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Abstract

Background and Objective: Evaluation of biventricular function is an essential component of
clinical management in pulmonary arterial hypertension (PAH). This study aims to examine
the utility of biventricular strains derived from a model-to-image registration technique in

PAH patients in comparison to age- and gender-matched normal controls.

Methods: A three-dimensional (3D) model was reconstructed from cine short- and long-axis
cardiac magnetic resonance (CMR) images and subsequently partitioned into right ventricle
(RV), left ventricle (LV) and septum. The hyperelastic warping method was used to register
the meshed biventricular finite element model throughout the cardiac cycle and obtain the

corresponding biventricular circumferential, longitudinal and radial strains.

Results: Intra- and inter-observer reproducibility of biventricular strains was excellent with
all intra-class correlation coefficients > 0.84. 3D biventricular longitudinal, circumferential
and radial strains for RV, LV and septum were significantly decreased in PAH patients
compared with controls. Receiver operating characteristic (ROC) analysis showed that the 3D
biventricular strains were better early markers (Area under the ROC curve = 0.96 for RV
longitudinal strain) of ventricular dysfunction than conventional parameters such as two-

dimensional strains and ejection fraction.

Conclