements for
right heart dimensions and function in a large Asian cohort that
are of significant clinical and research utility in Asia. Using CMR,
knowledge of age-, sex-, and ethnicity-specific distributions of
right heart measurements should aid in the correct interpretation
of disease states.
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Introduction: Left ventricular (LV) dilatation and LV hypertrophy are acknowledged
precursors of myocardial dysfunction and ultimately of heart failure, but the implications of
abnormal LV geometry on myocardial function are not well-understood. Non-invasive LV
myocardial work (MyW) assessment based on echocardiography-derived pressure-strain
loops offers the opportunity to study detailed myocardial function in larger cohorts. We
aimed to assess the relationship of LV geometry with MyW indices in general population
free from heart failure.

Methods and Results: We report cross-sectional baseline data from the
Characteristics and Course of Heart Failure Stages A-B and Determinants of Progression
(STAAB) cohort study investigating a representative sample of the general population
of Wirzburg, Germany, aged 30-79 years. MyW analysis was performed in 1,926
individuals who were in sinus rhythm and free from valvular disease (49.3% female, 54
+ 12 years). In multivariable regression, higher LV volume was associated with higher
global wasted work (GWW) (+0.5 mmHg% per mL/m?, p < 0.001) and lower global work
efficiency (GWE) (—0.02% per mL/m?, p < 0.01), while higher LV mass was associated
with higher GWW (4-0.45 mmHg% per g/m?, p < 0.001) and global constructive work
(GCW) (+2.05 mmHg% per g/m?, p < 0.01) and lower GWE (—0.015% per g/m?, p <
0.001). This was dominated by the blood pressure level and also observed in participants
with normal LV geometry and concomitant hypertension.

Conclusion: Abnormal LV geometric profiles were associated with a higher amount
of wasted work, which translated into reduced work efficiency. The pattern of a
disproportionate increase in GWW with higher LV mass might be an early sign of
hypertensive heart disease.

Keywords: myocardial work, myocardial work efficiency, left ventricular geometry, left ventricular mass, LV
dilatation, left ventricular geometric abnormality, left ventricular remodeling
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Sahiti et al. LV Remodeling and Myocardial Work
INTRODUCTION METHODS
The constant exposure to cardiovascular risk factors and/or Population

adverse hemodynamic conditions induces complex changes in
left ventricular (LV) geometry, often starting as a physiological
compensatory response (1, 2). Alterations in LV geometry
such as LV dilatation and LV hypertrophy are acknowledged
precursors of myocardial dysfunction and ultimately of heart
failure (3-6), but the mechanisms are still not well-understood.
Invasive recording of pressure-volume loops as the reference
standard provides real-time assessment of LV loading conditions,
contractility, and myocardial oxygen consumption (7). However,
its (repeated) use in clinical routine is limited due to the
investigation’s invasive nature. Recent advances in imaging
methods allow to approximate the intrinsic and functional
cardiac performance with satisfactory precision, also accounting
for loading conditions. A novel echocardiographic method has
been introduced and validated against invasive measurements
that non-invasively quantifies active myocardial function, i.e.,
systolic and early diastolic active myocardial work (MyW)
(8). This approach allows differentiating constructive from
wasted MyW, with the latter not contributing to LV output.
The concept of MyW measurement is based on speckle-tracking
derived longitudinal strain and systolic blood pressure and is
widely applicable, including situations of screening. However,
echocardiography-derived MyW has to be differentiated from
the puristic definition of cardiac work derived from invasive
pressure-volume loops, expressed in Joule or Centijoule (9).
MyW approximates the work contributing to LV output,
i.e, constructive work, and quantifies energy loss due to
uncoordinated left ventricular contractions resulting in
stretching of individual LV segments by the contraction of other
LV segments, i.e., wasted work (10). Further, MyW might allow
profound insights into LV performance and, given the strong
correlation with cardiac glucose uptake as measured by positron
emission tomography, might also serve as surrogate of regional
and global myocardial metabolism (8, 10). LV geometry patterns
have been shown to be of prognostic relevance in community
studies (11, 12) and depend, i.e., on exposure to modifiable
cardiovascular risk factors, such as hypertension and obesity
(4, 13, 14). Thus, the detailed evaluation of MyW in relation to
LV geometry might further advance the pathophysiological
understanding of functional changes associated with
abnormal LV geometry. Therefore, we aimed to assess the
association of LV geometry with myocardial work in a well-
characterized population-based sample of individuals free from
heart failure.

Abbreviations: LV, left ventricle/ventricular; LVMi, left ventricular mass
index; LVEDVi, left ventricular end diastolic volume index; CR, concentric
remodeling; CH, concentric hypertrophy; EH, eccentric hypertrophy; GLS, global
longitudinal strain; GWE, global work efficiency; GWI, global work index;
GCW, global constructive work; GWW, global wasted work; STAAB, The
Characteristics and Course of Heart Failure STAges A/B and Determinants of
Progression Cohort Study.

Within the Characteristics and Course of Heart Failure STAges
A/B and Determinants of Progression (STAAB) prospective
cohort study, we recruited and comprehensively phenotyped a
representative sample of the population of Wiirzburg, Germany,
aged 30-79 years, n = 5,000, free of symptomatic heart
failure. The study design and baseline characteristics have been
published previously (15, 16). The STAAB study complies
with the Declaration of Helsinki and was approved by the
ethics committee, University of Wiirzburg (J-117.605-09/13). All
participants provided written informed consent prior to any
study-related examination. For the present analysis, we evaluated
cross-sectional data of the baseline examination from the first
half of the STAAB study population (n = 2,473). This group
had been included between December 12, 2013, and September
2, 2016, was pre-specified for a planned interim analysis (15),
and therefore met the sex and age stratification criteria of the
total sample.

Baseline Examination

Participants were evaluated at the Joint Survey Unit of the
Comprehensive Heart Failure Center and the Institute for
Clinical Epidemiology and Biometry, University of Wiirzburg.
Routine laboratory measurements were performed at the central
laboratory of the University Hospital Wiirzburg, including
fasting lipid profile, estimated glomerular filtration rate (eGFR),
glycosylated hemoglobin (HbA1c), and NT-proBNP levels. Blood
pressure (in a sitting position after 5min of rest), body height
and weight, hypertension history, and current anti-hypertensive
pharmacotherapy were assessed according to standard operating
procedures (14). According to ESC guidelines, the presence of
hypertension was defined as blood pressure >140/90 mmHg or
on anti-hypertensive pharmacotherapy (17). We further sub-
classified our sample according to blood pressure into four
groups as recommended by current guidelines (17): (a) optimal
blood pressure, i.e., systolic blood pressure (SBP) <120 mmHg;
(b) normal blood pressure, SBP 120-129 mmHg; (c) high-
normal blood pressure, SBP 130-139 mmHg; and (d) grade 1
hypertension or higher, SBP >140 mmHg.

Echocardiographic Analysis and LV
Geometry

Image acquisition was performed by trained and certified
sonographers employing one echocardiography machine (Vivid
S6® with M4S Sector Array Transducer operating at 1.5-4.3
MHz, GE Healthcare, Horten, Norway) with presets maintained
according to a pre-specified protocol. The utility of performance
measures of the echocardiography quality assurance program has
been published previously (18). A minimum of three cardiac
cycles was recorded. Two-dimensional images from the LV apical
four-, two-, and three-chamber views were recorded with a frame
rate of 50-80 s~ ! and stored digitally. We derived end-diastolic
interventricular septum thickness (IVSd), LV posterior wall
thickness (LVPWd), and LV end-diastolic diameter (LVEDD)
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in the parasternal long-axis from an M-Mode recording, or—
in case of suboptimal angulation—from a 2D measurement
(19). We calculated LV mass using the corrected American
Society of Echocardiography method (19): LV mass (g) = 0.8
(1.04 [([LVEDD + IVSd +LVPWd]®> - LVEDD?)]) + 0.6 as
well. LV relative wall thickness (RWT) was calculated as: (2
* posterior wall thickness)/LV end-diastolic diameter (1, 19).
We further measured LV ejection fraction (LVEF) and LV end-
diastolic volume using Simpson’s biplane method (19). Early
diastolic myocardial relaxation velocity (¢) was assessed using
tissue and PW-Doppler close to the septal and/or lateral mitral
annulus. LA volume was measured biplane in apical four and
two-chamber view and left atrial volume index (LAVi) was
calculated as LA volume indexed to body surface area. Valve
regurgitation was determined by the color Doppler multiplane
vena contracta method, and valve stenosis was quantified by
continuous-wave Doppler measurements (15). LV mass index
(LVMi) and LV end-diastolic volume index (LVEDVi) were
calculated, indexing LV mass and LV end-diastolic volume to
body surface area, respectively. According to the latest guidelines
(1, 19), we classified the participants into four different subgroups
according to their respective LV geometry pattern (Figure 1): (a)
normal LV geometry, LVMi <95 g/m? in women or <115 g/m?
in men and RWT <0.42; (b) concentric LV remodeling (CR),

LVMi <95 g/m2 in women or <115 g/m2 in men and RWT
>0.42; (c) concentric LV hypertrophy (CH), LVMi >95 g/m2 in
women or >115 g/m2 in men and RWT >0.42; (d) eccentric LV
hypertrophy (EH), LVMi >95 g/m? in women or >115 g/m? in
men and RWT <0.42.

Myocardial Work Analysis

MyW analysis was performed off-line based on the stored
echocardiography images and blood pressure measurements.
Aortic and mitral valve closure and opening times were assessed
by CW Doppler of the aortic valve and PW Doppler of the
mitral valve. However, as potential changes in heart rate during
the examination might affect the loop area, these time points
were visually verified in the apical three-chamber view and
manually adjusted where necessary. LV apical four-, two-, and
three-chamber views were analyzed off-line using Automated
Functional Imaging (EchoPAC®, Version 202, GE) to determine
global longitudinal strain (GLS). Provision of peripheral blood
pressure allowed the derivation of the MyW parameters as
detailed by others (8, 10, 20).

A) Global constructive work [GCW (mmHg%)], ie., the
sum of positive work performed during shortening in
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FIGURE 2 | llustrative physiological background of LV myocardial work analysis. (A) Represents valvular times, with mitral valve opening and close measured using
pulse-waved Doppler derived mitral inflow and aortic valve opening and closure measured by continuous-wave Doppler derived transaortic outflow. (B) Global
longitudinal strain measured from 4, 3, and 2 chamber view. (C) Estimated LV Pressure measured from brachial cuff pressure. (D) Schematic presentation of
segment-specific values of MyW indices, which later are expressed in global values. GCW and GWW are important physiological indices related to the shortening and
lengthening of the LV segments. Work efficiency (GWE) is derived as the fraction of GCW and the sum of GCW and GWW. ’ Empiric reference curve of LV pressure as
suggested in the validation study by Russell et al. (8). * indicates a segment-specific pressure-strain loop (in this case, we highlighted the septal basal segment).

systole and adding negative work during lengthening in
isovolumic relaxation;

B) Global wasted work [GWW (mmHg%)], ie., the sum of
negative work performed during lengthening in systole plus
work performed during shortening against a closed aortic
valve in isovolumic relaxation;

C) Global work index [GWI (mmHg%)], i.e., the total work
performed from mitral valve closure to mitral valve opening.

D) Global work efficiency [GWE (%)], i.e, GWE= GCW /
(GCW + GWW).

All indices were calculated as the mean of respective segmental
values (18-segment model). We excluded subjects from further
analysis in whom >1 LV segment was unsuitable for analysis due
to poor tracking or suboptimal image quality. Determination of
MyW, as well as quality assurance measures, have been published
previously (21). Figure 2 illustrates step by step the approach to
LV myocardial work analysis.

Data Analysis
Continuous variables are described as mean (standard deviation)
and categorical variables as frequency (percent). Normal

distribution was checked using the Shapiro-Wilk test. Normal
distributed variables were compared using the f-test, non-
normal distributed variables using the Mann-Whitney U-test,
and categorical variables using the chi-square test, respectively.
Differences between groups were tested using the Kruskal-Wallis
test, median test, and chi-square test. To test the relationship
between LV geometry and MyW, we first ran a univariable
linear regression analysis for each of MyW indices. Because we
wanted to describe the relative contribution of systolic blood
pressure, this variable was also tested, despite the fact that it is
part of the derivation of myocardial work indices. In subsequent
multivariable models, however, systolic blood pressure was
omitted. Models were based on results of univariable regression
and their physiological context. Thus, the multivariable model
included age, sex, body mass index (BMI), LVEE, GLS, heart
rate, low-density lipoprotein (LDL), glycosylated hemoglobin
(HbA1lc), hypertension, and measures of LV geometry such as
LVMi and LVEDVi. The Jonckheere-Terpstra test was used for
trend analysis. All tests were performed 2-sided. P-value < 0.05
were considered statistically significant. Statistical analysis was
performed using SPSS (Version 26, SPSS Inc., Chicago, USA).
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RESULTS

For the pre-planned interim analysis of the STAAB cohort study,
2,473 individuals were considered. Of those, a total of n = 547
participants were excluded from the current analysis for different
reasons including technical issues regarding required views, poor
tracking or suboptimal image quality, or missing blood pressure
values (for details, see Figure 3). Therefore, a total sample of n
= 1,926 individuals was included (49.3% women, with mean age
54 £ 12 years). Ninety-three percent of those had normal LV
geometry, and 5% exhibited CR, 2% had EH, and <1% had CH,
respectively. Table 1 presents the clinical and echocardiographic
characteristics for the total sample and stratified for groups
defined by LV geometry.

Participants with normal LV geometry were younger
and had lower BMI, SBP, NT-proBNP, LDL cholesterol,
and HbAlc compared to abnormal geometric LV patterns
(Table 1). Accordingly, participants with normal LV geometry
exhibited less often obesity, hypertension, diabetes mellitus,
or dyslipidemia. In contrast, coronary heart disease and anti-
hypertensive treatment was more prevalent in individuals with
abnormal LV geometry patterns. Even though still within the
normal range, LVEF and GLS were more favorable in normal

LV geometry when compared to CR and EH (Table 2). LVEDV
index was lower in CR and higher in EH participants. Diastolic
function in abnormal LV geometry patterns was significantly
less favorable when compared to normal LV geometry. MyW
characteristics are shown in Table 2. When compared to normal
LV geometry, we found higher values of GCW and GWI in CH,
as well as of GWW in CR and EH. These effects resulted in
compromised GWE with any type of abnormal LV geometry.

In multivariable linear regression analysis including age, sex,
BMI, heart rate, LVEF, LDL, HbAlc, hypertension, LVMi, and
LVEDVi, we found that higher LV muscle mass was associated
with a higher GCW, but also with higher GWW, thus resulting
in reduced GWE. In contrast, higher LV volume was associated
with higher GWW only, which also resulted in lower GWE
(Table 3). In a further step, we analyzed patients with normal LV
geometry according to the presence of hypertension (Table 4).
Individuals with hypertension were more often male, were
older, and had higher BSA and BMI. They showed similar
LV volumes but significantly higher LV mass and LA volume
and less favorable measures of systolic and diastolic function.
Individuals with hypertension revealed significantly higher GCW
and GWI, but also GWW, resulting in lower GWE. A sensitivity
analysis focusing on the current blood pressure category showed
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TABLE 1 | Baseline characteristics in the total sample and according to left ventricular (LV) geometry.

All LV normal LV concentric LV concentric LV eccentric
subjects geometry remodeling hypertrophy hypertrophy
(N = 1,926) (N =1,789) (N =100) (N =6) (N =31)
Age [years] 54 (12) 53 (12) 61 (10)* 69 (16)" 61 (9"
Sex, women 950 (49.3) 879 (49.1) 48 (48.0) 4 (66.6) 19 (61.2)
BSA [m?] 1.9(0.2) 1.9(0.2) 1.9(0.2) 1.9(0.3 1.9(0.2)
BMI [kg/m?] 26.0 (4.3) 25.9 (4.1) 28.3 (4.7) 30.1 (9.0) 28.1 (5.0
Heart rate [beats/min] 67 (10) 67 (10) 69 (10)* 60 (5) 65 (12)
SBP [mmHg] 130 (18) 130 (17) 141 (18)* 148 (12)* 139 (23)*
DBP [mmHg] 78 (10) 78 (10) 81 (8)" 79 (13) 78 (14)
NT-proBNP [pg/ml] 52 (24, 97) 51 (24, 94) 52 (29, 108) 87 (63, 245) 154 (58, 305)"
LDL cholesterol [mg/dl] 122 (34) 122 (34) 126 (34)* 113 (27) 124 (44)*
HbA1C [%)] 5.5(0.6) 5.5(0.5) 5.9 (1.0 5.8(0.5) 6.1 (1.1)*
eGFR [ml/min] 87 (15) 87 (15) 83 (15) 85 (19) 86 (17)
Hypertension 848 (44.0) 735 (41.1) 79 (79.0)* 6 (100)* 28 (90.3)*
Diabetes 155 (8.0) 124 (6.9) 20 (20.0)* 3 (50.0)* 8 (25.8)"
Obesity 301 (15.6253) 253 (14.1) 33 (33.0)" 2(33.9) 13 (41.9)"
Dyslipidemia 254 (13.2) 222 (12 4) 19 (19.0) 2(33.9 1(35.5)
Coronary heart disease 0 (3.6) 3 (2.9) 8 (8.0)" 1(16.6) 8 (25.8)*
Peripheral artery disease 5(1.3) ( 2) 2 (2.0) 0(0) 2 (6.5)"
Anti-hypertensive therapy 522 (27.1) 436 (24.4) 59 (59.0)* 5 (83.3)" 22 (70.9)"
ACEiI/ARB 382 (19.8) 318 (17.7) 45 (45.0) 5 (83.3)" 14 (45.2)
Beta-blocker 242 (12.6) 200 (11.2) 26 (26.0)* 3 (50.0)* 13 (41.9
Diuretics 99 (5.1) 81 (4.5) 11 (11.0) 2 (33.3)" 5 (16.1)*

*Explorative comparison with individuals with normal LV geometry (two-sided p < 0.05).
Data are n (%), mean (SD), or median (quartiles).

BSA, body surface area; BMI, body mass index; NT-proBNR, N-terminal-pro Brain Natriuretic Peptide; SBF, systolic blood pressure; DBF, diastolic blood pressure; LDL, low-density
lipoprotein; HbATc, glycosylated hemoglobin; eGFR, estimated glomerular filtration rate, ACEI, angiotensin converting enzyme inhibitor, ARB, angiotensin Il receptor type 1 blocker.

Medications history was obtained in n = 1,914 individuals.

a consistent pattern, i.e., higher GCW, GWI, and GWW with
increasing blood pressure but lower GWE (Table 5). The strength
of the association for the trends observed in Tables 4, 5 was
maintained when adjusting for age.

DISCUSSION

The current study investigated the association of altered LV
geometry with MyW indices in a large, population-based
sample. Three major findings emerged. First, while the majority
of individuals studied exhibited a normal LV geometry, a
relevant proportion of participants revealed an abnormal LV
geometry; these subjects were older and presented with a
less favorable profile of cardiovascular risk factors. Second,
both LV enlargement and LV hypertrophy were adversely
associated with GWE, predominantly through increasing the
amount of GWW. Third, when compared to participants
without hypertension, individuals with normal LV geometry
and concomitant hypertension exhibited larger LV mass and
LA volume and less favorable measures of systolic and diastolic
function. Their MyW pattern was characterized by higher GCW
and GWW and thus lower GWE, comparable to the pattern
found in LV hypertrophy.

Altered LV geometry, including its components LV
mass and LV volume, constitute pivotal information of the
standard echocardiography report (1), as they reliably indicate
maladaptation due to adversely regulated hemodynamics (22).
Such conditions trigger myocardial responses that aim at
maintaining a normal cardiac output despite compromised
energetics (23-25). When left untreated, these adaptive changes
induce early, subclinical changes in LV geometry, advance
toward subclinical impairment in LV function (1), and ultimately
cause functional capacity loss (26). This complex configuration is
mainly driven by changes at the histological and metabolic level,
e.g., myocyte hypertrophy, apoptosis, and energy consumption
(27). Not surprisingly, deteriorating LV geometry was shown to
predict incident heart failure (28, 29).

An increased hemodynamic load, induced either by pressure,
e.g., in hypertension, or by volume, e.g., in valvular disease, or
by a combination of both stimuli, contributes to LV hypertrophy
and/or dilation, resulting in different geometric adaptations (1,
2). Recently, changes in LV chamber geometry, i.e., an increase
in LV mass and/or LV size, were reported to relate to impaired
GLS (30). LV mass and LV volume further impact on electric
conduction times resulting in prolonged QRS duration and
potential consecutive LV dyssynchrony (31-34), which, in turn,
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TABLE 2 | Baseline echocardiographic characteristics including myocardial work according to the LV geometry classification.

All LV normal LV concentric LV concentric LV eccentric
subjects geometry remodeling hypertrophy hypertrophy
(N =1,926) (N =1,789) (N =100) (N=26) (N=31)
IVSd [mm] 9 (1) 9 10 (1)* 11 ()" 9 (1)
LVPWd [mm] 8(1) 8(1) 10 (1)* 11 (1) 1 ()"
LVEDd [mm] 48 (5) 48 (5) 44 (4) 51 (4) 55 (4)*
RWT 0.34 (0.05) 0.33 (0.05) 0.45 (0.04)* 0.44 (0.02)* 0.35 (0.04)*
LVM [g] 138 (39) 136 (37) 153 (36)* 219 (43) 219 (42)
LVMi [g/m?] 72 (16) 71 (15) 78 (15)* 113 (13)* 112 (10)*
LVEDV [mL] 99 (25) 99 (25) 93 (22)* 100 (33) 123 (29)*
LVEDVi [mL/m?] 52 (10) 52 (10) 47 (9 52 (16) 64 (14)*
LAV [mL] 46 (15) 46 (15) 47 (16) 54 (12) 55 (17)*
LAV [mL/m?] 24.(7) 24.(7) 25 (8) 28 (7) 29 (9)*
E prime lateral 1) 11 (3) 9 (2 7 )7 8 (3)*
E prime septal 92 92 72" 5 (1) 6 (2"
LVEF [%)] 61 (4) 61 (4) 60 (4)* 59 (3) 58 (7)*
Stroke volume [ml] 60 (15) 60 (15) 55 (14)* 58 (16) 70 (16)*
GLS [-%] 21 (3) 213 20 (2)* 21 (1) 19 (3)*
GCW [mmHg%] 2,506 (428) 2,501 (424) 2,575 (457) 2,965 (240)* 2,445 (526)
GWW [mmHg%] 83 (59, 119) 81 (58, 118) 98 (68, 133)* 130 (80, 191) 117 (90, 158)
GWI [mmHg%)] 2,278 (396) 2,276 (392) 2,311 (424) 2,670 (315)* 2,207 (502)
GWE [%] 96 (95, 97) 96 (95, 97) 95 (94, 97)* 94 (91, 96) 94 (93, 95)*

*Significantly different when compared to LV normal geometry (two-sided p < 0.05).

Data are n (%), mean (SD), or median (quartiles).

LVEF, left ventricular ejection fraction; GLS, global longitudinal strain, IVSd, interventricular septum diameter; LVPWd, left ventricular posterior wall diameter; LVEDA, left ventricular
end-diastolic diameter; RWT, relative wall thickness,; LVM, left ventricular mass; LVMI, left ventricular mass index; LVEDV, left ventricular end-diastolic volume; LVEDV, left ventricular
end-diastolic volume index; LAV, left atrial volume; LAVI, left atrial volume index, GCW, global constructive work; GWW, global wasted work; GWI, global work index; GWE, global
work efficiency.

TABLE 3 | Univariable and multivariable regression analysis of myocardial work indices and different echocardiographic parameters.

GCW [mmHg%] GWW [mmHg%] GWI [mmHg%] GWE [%]
Mean 2,506, SD 428 Median 83, quartiles 59, 119 Mean 2,278, SD 396 Mean 96, SD 2
Univariable Multivariable Univariable Multivariable Univariable Multivariable Univariable Multivariable

analysis analysist analysis analysist analysis analysist analysis analysist
Sex [Women)] +87.3** ns -0.5 +10.9** +124** +68.8** +0.2* —0.4***
Age [years] +7.97* +4.5%* +1.2% +0.8"* +4.9* +1.6* —0.05"** —0.03**
BMI [kg/m?] —6.5"* —10.1%* +0.3 —1.3"* —4.9* —5.7* —0.02* +0.05***
LVEF [%] +19.4** +11.00* —2.1% —1.4* +21.9%* +13.1%* +0.1 +0.08***
GLS [-%] +50.4** +51.4** —2.5%* —1.2* +50.9"* +48.4*** +0.2"** +0.1*
Heart rate [beats/min] —4.9"* ns +0.3"* +0.4*** —5.5%* —2.6** —0.02*** —0.02***
Systolic BP [mmHg] +16.6"* - +1.17 - +14.3* - —0.02*** -
LDL-C [mg/dl] +0.3 ns +0.06 ns +0.2 ns —0.002 ns
HbA1c [%] +10.5 —35.7* +10.6"* ns 1.7 ns —0.5"* ns
LVEDVi [mL/m?] —2.0* ns +0.3* +0.5"** —2.0* ns —0.02*** —0.02***
LVMi [g/m?] +2.4*** +2.0* +0.7** +0.4*** +1.1* +1.5* —0.03*** —0.01***
IVSd [mm] +21.9* - +6.77 - +10.6 - —0.3"* -
LVPWd [mm] +16.6* - +6.1 - +4.3 - —0.3"** -
LVEDd [mm] -3.1 - +0.6* - —4.8* - —0.03** -
RWT +539** - +109*** - +351* - —4.5"* -
Hypertension +304*** +343*** +29.2%** +19.4%** 4253+ +316"** —0.9"** -0.3**

(~) indiicates that the variable was not considered in the multivariable regression analysis.
GCW, global constructive work, GWW, global wasted work; GWI, global work index; GWE, global work efficiency; BMI, body mass index; LVEF, left ventricular ejection fraction; GLS,
global longitudinal strain, LDL-C, low-density lipoprotein cholesterol; HbA1c, glycosylated hemoglobin; LVEDVI, left ventricular end-diastolic volume index; LVMI, left ventricular mass
index; IVSd, interventricular septum diameter; LVPWAd, left ventricular posterior wall diameter; RWT, relative wall thickness; *p < 0.05; **p < 0.01; **p < 0.001. 7‘Mu/tiple adjustment
includes: sex, age, BMI, LVEF, GLS, heart rate, LDL, HbATc, hypertension, LVEDVi, LVMi.
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TABLE 4 | Echocardiographic patterns in participants with LV normal geometry
according to the presence of hypertension.

Without
hypertension

Total sample With P

hypertension

N (%) 1,789 1,054 (59) 735 (41)

Women 879 (49) 572 (54) 307 (42) <0.001
Age, years 53 (12) 49 (10) 59 (10) <0.001
BSA [m?] 1.9(0.2) 1.87 (0.21) 1.94 (0.23) <0.001
BMI [kg/m?] 26 (4) 25 (4) 27 (4) <0.001
SBP [mmHg] 130 (17) 121 (11) 142 (17) <0.001
DBP [mmHg] 78 (10) 75 (7) 83 (10) <0.001
LVEF [%] 61 (4) 61 (4) 60 (5) <0.001
GLS [%], 21(3) 21 (4) 20 (2) <0.001
E prime lateral (cm/s) 11 (3) 12 (3) 10 (3) <0.001
E prime septal 92 92 8(2) <0.001
(cm/s)

LAV [mI] 46 (15) 43 (14) 50 (17) <0.001
LAVi [mi/m?] 24 (7) 23 (6) 26 (8) <0.001
LVEDVi [mL/m?] 52 (10) 52 (11) 52 (10) 0.256
LVMi [g/m?] 71 (15) 67 (13) 76 (15) <0.001
GCW [mmHg%] 2,501 (424) 2,372 (310) 2,687 (491) <0.001
GWW [mmHg%] 81(58,118) 74 (53, 100) 97 (67, 136) <0.001
GWI [mmHg%] 2,276 (392) 2,167 (294) 2,431 (457) <0.001
GWE [%] 96 (95, 97) 96 (95, 97) 96 (94, 97) <0.001

Data are n (%), mean (SD), or median (quartiles).

BSA, body surface area; BMI, body mass index; SBF, systolic blood pressure; DBF,
diiastolic blood pressure; LVEF, left ventricular ejection fraction; GLS, global longitudinal
strain; LAV, left atrial volume; LAVi, left atrial volume index; LVEDVI, left ventricular end-
diastolic volume index; LVMI, left ventricular mass index; GLS, global longitudinal strain;
GCW, global constructive work; GWW, global wasted work; GWI, global work index; GWE,
global work efficiency.

is also known to adversely affect GLS (30, 35). Echocardiography-
based determination of MyW parameters now offers the
possibility to non-invasively study the different components of
active myocardial function and to apply this method to larger
collectives. Covering both the impairment of longitudinal LV
function and a potential LV dyssynchrony induced by conduction
delays, MyW might advance our mechanistic understanding of
the myocardial function and subsequent adaptive changes in
individuals with abnormal LV geometry. We determined three
pathological groups (see Figure 1), which serve as examples
of a (well-acknowledged) disease paradigm characterizing the
gradual alteration of LV morphology over time given certain risk
constellations (1, 19).

Concentric LV Remodeling and Concentric
Hypertrophy

CR dominated in our study sample, followed by EH and CH.
CR is considered a late-stage response of the LV to adverse
hemodynamic circumstances and is predominantly caused by
pressure overload as induced by increased afterload (36) due to
arterial hypertension or aortic stenosis (37), or volume overload
(1). CR is associated with adverse LV function (38, 39) and an
adverse prognosis when compared to normal LV geometry (4, 40,

41). In our sample, participants with CR were older and showed
a less favorable risk factor and comorbidity profile and lower
values of GLS when compared to participants with normal LV
geometry. The more detailed analysis of LV myocardial function
revealed a trend toward an increase in GCW and GWI (Figure 1),
which might be a consequence of increased myocardial muscle
power in LV hypertrophy, and was even more pronounced in
CH. In addition to this increase in constructive myocardial
work, participants with CR and CH exhibited significantly
higher levels of GWW when compared to participants with
normal LV geometry. The lower values of global work efficiency
suggest that the proportionate increase in GWW exceeds the
increase in GCW with progressing LV hypertrophy might be one
explanation for impaired exercise capacity in individuals with
LV hypertrophy and abnormal LV geometry (42). Further, these
findings were even more pronounced in individuals with CH. As
this subgroup was small in our study sample, we did not perform
further statistical analyses. However, the CH pattern is of high
clinical relevance, and further dedicated studies in hypertensive
patients need to provide additional insights.

Arterial hypertension is one of the most prevalent
cardiovascular risk factors and a major contributor to long-
term changes in LV geometry (36, 37, 43, 44). A higher
prevalence of hypertension was seen with a deviation from
normal LV geometry. However, even in participants with
measures of LV geometry within a normal range, we found
notable differences in LV structure and function in individuals
with and without hypertension. Among subjects with normal
LV geometry, those with hypertension presented with equal LV
size but with higher LV mass when compared to subjects without
hypertension (Table4). The LV myocardium of those with
hypertension performed a higher amount of work, constructive
(GWI, GCW) and wasted work, at a lower efficiency level. A
detailed analysis of LV structure and function according to the
current blood pressure during the study visit showed a similar
pattern (Table 5). Higher SBP values were associated with higher
LV mass though still within the normal range. Participants
with normal and high-normal BP had higher LV mass when
compared to participants with optimal BP. Further, normal and
high-normal blood pressure were associated with significantly
higher values of work performed by the myocardium, including
wasted work, when compared to optimal blood pressure
(Table 5). As part of the adaptation process, it appears that the
LV hypertrophies to perform a higher amount of work. Due
to a disproportionate increase in wasted work, work efficiency
seems to be affected already in individuals with high-normal
blood pressure, hence in a very early stage of disease (Table 5).
Our results give a glimpse of mechanistic insights into the
pathophysiology of hypertensive heart disease and highlight
the importance of early and consistent treatment of arterial
hypertension to reach optimal treatment goals.

Eccentric Hypertrophy

This phenotype is characterized by increased LV size (ie.,
LV dilatation) in the presence of normal wall thickness. EH
is typically found in states of chronic volume overload, such
as significant mitral regurgitation (which was excluded from
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TABLE 5 | MyW indices in individuals with normal LV geometry according to blood pressure category.

Blood pressure categories

All Optimal SBP Normal SBP High-normal Hypertensive P for trend

individuals <120 120-129 SBP 130-139 SBP >140

(N = 1,789) (N = 570) (N = 398) (N = 355) (N = 466)
Women 879 (49) 383 (67) 164 (41) 142 (40) 190 (41) <0.001
Age [years] 53 (12) 49 (10) 50 (11) 56 (11) 59 (10) <0.001
LVEF [%] 61 (4) 61 (4) 61 (4) 60 (4) 60 (5) 0.010
GLPS [-%] 21(3) 22 (5) 21 (3 20 (2) 20 () <0.001
SBP [mmHg] 130 (17) 112(7) 125 (3) 134 (3) 152 (12) <0.001
GCW [mmHg%] 2,501 (424) 2,224 (276) 2,406 (302) 2,545 (299) 2,888 (444) <0.001
GWW [mmHg%] 81 (58, 118) 68 (49, 92) 77 (55, 110) 87 (62, 120) 105 (77, 149) <0.001
GWI [mmHg%)] 2,276 (392) 2,038 (267) 2,193 (286) 2,310 (289) 2,611 (425) <0.001
GWE [%] 96 (95, 97) 96 (95, 97) 96 (95, 97) 96 (95, 97) 96 (94, 97) <0.001
LVMi [g/m?] 71 (15) 65 (14) 70 (14) 73 (14) 77 (15) <0.001
LVEDVi [ml/m?] 52 (10) 51 (10) 52 (10) 53 (11) 52 (10) 0.056
RWT 0.33(0.05) 0.31 (0.05) 0.32 (0.05) 0.33 (0.04) 0.34 (0.05) <0.001

Data are n (%), mean (SD), or median (quartiles).
P for trend (Jonckheere Terpstra trend test and Chi-square test, as appropriate).

BPR, blood pressure; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; SBR, systolic blood pressure, GCW, global constructive work, GWW, global wasted work; GWI,
global work index; GWE, global work efficiency; LVMI, left ventricular mass index; LVEDVi, left ventricular end-diastolic volume index; RWT, relative wall thickness.

our study sample), but also as an early manifestation of a
cardiomyopathic process (1, 36). Further, previous work from
our population-based cohort reported a higher proportion of
increased LV volumes in individuals with structural heart disease
with no clinical HF symptoms and absent CV risk factors
known as the B-not-A group of HF (16). Participants with
EH were older, more often female, had higher NT-proBNP
levels, and a higher prevalence of hypertension, diabetes, and
dyslipidemia when compared to normal LV geometry or CR.
GCW and GWI were normal among individuals with EH, but
GWW was markedly enhanced and GWE compromised. Of note,
GWW and GWE were predominantly determined by larger LV
volumes, potentially as a consequence of increased wall stress in
larger LV volumes (45). Our results extend first analyses from
NORRE (46), a multinational study to generate normal values for
echocardiographic measures, where mild univariate associations
between LV size and MyW indices were found that vanished in
multivariable analysis, possibly due to issues of sample size and
selection criteria. In contrast to a concentric increase in LV mass,
an increase in LV size without an increase in LV wall thickness
seems to be associated with an increase in GWW only, and
lower GWE.

Cardiomyopathies are characterized by heterogeneous
patterns of LV hypertrophy and progressive LV enlargement
leading to myocardial dysfunction (47-49) and, on a histological
level, by cardiomyocyte hypertrophy, myocardial disarray,
and interstitial fibrosis (49). Recent work in patients with
cardiomyopathy showed impaired MyW indices when compared
to healthy controls (48, 50, 51). MyW analysis was hypothesized
to reveal the effect of chronic remodeling on myocardial function
in patients with cardiomyopathies, unmasking, i.e., a low capacity
to adjust to an increased workload (52). Chan et al. (50) suggested
that wasted work may be related to the increased myocardial wall

stress against a higher afterload. Likewise, wasted work results
to be of great interest as a potential factor reducing LV work
efficiency and ultimately might contribute to LV remodeling.
LV remodeling and consecutive functional changes reflect
myocardial glucose metabolism and energetics (53), which was
shown to correlate with non-invasive echocardiography-derived
MyW indices (8). Our results show additional insights into the
relationship of LV mass and size with myocardial work and might
contribute to the elucidation of pathophysiological processes
in cardiomyopathies.

Limitations and Strengths

In this large population-based sample, cardiovascular risk factors
were comprehensively and carefully assessed according to
standard operating procedures. In particular, echocardiography
was performed by well-trained and internally certified and
quality-controlled sonographers (18). However, the current
cross-sectional analysis cannot inform on longitudinal alterations
and causal inferences. The size of the three subgroups emerging
with an abnormal LV geometry was relatively small. Nevertheless,
due to the representative mode of sampling, they mirror the
frequencies of these abnormalities in the population free of
heart failure. For the derivation of MyW parameters, ideally,
blood pressure should be measured during the echocardiographic
examination. In STAAB participants, blood pressure was
measured in a sitting position after 5min of rest in a
separate room but immediately prior to the echocardiographic
examination. Hence, the thus introduced imprecision is likely to
be small. Technically and physiologically, information on MyW
should not be regarded as the exact equivalent to investigations
on pressure-volume loop recordings (10, 45, 54). As discussed
elsewhere in detail, MyW does not account for radial, and
circumferential LV function nor wall stress since LV radial
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curvature and wall thickness are not part of its derivation from
pressure-strain loops (45, 54). Comparison of MyW, particularly
of GWW, between different hearts, however, is considered a
valid measure since it is a relative measure that compensates
for limited information about local geometry and consecutive
potential differences in wall stress (10). Further, MyW integrates
LV systolic longitudinal strain, blood pressure, and time intervals,
thus comprehensively accounting for potential impairment (a) in
LV longitudinal contraction and (b) and in cardiac conduction
induced by abnormal LV geometry as apparent, e.g., in patients
with heart failure.

CONCLUSION

MyW analysis is a non-invasive, echocardiography-based
method facilitating new insights into the relationship of LV
geometry and myocardial performance in this population-based
cohort free from heart failure. Any deviation from a normal LV
geometric profile was associated with an alteration of MyW.
While LV dilation was associated with solely higher GWW,
concentric remodeling and hypertrophy were associated with
both higher GCW and GWW. A disproportionately higher
GWW resulted in lower GWE. These altered MyW patterns
were already present in hypertensive individuals with normal
LV geometry and might thus serve as an early sign of incipient
hypertensive heart disease. Longitudinal studies are needed
to test this hypothesis and improve our understanding on the
mechanisms of hypertensive heart disease and the time course of
its evolvement.
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Right ventricular (RV) systolic function has an important role in the prediction of adverse
outcomes, including mortality, in a wide range of cardiovascular (CV) conditions. Because
of complex RV geometry and load dependency of the RV functional parameters,
conventional echocardiographic parameters such as RV fractional area change (FAC)
and tricuspid annular plane systolic excursion (TAPSE), have limited prognostic power
in a large number of patients. RV longitudinal strain overcame the majority of these
limitations, as it is angle-independent, less load-dependent, highly reproducible, and
measure regional myocardial deformation. It has a high predictive value in patients with
pulmonary hypertension, heart failure, congenital heart disease, ischemic heart disease,
pulmonary embolism, cardiomyopathies, and valvular disease. It enables detection of
subclinical RV damage even when conventional parameters of RV systolic function are
in the normal range. Even though cardiac magnetic resonance-derived RV longitudinal
strain showed excellent predictive value, echocardiography-derived RV strain remains the
method of choice for evaluation of RV mechanics primarily due to high availability. Despite
a constantly growing body of evidence that support RV longitudinal strain evaluation
in the majority of CV patients, its assessment has not become the part of the routine
echocardiographic examination in the majority of echocardiographic laboratories. The
aim of this clinical review was to summarize the current data about the predictive value
of RV longitudinal strain in patients with pulmonary hypertension, heart failure and valvular
heart diseases.

Keywords: right ventricle, longitudinal strain, outcome, pulmonary hypertension, heart failure, aortic stenosis,
mitral regurgitation, tricuspid regurgitation

INTRODUCTION

The right ventricle (RV) has a complex anatomy and position in the thorax and therefore its
assessment has long been limited and included a few conventional parameters that are easy to
measure. Studies reported a significant prognostic effect of these RV parameters in a wide range
of cardiovascular (CV) conditions such as pulmonary hypertension, congenital heart disease,
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pulmonary embolism, heart failure, cardiomyopathies, and
valvular disease (1-6). Interestingly, RV parameters were
reported as significant independent predictors of outcome in
the general population and patients with arterial hypertension
(7, 8). The development of imaging techniques provided detailed
insight into RV structure, function and mechanics. Cardiac
magnetic resonance and 3D echocardiography significantly
improved our knowledge about RV structure and function,
but speckle-tracking imaging enabled efficient and prompt
echocardiographic assessment of RV mechanics (9).

RV longitudinal strain represents the cornerstone of RV
mechanics evaluation with excellent reproducibility and high
predictive value in patients with different aforementioned
CV diseases (10-13). It has higher sensitivity and specificity
in the detection of subclinical RV damage in patients with
cardiomyopathies, cardiac amyloidosis and cancer (14—
16). Although cardiac magnetic resonance provides more
possibilities, that include the accurate evaluation of RV volumes
and function, its relatively low availability and high level of
competence that this kind of imaging demands, represent the
main obstacles for its adoption in everyday clinical practice.
Echocardiography-derived RV strain remains the method of
choice for the evaluation of RV mechanics. Despite a constantly
growing body of evidence that support RV longitudinal strain
evaluation in the majority of CV patients, its assessment has not
become part of the routine echocardiographic examination in
majority of echocardiographic laboratories.

The aim of this clinical review was to summarize the current
data about the predictive value of RV longitudinal strain in
patients with pulmonary hypertension, heart failure, and valvular
diseases in order to emphasize the importance of its evaluation in
routine echocardiographic examination in these conditions.

RIGHT VENTRICULAR STRAIN—BASIC
CHARACTERISTICS

The retrosternal position of the RV and its unique crescent-
shaped geometry with inflow and outflow tracts in almost the
same plane is challenging for echocardiographic assessment (17).
Several echocardiographic views should be used for appropriate
evaluation of RV structure and function and not all of them are
part of the basic echocardiographic examination that underwent
the majority of CV patients. Therefore, practically all parameters
that are recommended by the guidelines (RV diameters, TAPSE,
FAC, ¢/, E/e/, sPAP) are assessed in a 4-chamber view (18), which
is easy to access.

The evaluation of RV longitudinal strain is also performed in
4-chamber view, which certainly represents an advantage because
it does not demand additional time for acquisition (Figure 1).
RV wall is significantly thinner than in the left ventricle
(LV) and consists of only two layers that are predominantly
longitudinally and obliquely directed in the free wall (17). The
deep subendocardial fibers have longitudinal direction from base
to apex, while the superficial subepicardial fibers normally have
circumferential direction, parallel to the AV groove (19), but
they turn obliquely as they approach to the apex of the heart

and continue onto the LV. The continuity of RV and LV fibers
significantly contributes to ventricular interdependence (19),
which is important for both RV and LV function.

The technical aspects of image acquisition for speckle-tracking
assessment are specific because they need to provide optimal
images for post processing and high level of reproducibility for
strain assessment. The suggested frame rate is between 40 and
90 frames per second for analysis of cardiac deformation. With
increase of heart rate requires a higher frame rate to allow optimal
speckle-tracking echocardiography. The acquisition of high-
quality images is necessary for strain analysis, which considers
the optimal gain settings and breath-hold techniques to clearly
define the endocardial and epicardial borders and to avoid
artifact associated to rib or lung motions and translational heart
movement. RV focused apical 4-chamber view is necessary for
RVLS evaluation. The optimal RV focused view should provide
the visualization of the whole RV, the RV-free wall, and avoid
foreshortening of the RV apex.

There is still no consensus about the region of interest
that should be included in evaluation of RVLS. Some authors
suggest a full RV chamber six-segmental model including the
interventricular septum into the calculation of RVLS, whereas
more authors accepted a three-segmental model, which involves
only the RV free wall (20). The six-segment model is more feasible
than three-segment model due to easier tracking of the whole
RV. Absolute LS values derived from the free wall of the RV
are significantly higher than from the whole RV. The authors
that promote three-segmental model claim that the septum is
traditionally seen as part of the LV and therefore should not be
included into RVLS assessment.

The normal values of RVLS are still a matter of debate.
Study that included significant number of patients reported lower
RVLS values in men than in women, independently of the three-
or six-segment model (21). Reference limits of normality for
RVLS were —20% for men and —20.3% for women, whereas
for RV free-wall LS limits were —22.5% for men and —23.3%
for women (21).

There are several commercially available software platforms
that enable post-process evaluation of raw data. EchoPac (GE)
and TomTec are the most frequently used in clinical and
research circumstances. EchoPac provided six-segment model
and curve for each RV segment (including interventricular
septum) and three-segmental model can be derived from these
curves involving only segments of RV free wall. However, it
is vendor dependent tool and can be used only for evaluation
of echocardiographic images obtained by GE machines.
TomTec is a vendor-independent software that can measure all
echocardiographic images and provides automatically three-
segment model for RV free-wall LS evaluation (separate values
for free-wall RV and interventricular septum).

RV strain has several advantages: angle-independency, less
load-dependency, and accuracy in measurement of regional
myocardial deformation. The major limitation of 2D RV
strain is motion-dependent speckles loss outside the imaging
plane, especially due to excessive motion of the RV lateral
wall. Nevertheless, this has been largely overcome with
the introduction of software that provides dedicated RV
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FIGURE 1 | Echocardiography-derived right ventricular global longitudinal
strain in control subjects (A) and patient with severe functional tricuspid
regurgitation (B).

longitudinal strain analysis and separate evaluation of RV free-
wall longitudinal strain and RV global longitudinal strain.
The important limitations are also lack of agreement about
method that should be used for RVLS evaluation (three- vs.
six-model) and unknown normal values for RVLS. Advantages
and limitations are presented in Table1l. Even though all
parameters of RV systolic function—TAPSE, FAC, and RV
free-wall longitudinal function were reported as independent
predictors of overall and CV mortality in patients with different
CVD, RV free-wall longitudinal strain was proven to be the
only independent predictor in analysis adjusted for multiple
demographic, clinical and echocardiographic characteristics (22,
23). Study that used echocardiographic and CMR evaluation of
RV function showed good correlation between TAPSE, s', FAC,
and global RV longitudinal strain and CMR-derived RV ejection
fraction (24). Free-wall RV longitudinal strain showed the highest
diagnostic accuracy and very high sensitivity and specificity to
predict reduced EV ejection fraction (RVEF) <45% (24).

RV STRAIN IN PULMONARY ARTERIAL
HYPERTENSION

The majority of studies investigated the predictive role of RV
longitudinal strain in patients with idiopathic pulmonary arterial

hypertension (PAH), but the number of researches that examined
patients with pulmonary hypertension in pulmonary diseases
(COPD, interstitial fibrosis) and connective tissue diseases
(erythematous lupus, systemic sclerosis) is constantly increasing.

In patients with PAH, conventional parameters of RV systolic
function, including TAPSE, FAC, ¢/, and RVEE, may be normal
despite abnormal RV strain, which is an additional reason for the
usage of RV strain in these patients. RV longitudinal strain can
identify subclinical RV dysfunction at the early phase of disease
and may serve as an important marker of subtle RV systolic
dysfunction when conventional parameters, primarily TAPSE,
are in the normal range (25, 26).

Small study that included 42 patients with PAH investigated
the influence of different echocardiographic parameters on
4-year outcome and reported that RV free-wall longitudinal
strain showed the best specificity and sensitivity in prediction
of CV events in this population, significantly better than
TAPSE, FAC, ¢/, and RV index of myocardial performance (27).
PAH patients with RV free-wall longitudinal strain <-19.4%
experienced fewer cardiovascular events than those with RV free-
wall strain >-19.4% (27). Another study that investigated 51
PAH patients demonstrated that RV global longitudinal strain
>-15.5% was independent predictor of adverse clinical events
and mortality (28). The large study that included 575 patients
with confirmed or suspected PAH reported significant decline in
RV free-wall longitudinal strain proportional to worse functional
class, shorter 6-min walk distance, higher N-terminal pro-B-
type natriuretic peptide level, and the presence of right heart
failure (29). RV free-wall longitudinal strain predicted survival
after adjustment for pulmonary pressure, pulmonary vascular
resistance, and right atrial pressure (29). Haeck et al. (30)
involved 150 PH patients and demonstrated that RV free-wall
strain >-19%, unlike TAPSE and FAC, was an independent
predictor of all-cause mortality in these patients. All findings are
summarized in Table 2.

Badagliacca et al. (31) recently identified 3 different RV
free-wall strain patterns in PAH patients based on the time
period from peak-systolic strain to return to the baseline point-
set for the basal and mid-RV free wall segments. The authors
reported that the shape of the RV strain curve and the longer
time necessary to return RV strain to the baseline point were
associated with worse outcome. Therefore, pattern 3, which
corresponded to slow and steady gradual movement of a strain-
derived curve, had the worst event-free survival during follow-up
of 24 months (31) (Table 2).

Not only RV strain at baseline, but also its change during
therapy and follow-up is important for prognosis of PAH
patients. Hardegree et al. (32) reported that >5% improvement
in RV free-wall longitudinal strain had >7-fold lower mortality
during the follow-up of 4 years.

Meta-analysis that involved 1,169 PH patients revealed that
RV free-wall strain >-19% had a significantly higher risk for
the combined endpoint (mortality and PH-related events), while
patients with >-22% had a significantly higher risk for all-
cause mortality (33). It showed that a relative reduction of RV
longitudinal strain <10% was insignificant for survival after
multivariate analysis, while a relative reduction >10% of RV
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longitudinal strain represented significant and independent risk
factor of adverse outcome in PH patients (33) (Table 4).

The role of CMR-derived RV longitudinal strain in prediction
of adverse outcome in PAH patients is insufficiently known
because of scarce data. Recent study that included 80 PAH
patients provided CMR analysis of all RV and right atrial (RA)
structural, functional and strain parameters and showed that RV

TABLE 1 | Advantages and limitations for evaluation of RV longitudinal strain.

Advantages Disadvantages

Additional parameter of RV
systolic function

No agreement about normal values
High predictive value No agreement about three- and six-segment
models

High reproducibility High temporal resolution necessary
Evaluation of mechanical
function of the full RV wall
thickness

Problem with imaging window and
visualization of the RV free wall

Visualization of RV endocardial border
sometimes can be challenging

Stable cardiac rhythm

Relatively load independent

Angle independent

High availability

Low costs

Short scan duration

No need for advanced training

RV, right ventricle.

longitudinal strain, TAPSE, FAC, and RA longitudinal strain were
predictors of adverse outcome in these patients (34). Sato et al.
(35) showed the improvement of CMR-derived RV strain during
ambrisentan and tadalafil combination therapy in PAH patients
with systemic sclerosis (Table 3).

RV STRAIN IN HEART FAILURE

RV dysfunction is known indicator of poor survival in patients
with heart failure (HF) (55). Conventional echocardiographic
parameters for assessment of RV systolic function such as TAPSE
and FAC have already been proven as independent predictors of
adverse outcome in HF (56). Dini et al. (57) showed not only
that a reduced RV function at baseline was independent predictor
of poor outcome, but also that the reversibility of abnormal
RV function, assessed by TAPSE, was related with a better
prognosis, independently of LVEF improvement, LV reverse
remodeling, and cardiac resynchronization therapy. Study that
included patients after acute myocardial infarction reported that
FAC, used for evaluation of RV systolic function, was associated
with an increased risk of all-cause mortality, CV death, sudden
death, HF, and stroke (58). Another investigation that used tissue
Doppler parameter for evaluation of RV systolic function (s’)
in patients with HF with preserved LVEF showed that s’ <5
cm/s was predictor of CV mortality, recurrent HF, and ischemic
stroke (59).

Investigations proved that RV longitudinal strain is
deteriorated at early stage of HF (3). Data from the literature
indicate that RV longitudinal strain provides a more accurate and

TABLE 2 | Predictive value of RV longitudinal strain in pulmonary hypertension.

References Sample RV free-wall/ Follow-up Main findings

size global GLS period
cut-off (months)

Motoji et al. (27) 42 —-19.4% 48 RV free-wall longitudinal strain showed the best specificity and sensitivity in prediction
of CV events in this population, significantly better than TAPSE, FAC, s’ and RV index
of myocardial performance.

Park et al. (28) 51 —-15.5% 45 + 15 RV global longitudinal strain >-15.5% was independent predictor of adverse clinical
events and mortality.

Fine et al. (29) 575 —-15% 18 RV free-wall longitudinal strain predicted survival after adjustment for pulmonary
pressure, pulmonary vascular resistance, and right atrial pressure.

Haeck et al. (30) 150 —-19% 31 RV free-wall longitudinal strain, unlike TAPSE and FAC, was independent an predictor
of all-cause mortality in these patients.

Badagliacca et al. (31) 108 - 24 The authors reported that the shape of the RV strain curve and the longer time
necessary to return RV strain to the baseline point were associated with worse
outcome.

Hardegree et al. (32) 50 —-12.5% 48 >5% improvement in RV free-wall longitudinal strain had >7-fold lower mortality
during the follow-up of 4 years.

Hulshof et al. (33) 1,169 —-19% - RV free-wall strain >-19% had a significantly higher risk for the combined endpoint
(mortality and PAH-related events).

Leng et al. (34) 80 —-25.2% 24 CMR-derived RV longitudinal strain, TAPSE, FAC, and RA longitudinal strain were
predictors of adverse outcome in these patients.

Sato et al. (35) 21 - 9 Improvement of CMR-derived RV strain during ambrisentan and tadalafil combination

therapy in PAH patients with systemic sclerosis.

CMR, cardiac magnetic resonance; CV, cardiovascular; FAC, fractional area change; GLS, global longitudinal strain; PAH, pulmonary arterial hypertension; RA, right atrium; RV, right
ventricle; s', systolic velocity of the lateral segment of tricuspid annulus; TAPSE, tricuspid annular plane systolic excursion.
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TABLE 3 | Predictive value of RV longitudinal strain in heart failure.

References Sample RV free-wall/ Follow-up Main findings

size global GLS period
cut-off (months)

Cameli et al. (45) 590 —-15% 18 £ 11 Free-wall RV longitudinal strain was the strongest predictor of combined outcome,
even stronger than LV global longitudinal strain, which support importance of RV
strain in prognostic stratification in HF patients.

Hamada-Harimura et al. 618 —13.1% 14 In patients with acute HF decompensation RV free-wall longitudinal strain was an

(46) independent predictor of cardiac events (CV death or unplanned hospitalization due
to HF worsening).

Vizzardi et al. (47) 60 —18% 32+ 13 RV free-wall longitudinal strain, but not TAPSE, FAC, and s’, was independent

predictor of CV events (hospitalization and CV mortality) in HFrEF patients.

Carluccio et al. (48) 200 —15.3% 28 RV free-wall longitudinal strain was a better predictor than TAPSE in HFrEF patients

with the best discriminatory value of RV free-wall longitudinal strain.
Kusunose et al. (49) 58 —16% 5 RV longitudinal strain in HFrEF patients was a good predictor of functional capacity
improvement (VO2 peak) in HFrEF patients who were referred for cardiac

rehabilitation.

Motoki et al. (11) 171 —14.8% 60 RV free-wall strain was a predictor of adverse CV events (death, cardiac
transplantation, and hospitalization due to HF) independently of age, LVEF, tricuspid
', E/e’ septal, and right atrial volume index in a population of patients with chronic

HFrEFR

Echocardiography-derived RV free-wall longitudinal strain was a better predictor of
overall and CV mortality than TAPSE, FAC, and CMR-derived RVEF, RV longitudinal
strain.

Houard et al. (50) 266 —19% 56

Carluccio et al. (51) 288 —15.3% 30+ 23 Global RV longitudinal strain did not remain independent predictor of composite
outcome (all-cause death/HF-related hospitalization) in the models that included LV
parameters and other RV parameters, whereas RV free-wall strain remained an

independent predictor in all models.

Lisi et al. (52) 27 - - RV free-wall strain had the highest diagnostic accuracy for detecting severe
myocardial fibrosis, much better than TAPSE, right atrial longitudinal strain and VO2

peak.

Park et al. (53) 799 -12% 32 In patients with acute HF was found that global RV longitudinal strain was a predictor
of all-cause mortality regardless of LV global longitudinal strain and clinical

characteristics.

657 —15.3% 24 The authors reported that RV free-wall longitudinal strain, sSPAP and their ratio were
independent predictors of composite endpoint (mortality and HF hospitalization) in the

whole population of HF patients.

Bosch et al. (54)

CMR, cardiac magnetic resonance; CV, cardiovascular; FAC, fractional area change; GLS, global longitudinal strain; HF, heart failure; HFpEF, heart failure with preserved ejection fraction;
HFrEF, heart failure with reduced ejection fraction; LV, left ventricle; RV, right ventricle; s', systolic velocity of the lateral segment of tricuspid annulus; sSPAR, systolic pulmonary pressure;
TAPSE, tricuspid annular plane systolic excursion.

less preload dependent estimation of the overall performance
of the RV in HF patients (3). The majority of data are focused
on patients with HF with reduced LVEF (HFrEF) (45, 46, 60).
However, data regarding HF with preserved LVEF (HFpEF)
also emphasize the important role of RV longitudinal strain
in these patients (3). Table3 summarizes all findings in
this field.

Study that involved patients with HFrEF referred for
heart transplantation reported that free-wall and global RV
longitudinal strains, NT-pro-BNP, FAC, and LV end-diastolic
volume were independent predictors of combined outcome
(hospitalization for acute heart failure, cardiovascular death,
heart transplantation, intra-aortic balloon pump implantation,
and ventricular assist device implantation) (45). Free-wall RV
longitudinal strain was the strongest predictor of combined
outcome, even stronger than LV global longitudinal strain, which
support importance of RV strain in prognostic stratification

in HF patients (45). Another investigation showed that only
RV free-wall longitudinal strain, but not TAPSE, FAC, and
s/, was independent predictor of CV events (hospitalization
and CV mortality) in HFrEF patients during 3-year follow-
up (47). Carluccio et al. (48) revealed that RV free-wall
longitudinal strain was a better predictor than TAPSE in HFrEF
patients with the best discriminatory value of RV free-wall
longitudinal strain for the prediction of adverse outcomes was
—15.3%. Small study revealed that RV longitudinal strain <-
16% in HFrEF patients was a good predictor of functional
capacity improvement (VO2 peak) in HFrEF patients who were
referred for cardiac rehabilitation (49). Another investigation
found that RV free-wall strain was a predictor of adverse CV
events (death, cardiac transplantation, and hospitalization due
to HF) independently of age, LVEE, tricuspid s, E/e’ septal,
and right atrial volume index in a population of patients with
chronic HFrEF who were followed for 5 years (11). The cut-off
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value used for RV free-wall strain was —14.8%. Study that
combined CMR and echocardiographic evaluation of the RV
in HFrEF patients showed that echocardiography-derived RV
free-wall longitudinal strain was a better predictor of overall
and CV mortality than TAPSE, FAC, and CMR-derived RVEE,
RV longitudinal strain during 4.7-year follow-up period (50).
Figure 2 illustrates RV free-wall longitudinal strain in control
subjects and HFrEF patient.

Tacoviello et al. (60) demonstrated that both global and
free-wall RV longitudinal strain were independent predictors
of all-cause and CV mortality in chronic HFrEF patients
during 3-year follow-up. Even though TAPSE, FAC, and s
were predictors of mortality in univariate analysis, they were
not included in multivariate analysis. On the other hand,
Carluccio et al. (11) found superior predictive value of RV
free-wall strain over RV global strain in HFrEF patients over
30-month follow-up. Global RV longitudinal strain did not
remain independent predictor of composite outcome (all-cause
death/HF-related hospitalization) in the models that included
LV parameters (LVEE LV longitudinal strain, left atrial volume
index) and other RV parameters (tricuspid regurgitation severity,
RV dimensions, systolic pulmonary pressure), whereas RV free-
wall strain remained an independent predictor in all models (51)
(Table 3).

The investigation that combined echocardiographic analysis
with myocardial histologic analysis reported that RV free-wall
longitudinal strain was the main determinant of myocardial
fibrosis, which may explain high prognostic value of this
parameter in HF patients (52). RV free-wall strain had the highest
diagnostic accuracy for detecting severe myocardial fibrosis,
much better than TAPSE, right atrial longitudinal strain and VO2
peak (52).

In patients with acute HF decompensation RV free-wall
longitudinal strain was an independent predictor of cardiac
events (CV death or unplanned hospitalization due to HF
worsening) (46). Other echocardiographic parameters such as
LVEEF, TAPSE, FAC, RV and LV global longitudinal strains were
not proven to be the independent predictors of outcome in these
patients (46). The cut-off value for RV free-wall longitudinal
strain that showed the highest sensitivity and specificity was
—13.1% (46). In the similar group of patients with acute HF
authors found that global RV longitudinal strain was a predictor
of all-cause mortality regardless of LV global longitudinal
strain and clinical characteristics (53). Patients with reduced
biventricular longitudinal strain (>-9% for LV and >-12% for
RV) had the worst prognosis (53). The predictive power of RV
global longitudinal strain was more significant in the absence of
PH (Table 3).

Bosch et al. (54) reported gradual and significant deterioration
of RV longitudinal strain from controls across HFpEF to HFrEF
patients. The authors reported that RV free-wall longitudinal
strain, sPAP and their ratio were independent predictors of
composite endpoint (mortality and HF hospitalization) in the
whole population of HF patients (61). Unfortunately, the separate
analyses of HFrEF and HFpEF patients were not performed and
therefore predictive value of RV longitudinal strain in HFpEF
remains to be determined.

RV STRAIN IN VALVULAR HEART
DISEASES

The effect of RV function in patients with valvular disease has
been investigated in the last several years and it has become
evident that effect of RV dysfunction on outcome in these patients
is not irrelevant. The majority of studies reported deterioration of
RV longitudinal strain in patients with valvular diseases (61, 62),
but some recent investigations revealed a significant predictive
value of RV strain in patients with aortic stenosis, mitral and
tricuspid regurgitation (12, 13, 40, 63). Data are still scarce
but warrant a special attention due to constantly increasing
number of transcatheter interventions in valvular diseases and
importance to develop new scores for better risk stratification in
patients who undergo these interventions. Table 4 summarized
all findings.

Aortic Stenosis

Study that investigated RV free-wall longitudinal strain before
and 1 year after transcatheter or surgical aortic valve replacement
(TAVR or SAVR) showed that RV longitudinal strain did not
significantly improve after TAVR, but it significantly deteriorated
in SAVR group, even though TAVR group had worse baseline
clinical characteristics (more patients in NYHA class III and
IV and significantly higher EuroSCORE) (36). However, it
must be noted that RV strain improved in TAVR group for
2.4% in absolute values, which was still not enough to reach
statistical significance in a relative small sample (n = 101).
Interestingly, TAPSE and FAC also significantly reduced after
SAVR and remained the same in TAVR group (36). This
difference potentially could be due to pericardiotomy during
SAVR. Another investigation that included patients after SAVR
revealed that RV free-wall longitudinal strain >-15% had high
sensitivity and specificity for development of low output cardiac
syndrome in the first 30 days after surgery, which may qualify
RV strain for risk stratification undergoing SAVR (37). The
same group of authors recently provided results form long
follow-up and showed that RV free-wall longitudinal strain
was independent predictor of low output cardiac syndrome,
but not of in-hospital mortality, hospital stay, or vasoplegic
syndrome (38).

Dahou et al. (63) investigated patients with low-flow low-
gradient aortic stenosis and found that 2-year survival in patients
with RV free-wall longitudinal strain >-13% was significantly
lower than in those with RV free-wall longitudinal strain <-
13%. RV free-wall longitudinal strain >-13% was an independent
predictor of mortality in these patients, regardless age, aortic
stenosis severity, myocardial infarction and LV longitudinal
strain (63). Stress RV longitudinal strain, measured during low
dose dobutamine stress, has incremental prognostic value over
LV longitudinal strain, LVEF and RV strain at rest (63) (Table 4).

Research that included HF patients due to severe aortic
stenosis undergoing TAVR reported that RV global longitudinal
strain and RV-arterial coupling (TAPSE/sPAP and RV
longitudinal strain/sPAP) provided better risk stratification
than other RV echocardiographic parameters during long-term
follow up of 10 years (39). TAPSE, FAC, s', sPAP, tricuspid
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FIGURE 2 | Cardiac magnetic resonance-derived right ventricular free-wall
longitudinal strain in control subject (A,B) and patient with heart failure with
reduced ejection fraction (C,D).

regurgitation and tricuspid annulus diameter were not proven
to be the independent predictors of 10-year mortality after
TAVR (39).

Recent large study that involved 334 patients who underwent
TAVR reported no significant change in RV free-wall longitudinal
strain at 1-year follow-up, in both groups with baseline impaired
and normal RV systolic function (12). However, RV longitudinal
strain was associated with 1-year all-cause mortality. The authors
found a 6% higher risk for 1-year mortality for each unit increase
in RV longitudinal strain. Other parameters of RV systolic
function (TAPSE, FAC, §'), as well as LVEF, existence of tricuspid
regurgitation and sPAP were not independent predictors of 1-
year mortality in these patients (12). These findings support
the routine assessment of RV longitudinal strain in patients
undergoing SAVR or TAVR in order to improve the risk
stratification (Table 4).

Mitral Regurgitation
RV systolic function is a very important in patients undergoing
mitral valve surgery and some studies showed its strong
predictive value for long-term mortality in a large population of
patients who underwent cardiac surgery (valve, valve + CABG,
CABG) (64). RV systolic function, assessed by TAPSE, FAC, and
§’, remained depressed shortly after mitral valve surgery (65).
Study that involved patients who underwent mitral valve
surgery reported significant deterioration of RV free-wall
longitudinal strain in these patients (40). The authors found
smaller reductions in patients who underwent robotic-assisted
mitral valve repair than in patients who underwent standard

mitral valve repair. The patients who underwent robotic-
assisted mitral valve repair also showed greater recovery in RV
longitudinal strain at 1-year follow-up comparing with pre-
surgery values (40). Similar investigation that involved patients
who underwent surgical mitral valve repair showed that only
resolution of RV longitudinal strain at 1 month predicted the
subsequent myocardial recovery (41). TAPSE, FAC, and s" did
not have any role in this prediction. Patients with preserved RV
systolic function had a lower risk of hospitalization due to HF
compared to those with reduced RV function (41) (Table 4).

Large research that involved 568 patients with severe ischemic
mitral regurgitation who underwent surgical valve repair and 131
patients with concomitant tricuspid valve repair demonstrated
that the RV continued to dilate while the LV reduced during
follow-up after surgery (42). RVEF decreased, while LVEF
increased during 6.3-year follow-up. RV longitudinal strain
showed continuous deterioration during follow-up period. The
largest decline in RV longitudinal strain occurred in the first
month after surgery, while it remained constant after first year
of follow-up (42). RV longitudinal strain, FAC and TAPSE
were significantly lower in patients who underwent tricuspid
valve repair than in those who did not undergo tricuspid
valve repair. RV strain and FAC did not significantly recover
during follow-up, while TAPSE significantly improved in both
groups—with and without tricuspid valve repair. These findings
showed that surgical treatment of functional mitral and tricuspid
regurgitation along with revascularization failed to induce
improve RV function and reverse remodeling (Table 4).

Functional mitral regurgitation has been currently
treated with interventional “edge-to-edge” technique and
study that investigated patients with moderate and severe
mitral regurgitation, who underwent MitraClip procedure,
demonstrated no acute improvement (within 7 days) in
CMR-derived RVEE, RV end-diastolic volume and tricuspid
regurgitation (66).

Findings from aforementioned studies warrant further
examinations to identify optimal timing and approach of
intervention for functional mitral and tricuspid regurgitation.

Tricuspid Regurgitation

Isolated or concomitant functional tricuspid regurgitation has
been extensively investigated in last decade. It has been
shown that tricuspid regurgitation significantly deteriorated the
outcome in patients with mitral regurgitation. However, surgical
intervention seems not to improve RV function in these patients
(42). Interventional “edge-to-edge” repair significantly increased
interest for predictors that may improve outcome after this
intervention. Hirasawa et al. (67) reported that reduction of
RV free-wall longitudinal strain was proportional to the level of
tricuspid regurgitation. Figure 1 shows difference in RV global
longitudinal strain between control subjects and patients with
severe functional tricuspid regurgitation.

Large study that included 1,089 patients with tricuspid
regurgitation showed that reduced RV free-wall longitudinal
strain (>-18%), TAPSE (<18.5mm) and FAC (<35%) were
independent predictors for 2-year all-cause mortality (66). The
sensitivity and specificity to predict 2-year mortality gradually
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TABLE 4 | Predictive value of RV longitudinal strain in patients with valvular heart disease.

References Sample RV free-wall/ Follow-up Main findings

size global GLS period
cut-off (months)

Aortic stenosis 123 = 3 RV free-wall longitudinal strain before and 1 year after TAVR or SAVR showed that RV

Kempny et al. (36) longitudinal strain did not significantly improve after TAVR, but it significantly
deteriorated in SAVR group.

Balderas-Mufoz et al. 75 —-15% 1 Patients after SAVR revealed that RV free-wall longitudinal strain >-15% had high

37) sensitivity and specificity for development of low output cardiac syndrome in the first
30 days after surgery.

Posada-Martinez et al. 75 —17.3% 24 RV free-wall longitudinal strain was independent predictor of low output cardiac

(38) syndrome, but not of in-hospital mortality, hospital stay, or vasoplegic syndrome.

Vizzardi et al. (39) 56 —17% 120 RV global longitudinal strain and RV-arterial coupling provided better risk stratification
than other RV echocardiographic parameters in TAVR patients during long-term
follow-up.

Mitral regurgitation 158 - 36 The patients who underwent robotic-assisted mitral valve repair also showed greater

Orde et al. (40) recovery in RV longitudinal strain at 1-year follow-up comparing with pre-surgery
values.

Chang et al. (41) 108 - 31 Only resolution of RV longitudinal strain at 1 month predicted the subsequent
myocardial recovery. TAPSE, FAC, and s’ did not have any role in this prediction.

Elgharably et al. (42) 568 - 76 RVEF decreased, while LVEF increased during after concomitant surgery for ischemic
mitral and tricuspid regurgitation. RV longitudinal strain showed continuous
deterioration during follow-up period.

Tricuspid 1,089 —18% 24 Reduced RV free-wall longitudinal strain, TAPSE and FAC were independent

regurgitation predictors for all-cause mortality. The sensitivity and specificity to predict mortality

Bannehr et al. (43) gradually increased from FAC, across TAPSE, to RV longitudinal strain.

Prihadi et al. (22) 896 —23% 34 RV free-wall longitudinal strain was independently associated with all-cause mortality
and incremental to FAC and TAPSE.

Ancona et al. (13) 250 - 24 The authors found that RV free-wall strain >-17% at baseline predicted RV heart
failure, whereas patients with RV free-wall strain <-14% at follow-up had significantly
better survival.

Romano et al. (44) 544 —16% 72 CMR-derived RV longitudinal strain was independent predictor of mortality after

adjustment for clinical and imaging risk factors, including RV size and ejection fraction.

CMR, cardiac magnetic resonance; CV, cardiovascular; FAC, fractional area change; GLS, global longitudinal strain; RV, right ventricle; s', systolic velocity of the lateral segment of
tricuspid annulus; SAVR, surgical aortic valve replacement; TAVR, transcatheter aortic valve replacement; TAPSE, tricuspid annular plane systolic excursion.

increased from FAC, across TAPSE, to RV longitudinal strain
(43). Similar study that included 896 patients with significant
tricuspid regurgitation defined reduced RV function as TAPSE
<17mm, FAC <35%, and RV free-wall longitudinal strain >-
23% (22). Mortality was significantly higher in patients with
decreased FAC, decreased TAPSE, and impaired RV free wall
longitudinal strain. Multivariate analysis showed that RV free-
wall longitudinal strain was independently associated with 2.8-
year all-cause mortality and incremental to FAC and TAPSE
(22). Reduced TAPSE and FAC also represented independent
predictors for mortality after adjustment for age, LVEE, RV
systolic pressure, significant left-sided valvular disease (22).
However, after adjustment for concomitant diseases (diabetes
mellitus, chronic kidney disease, coronary artery disease) as well
as New York Heart Association class III/IV this independent
predictive value vanished for FAC and TAPSE, but not for RV
free-wall strain (22) (Table 4).

Investigation that enrolled 250 consecutive patients with
severe tricuspid regurgitation investigated RV global and free-
wall longitudinal strain and reclassified ~42-56% of patients
with normal RV systolic function according to conventional

parameters in patients with impaired RV systolic function (13).
The authors found that RV free-wall strain >-17% at baseline
predicted RV heart failure, whereas patients with RV free-wall
strain <-14% at follow-up had significantly better survival (13)
(Table 4).

Recent study included 544 patients with severe functional
tricuspid regurgitation with a median follow-up of 6 years (43).
Patients with CMR-derived RV free-wall longitudinal strain >-
16% had significantly lower survival compared with those with
lower RV free-wall longitudinal strain (44). CMR-derived RV
longitudinal strain was independent predictor of mortality after
adjustment for clinical and imaging risk factors, including RV
size and ejection fraction (Table 4).

Current studies support the evaluation of RV longitudinal
strain due to its high predictive value in patients with tricuspid
regurgitation. Data about the effect of interventional “edge-
to-edge” tricuspid valve repair are expected and they will
provide some new guidelines if RV longitudinal strain should
be involved in routine echocardiographic examination and it
seems that body of evidence that supports this evaluation is
constantly enlarging.
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CONCLUSION

RV longitudinal strain is a significant parameter of RV
dysfunction that showed better sensitivity than conventional
echocardiographic parameters. Latest investigation
demonstrated its role in prediction of adverse outcome in
wide range of CV conditions, but the most encouraging
data came from studies that were focused on pulmonary
hypertension, HFrEF and tricuspid regurgitation. Data about
the predictive importance of RV longitudinal strain in HFpEF
patients and those with aortic stenosis and mitral regurgitation
are still scarce and warrant further investigation. Adding RV
longitudinal strain to existing scores might significantly help
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Background: Pericardial adipose tissue (PAT) may represent a novel risk marker for
cardiovascular disease. However, absence of rapid radiation-free PAT quantification
methods has precluded its examination in large cohorts.

Objectives: We developed a fully automated quality-controlled tool for cardiovascular
magnetic resonance (CMR) PAT guantification in the UK Biobank (UKB).

Methods: Image analysis comprised contouring an en-bloc PAT area on four-chamber
cine images. We created a ground truth manual analysis dataset randomly split into
training and test sets. We built a neural network for automated segmentation using
a Multi-residual U-net architecture with incorporation of permanently active dropout
layers to facilitate quality control of the model’s output using Monte Carlo sampling. We
developed an in-built quality control feature, which presents predicted Dice scores. We
evaluated model performance against the test set (n = 87), the whole UKB Imaging
cohort (n = 45,519), and an external dataset (n = 103). In an independent dataset, we
compared automated CMR and cardiac computed tomography (CCT) PAT quantification.
Finally, we tested association of CMR PAT with diabetes in the UKB (n = 42,928).

Results: Agreement between automated and manual segmentations in the test set was
almost identical to inter-observer variability (mean Dice score = 0.8). The quality control
method predicted individual Dice scores with Pearson r = 0.75. Model performance
remained high in the whole UKB Imaging cohort and in the external dataset, with
medium-good quality segmentation in 94.3% (mean Dice score = 0.77) and 94.4%
(mean Dice score = 0.78), respectively. There was high correlation between CMR and
CCT PAT measures (Pearson r = 0.72, p-value 5.3 x 10~ '8). Larger CMR PAT area was
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associated with significantly greater odds of diabetes independent of age, sex, and body

mass index.

Conclusions: We present a novel fully automated method for CMR PAT quantification
with good model performance on independent and external datasets, high correlation
with reference standard CCT PAT measurement, and expected clinical associations

with diabetes.

Keywords: cardiovascular magnetic resonance, pericardial fat, epicardial fat, obesity, automated image analysis,

neural network, machine learning

INTRODUCTION

Pericardial adipose tissue (PAT), which surrounds the surface
of the heart and adventitia of the coronary arteries, has
been linked to a range of important cardiovascular and
metabolic conditions, including atrial fibrillation (1), diabetes
(2), and coronary artery disease (3). These relationships
appear independent of subcutaneous fat, total body weight,
and classical cardiovascular risk factors (4), suggesting
distinct biological significance of PAT. Indeed, it has
been proposed that adipocytokines and proinflammatory
markers secreted by metabolically active PAT may act as
mediators for these associations through promotion of a
milieu for disease development at both local and systemic
levels (5, 6). Thus, PAT may provide novel insights into
disease processes and has a potential role as a marker of
cardiovascular risk.

Technical difficulties in quantification of PAT in an
efficient and radiation-free manner have precluded its
systematic study in large cohorts. While cardiac computed
tomography (CCT) PAT quantification is well-established
(3, 7-9), exposure of large population cohorts to ionizing
radiation is not ethically permissible (10). Cardiovascular
magnetic resonance (CMR) is the reference imaging
modality for assessment of cardiac structure and function
and has been used in several large population studies,
including the Multi-ethnic Study of Atherosclerosis (11),
the Framingham Heart Study (12), and the UK Biobank
(UKB) (13). Thus, CMR PAT quantification would have
high utility for research, with potential for translation into
clinical care; however, existing methods require dedicated
acquisitions and, often, arduous manual image analysis (14, 15),
limiting their applicability to large datasets with standard
sequence acquisitions.

We present a novel fully automated method for PAT
quantification using standard-of-care  CMR images with
in-built quality control (QC) developed and tested in the
UKB. We test the correlation of this CMR PAT metric
with reference standard CCT PAT quantification in an
external dataset and investigate clinical validity through
consideration of associations with diabetes in UKB.
Reporting in this paper is in accordance with relevant
aspects of the Proposed Requirements for Cardiovascular
Imaging-Related Machine Learning Evaluation (PRIME)
guidance (16).

MATERIALS AND METHODS
Setting and Study Population

The UKB incorporates data from over half a million participants
recruited between 2006 and 2010 from across the UK. Individuals
aged 40-69 years old were identified through National Health
Service (NHS) registers and requested to participate via
postal invites. There was detailed baseline characterization of
participant demographics, lifestyle, and medical history (17). The
UKB protocol is publicly available (18). The UKB Imaging Study,
which includes detailed CMR imaging, aims to scan 100,000 of
the original participants (approximately 50,000 completed, June
2021) (19).

CMR Image Acquisition

CMR imaging was with 1.5-T scanners (MAGNETOM Aera,
Syngo Platform VDI3A, Siemens Healthcare, Erlangen,
Germany) using a standardized acquisition protocol, which is
detailed elsewhere (13). Cardiac function was assessed using
balanced steady state free precession cine sequences with
standard long-axis cuts and a complete short-axis stack. No
signal or image filtering was applied, with the exception of
distortion correction.

Standard Operating Procedure for PAT

Segmentation

The analysis protocol comprised segmentation of an en bloc PAT
area from standard four-chamber cine images (single 2D slice),
a universal component of standard CMR studies and one that
demonstrates less variability in cut plane positioning compared
to other acquisitions (e.g., short axis slices). For consistency, we
measured PAT at phase 1 of the imaging cycle (approximately
end-diastole). A single contour was drawn to select areas of high
signal intensity adjacent to the epicardial surface of the left and
right ventricular myocardium, resulting in output of an area
measure in cm? (Figure 1). Areas of high signal intensity over the
liver were not included, as this almost always represents adipose
tissue below the diaphragm (Figure 1B).

Creation of a Ground Truth Manual

Segmentation Dataset

We selected 500 random UKB participants with record of
an imaging center visit using the random number generator
package in R. We excluded participants with missing (n = 45)
or inadequate quality (n = 23) CMR images. PAT contours
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Images reproduced with permission of UK Biobank®.

FIGURE 1 | Two examples of PAT contoured in end-diastole on four-chamber bSSFP cine-CMR, performed using ovi*?® software according to the established SOP.
A single contour was drawn to select areas of high signal intensity adjacent to the epicardial surface of the left and right ventricles, resulting in output of an area
measure (A). Areas of high signal intensity over the liver were not included in the PAT measure as this almost always represents adipose tissue below the diaphram
(B). bSSFP, balanced steady state free precession; CMR, cardiovascular magnetic resonance; PAT, pericardial adipose tissue; SOP, standard operating procedure.

were manually drawn for the remaining 432 participants.
For the purposes of model training and evaluation, the
sample was randomly split into training (n = 345) and
test (n = 87) sets. Image analgésis was performed blind

to participant details using CVI*?™ post-processing software
(Version 5.11, Circle Cardiovascular Imaging Inc., Calgary,
Canada). Contours were drawn by AB and cross-checked
by ZRE.

Neural Network Architecture

As the size of PAT does not alter during the cardiac cycle, it
may be quantified on static images, without consideration to
cardiac motion. Thus, PAT quantification can be framed as a
simple foreground-segmentation problem using a single frame
per experimental subject, from which the area it occupies can
be extracted. The task is to predict whether individual pixels
represent a point of interest (i.e., within PAT) or are a part of
the background.

Great progress has been made with automated medical
image segmentation using fully convolutional neural networks
(20, 21), particularly using encoder-decoder architectures (22).
We developed a neural network using a Multi-residual U-net
(MultiResUNet) base architecture (23) with the incorporation
of a permanently active dropout layer (24) at the end
of each multi-residual block (Figure2). The best trade-off
between overall segmentation accuracy and prediction of that
accuracy was obtained with a dropout rate r = 0.3, which
we found to be optimal for model performance. This was
selected as the largest r value at which the segmentation
quality was not statistically reduced relative to a non-stochastic
network (Supplementary Figure 1). To incorporate a measure
of uncertainty that can be used for QC, we used permanently
active dropout layers to add a stochastic component to their
network outputs, meaning that multiple Monte Carlo (MC)
samples can be drawn for any given input (24). This MC
sampling from a stochastic neural network generates N samples
of predicted probability maps {P;...Py}, from which thresholding
at 0.5 can generate Boolean segmentation maps {S;...Sx}. For our
foreground detection problem, the final segmentation S for each

voxel (x) is defined by thresholding the voxelwise mean of S:

S() = ilw > 0.5
0  otherwise

Network Implementation

The neural network was implemented and trained using the
TensorFlow 2.0 Python API (25), software available from https://
www.tensorflow.org. A combination of resampling images to
enforce uniform resolution, robust data augmentation, and
intensity normalization has previously been shown to increase
the generalizability of segmentation networks (26). Inspired by
this approach, all image data were first resampled to a uniform
resolution (1.82 x 1.82 mm pixel spacing) and cropped/padded
to a size of 208 x 208 pixels, including the test set. During
training, data were augmented with rotation (up to 25°), altered
resolution (resizing of up to 20%), random shearing up to 20%,
and random panning of up to 25% of the image dimension. All
data augmentation was performed on-the-fly, meaning that each
complete training epoch utilized a different set of images. All
images were normalized such that their pixel intensity range was
between 0 and 1.

Training proceeded for a maximum of 300 complete epochs
on a NVIDIA Tesla M40, using a batch size of eight images.
The loss function used was the binary cross-entropy, and this
was optimized using the Adam optimizer (27), with an initial
learning rate of 0.01, 81 = 0.9,8; = 0.999. The learning rate
was decreased by a factor of 0.3 if, for 10 consecutive epochs, the
loss was not decreasing. If 20 epochs elapsed with no decrease in
the loss function, training was ceased and the weights yielding the
lowest loss were restored.

Metrics for Assessment of Segmentation
Agreement, Inter-observer Variability, and

Model Performance

We evaluated agreement between manual segmentations of
different expert observers (AB, ZRE, and SEP) and between
manual and automated segmentation. When multiple MC
samples are drawn from the stochastic neural network,
their level of agreement is correlated with the quality of
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FIGURE 2 | Central illustration. Summary of model architecture used in the present study. The MultiRes blocks (A) form the encoder and decoder arms of the
network. The number of filters used throughout the different components of the block is parameterized by U. The encoder and decoder arms are joined by Res paths
(B), which are parameterized by F and L. They are formed of L repeating units, and their convolutional components each have F filters. The complete network is
shown in (C). In (C), the colors indicate the placement of MultiRes blocks (A) and Res paths (B), while the hyperparameters used in each instance of the blocks are
indicated as overlaid text. Because of the permanently active dropout components, each prediction the network makes is equivalent to a Monte Carlo (MC) sample.
(D) shows three such samples drawn based on the same input image. Note the disagreement at the edges of the segmented regions, particularly clear as shown on

the overlay (far right). Images reproduced with permission of UK Biobank®.

score. Thus, we used four metrics for agreement between
segmentations: the Dice score, Intersection-over-Union (IoU)
metrics for overlap, the mean contour distance, and the

the consensus segmentation (24). We expressed level of
segmentation agreement using metrics based on the well-
known intersection-over-union (or Jacard Index) and the Dice
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symmetric Hausdorft distance (compares the closeness of
foreground voxels borders). Both of the overlap metrics are
bounded between 0 and 1, with 0 representing no overlap
and 1 representing perfect overlap. For both of the distance
metrics, lower distances represent closer agreement between
segmentation results. In line with previous literature pertaining
to QC (24, 28), we classified segmentation accuracy as poor,
medium, or good based on Dice scores of <0.6, 0.6-0.8, and
>0.8 respectively.

Correlation of Automated CMR PAT
Quantification With CCT Measured PAT

We tested the correlation of our derived CMR PAT measurement
with established CCT PAT measurements. We utilized the Barts
Health NHS Trust local sub-study, from the EValuation
of INtegrated Cardiac Imaging for the Detection and
Characterization of Ischaemic Heart Disease (EVINCI) dataset
(29), a clinical trial dataset including n = 109 participants
with paired CMR and CCT imaging performed within a
maximum interval of 37 days. We used the QFAT software
(version 2.0, Cedars-Sinai Medical Center) for CCT PAT
quantification (7, 8), which segments and quantifies epicardial
and thoracic fat from non-contrast calcium scoring CCT.
We utilized deep learning-based contouring with no manual
adjustment. Voxels containing thoracic fat deposits were
defined as those with a radiodensity of between —190 and
—30 Hounsfield units. The total PAT volume was measured in
cm?. For the CMR analysis, we used our automated pipeline:
four-chamber cine images were resampled to a resolution
of 1.82 x 1.82mm, padded/cropped to 208 x 208 pixels,
normalized to have pixel intensities ranging between 0 and
1, and our stochastic network segmentation and QC applied
with N = 15. Finally, the segmented area was extracted as
the mean foreground area of the MC samples. Thus, we were
able to test the performance of our automated image analysis
pipeline on CMR studies within the EVINCII cohort and also
to assess the correlation between these measures and CCT
PAT quantification.

Association With Diabetes

Given the established association between diabetes and increased
PAT, we tested the clinical validity of our PAT measures
through consideration of associations with this condition.
We applied our automated CMR PAT analysis tool to the
entire UKB Imaging cohort for whom adequate imaging was
available (n = 42,928). Diabetes was coded based on self-
report of the diagnosis, self-reported use of “medication for
diabetes,” or serum glycosylated hemoglobin >48 mmol/mol.
We tested the association of PAT area with diabetes status
in multivariable logistic regression models with adjustment
for age, sex, and body mass index (BMI). We present the
results as odds ratio associated with a 10 cm? increase
in PAT with corresponding 95% confidence intervals and
p-values.

RESULTS

Model Training

We trained a MultiResUNet (23) with a Bayesian modification,
such that multiple MC samples are drawn for each input, in order
to perform QC and derive measures of uncertainty (24). Within
this context, there is one hyperparameter that must be optimized
after model training—that of the number (N) of MC samples
drawn when segmenting an unseen image. When multiple MC
samples are drawn during segmentation, they can be summarized
in a number of ways. Firstly, they can be used to produce a
single “best-guess” segmentation, via a simple voxel-wise voting
procedure. It is expected that drawing more samples from a well-
trained network will increase its accuracy, but with diminishing
returns. Where the area of “foreground” pixels is particularly of
interest (as in this use case, quantifying the area of PAT), we can
report the mean and standard deviation of the areas across the
N samples, which can be used for propagating uncertainty in
downstream calculations. N was set to 15 for all further work,
for the following reasons: Comparisons of segmentation accuracy
with a deterministic neural network showed that consistent with
prior work (24), there was no sacrifice in segmentation quality by
using a stochastic network relative to a deterministic one when
N was set to an appropriate level (Supplementary Figure 1A).
Additionally, increasing N beyond 15 gave very little extra
segmentation accuracy (Supplementary Figure 1A) or estimated
standard deviation of area.

There are a number of different metrics that were proposed
as correlates of final segmentation accuracy; however, it was
concluded that, of these, both the most conceptually convenient
and the most easily interpretable are those corresponding to
often-used segmentation accuracy metrics—the Dice score and
the IoU of the MC samples (24). We tested calculation of both
IoU and Dice score globally or mean pairwise over the MC
samples, finding that the best predictor of true segmentation
accuracy was the mean pairwise Dice score between the MC
samples, assessed on quantitative measures of agreement with
the true Dice score of the test set (Supplementary Figure 2).
Further details, as well as relevant equations, are detailed in the
Supplementary Material.

Evaluation of Automated CMR PAT

Segmentation Model Performance

The performance of the automated segmentation within the test
set relative to manual segmentations was good and very similar
to the agreement between human observers (mean Dice score
= 0.8). This was the case both for raw segmentation metrics
(Table 1) and under Bland-Altman analysis (Figures 3E-H).
Arguably, this is the best performance that may be achieved by
an automated segmentation algorithm and reflects the inherently
challenging nature of the PAT segmentation task. A few cases
(n = 4, 4.5%) had poor segmentation quality (Dice score <
0.6) (Figures 3A-D) and very large Hausdorff distances. This
underlines the importance of the in-built QC feature, which
would flag such cases. We also successfully applied the automated
segmentation to the whole UKB imaging cohort (n = 45,519);
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TABLE 1 | Standard segmentationperformance metrics for pairwise comparisons of manually contoured PAT by 3 observers (01-03), and comparing automated
segmentation with manual for the test set.

Metric 0O1vs. 02 (n = 50) 01 vs. 03 (n = 50) 02 vs. 03 (n = 50) Automated vs. manual (01) (n = 87)
Intersection-over-Union 0.689 (0.133) 0.636 (0.153) 0.678 (0.123) 0.677 (0.116)

Dice 0.808 (0.102) 0.766 (0.127) 0.801 (0.096) 0.800 (0.090)

Mean contour distance (mm) 2.78 (2.44) 3.83 (3.48) 3.79 (3.44) 2.79 (2.35)

Hausdorff distance (mm) 30.1 (23.8) 37.0 (28.6) 39.9 (28.8) 29.9 (22.9)

All values are mean (standard deviation).
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FIGURE 3 | Model performance. (A-D) Histograms of standard segmentation performance metrics on the test set (n = 87). (E-H) Bland-Altman plots of PAT area
between manual measurement between measurements by different human observers, and a human observer (O1) and automated measurement. The x-axis denotes
the average of two measurements and the y-axis denotes the difference between them. The dark line is the mean difference, and the dashed lines show +1.96
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contoured training set (1 = 50 subjects). (H) shows the agreement between automated and manual measurements in the manually contoured test set (n = 87
subjects)@ (I) Example segmentations from the test set, with annotations showing Dice score and the predicted Dice score. Images reproduced with permission of UK
Biobank™ .

Frontiers in Cardiovascular Medicine | www.frontiersin.org 134 July 2021 | Volume 8 | Article 677574


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

Bard et al.

Automated CMR Pericardial Fat Quantification

94.3% of cases (n = 42,928) had predicted Dice score of medium
or good quality (mean predicted Dice score = 0.77). Example
segmentation results from the UKB test dataset can be seen in
Figure 31. The automated segmentation also performed well in
the external EVINCII dataset, with the majority of studies having
medium/good segmentation quality (n = 103, 94.4%), with an
overall mean predicted Dice score of 0.78 (Figure 4A). Running
on a laptop PC with an Intel® Core™ i7-1165G7 processor,
using a MC sample size (N) of 15, the model and QC step
took 2.1s, including image pre-processing and final estimation
of Dice score.

Correlation of Automated CMR PAT With

CCT PAT Quantification

Within the EVINCII dataset, we tested the correlation of CMR
PAT measures derived using our automated analysis with PAT
derived using the QFAT tool from paired CCT scans. CMR
studies with poor segmentation quality (predicted Dice score <
0.6) were excluded from the analysis (n = 6). For illustration,
we present example segmentations with a range of Dice scores in
Figure 4C. There was a strong, statistically significant correlation
between CCT PAT volume and CMR PAT area (Pearson r = 0.72,
p-value 5.3 x 1078, Figure 4B).

Application to the UK Biobank Imaging

Cohort and Association With Diabetes

We applied our neural network to CMR scans from 45,519
UKB participants. We excluded cases with a segmentation
Dice score of <0.6 (n = 2,591, 5.7%). The remaining 42,928
participants were included in the analysis; of these, 2,529 were
diabetic. Consistent with existing evidence (2), larger PAT area
was associated with greater risk of diabetes in univariate and
multivariable models (Table 2). In fully adjusted models, every 10
cm? increase in PAT was associated with ~7% greater likelihood

of diabetes independent of age, sex, and BML

DISCUSSION
Summary of Findings

We present a novel method for PAT quantification using
standard-of-care CMR images, fully automated through a
convolutional neural network with an in-built QC algorithm.
The automated segmentation tool performed well within the test
set, the whole UKB imaging cohort, and an external dataset,
producing segmentation agreement close to that of human
observers. Our segmentation method demonstrates validity
against CCT PAT quantification, with a strong statistically
significant correlation between paired CMR and CCT PAT
measurements. Furthermore, we demonstrate, within the UKB,
expected clinical association of CMR PAT with diabetes
independent of age, sex, and BMI. Thus, the proposed CMR
PAT method has great potential in facilitating investigation of the
clinical significance of PAT in large population cohorts.

Comparison With Existing Work
Limited studies have attempted to quantify and study the
clinical associations of CMR PAT. In a study from 1992,

Ross et al. (30) proposed a method for quantification of
abdominal and subcutaneous fat on spin echo T1-weighted
magnetic resonance imaging (MRI) sequences. They propose
a signal intensity threshold for defining adipose tissue pixels;
the area of adipose tissue regions was then calculated by
summing adipose tissue pixels and multiplying by the pixel
surface area; this area was then multiplied by slice thickness to
derive the volume of adipose tissue. Unsupervised approaches
for quantification of abdominal fat using this method have
been developed using small datasets (31). More recently, these
principles have been repurposed to derive CMR measures of
thoracic fat using spin echo T1-weighted CMR acquisitions
with zero slice gap and to investigate clinical associations in
small cohorts (32-34). While this approach has had some
utility, there are two fundamental limitations. Firstly, as the
thresholding is based on pixel intensity levels, this is subject to
variation based on technical (e.g., magnet strength, acquisition
sequences, vendor) factors; as such, the threshold would need to
be re-established depending on technical parameters. Secondly,
because the methodology aims to derive a volumetric measure
of adipose tissue, dedicated acquisitions with zero slice gap
have been obtained. As standard protocols do not have zero
slice gap (usually 5-8 mm slice gap), this approach, as it
stands, is not suitable for application to standard-of-care
CMR images.

Ding et al. (14) propose another approach for CMR PAT
quantification; they present a limited study demonstrating
feasibility of a fully automated pericardial fat quantification
method from water/fat-resolved whole-heart non-contrast
coronary magnetic resonance angiography. The very small
sample size (n = 10) in this limited feasibility study precludes
any meaningful assessment of model performance and the
clinical validity of the proposed measurement is not known.
Furthermore, as fat/water sequences are not routinely acquired
as part of standard CMR studies, this methodology is unlikely to
have wide application.

In a similar approach to our work, Rado et al. (15)
quantify epicardial and pericardial fat areas from four-
chamber cine images. They use a manual analysis protocol
taking measurements in end-diastole and end-systole and
making distinction between epicardial and pericardial
fat area. They use their manual analysis measures (n =
374) to investigation associations with impaired glucose
metabolism and left ventricular function. In developing our
SOP, we also experimented with distinguishing between
epicardial and pericardial fat areas. However, on inspection
of a large number of studies, it became apparent that
reliable distinction of these two areas was not possible for a
substantial number of cases. Hence, we opted for a simpler
approach of using a single en bloc contour. The strong
correlation of our measure with CCT PAT quantification and
observed associations with diabetes suggest that quantification
according to our SOP does not detract from the potential
utility of the measurement. Furthermore, the simplicity
of our method enabled development of a fully automated
analysis tool, which is essential for study of CMR PAT in
large datasets.
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Technical Implications

In terms of the technical details of our neural network, the Multi-
Residual U-net architecture (23) was vital, yielding far better
results than “vanilla” U-nets (21) (data not shown). Meanwhile,
a QC method has been demonstrated using an extension of a
stochastic network, which approximates Bayesian MC sampling
(24). Consistent with prior work, we find that measures of
similarity between MC samples are correlated with segmentation
quality; intuitively, this corresponds to how “sure” the network
is of the output. However, in contrast, we found that the mean
pairwise Dice score dMC yielded best prediction, in contrast to
the global intersection-over-union ToU® used in previous work,
and that an additional linear correction was required.

A potential consideration is whether better segmentation
accuracy could be obtained via the removal of the stochastic
component, thereby providing a single prediction. This would
be undesirable for a number of reasons. Firstly, it is important
to have some estimate of segmentation quality, which can only be
provided if the actual segmentation is derived from our stochastic
process. Secondly, a comparison with a non-deterministic
MultiresUNet is provided in Supplementary Figure 1, and the
accuracy is comparable with our stochastic model. However,
note that dropout was not used within training of this network
for the following reason: The MultiResUNet architecture makes
extensive use of batch normalization. Because of a phenomenon
known as variance shift, the combination of batch normalization
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TABLE 2 | Logistic regression for prediction of diabetes in the UK Biobank dataset.

Variable Odds ratio 95% ClI p-value
Model 1 PAT Area (cm?) 1.44 1.40, 1.47 8.43 x 10164
Model 2 PAT Area (cm?) 1.36 1.32,1.40 1.26 x 1092
Male sex 1.32 1.20, 1.44 8.97 x 1079
Age (years) 1.03 1.03, 1.04 4.66 x 1070
Model 3 PAT Area (cm?) 1.07 1.03,1.10 1.41 x 107
Male sex 1.80 1.63, 1.98 2.43 x 107%2
Age (years) 1.05 1.04,1.05 7.91 x 10754
BMI 1.18 1.17,1.19 4.27 x 107905

The dataset includes 2,529 diabetics and 40,399 non-diabetics. Odds ratios for PAT area are indicated for an increase of 10 cm?. BMI, body mass index; Cl, confidence interval; PAT,

pericardial adipose tissue.

and dropout often produces reduced accuracy once the dropout
is “turned oft” (35). However, this problem does not apply to our
results, as the dropout is kept permanently active.

STRENGTHS AND LIMITATIONS

Using a modest manually annotated dataset, we have achieved
good segmentation accuracy, with a mean Dice score of 0.80.
However, the performance of machine learning tools may
be reduced when applied to external datasets (decline in
generalizability); to minimize this effect, we made use of robust
data augmentation procedures during training (26). We are
reassured by the good performance of our tool on the whole
UKB imaging cohort and on the external EVINCII CMR dataset.
We use a very simplified SOP taking PAT area measurement
from a single 2D slice; clearly, this approach does not accurately
quantify the volume of mediastinal fat. However, we demonstrate
correlation of our measurement with established volumetric CCT
PAT measure and replicate known clinical associations with
diabetes. This suggests that our CMR PAT measure is valid as a
marker to study associations with the PAT exposure. Indeed, we
would argue that complicated acquisitions to quantify thoracic
fat have hampered previous attempts to make wide practical use
of this measure. A potential limitation of the method is that the
model cannot distinguish between specific pathologies—e.g., fat
or fluid. In UKB, and similar cohorts, we do not expect this to
be a significant source of error, as there are very few participants
with pericardial effusions. However, with broader application of
the tool to clinical cohorts, such considerations may be more
relevant. Further studies in large cohorts are now needed to
establish the clinical utility of this CMR PAT measure in different
settings and patient cohorts, and the proposed automated tool
will facilitate such studies in large (and small) cohorts. As we
use standard-of-care images, the CMR PAT measurement can be
retrospectively applied to any existing dataset and, furthermore,
if clinical value of this metric is established, it could be readily
integrated into clinical practice.

CONCLUSION

We present a novel fully automated quality-controlled
method for CMR PAT quantification using standard-of-care

four-chamber cine images. Throughout the study, we
demonstrate that our QC method functions as intended, and we
demonstrate that the segmentation performance of this method is
equivalent to inter-observer variability and that the area extracted
by our method is strongly correlated with measurements taken
using reference standard CCT quantification. Finally, we
demonstrate that our CMR PAT quantification method can
recapitulate known clinical associations with diabetes. Overall,
we present a novel tool that is now ready to be used for
new research.
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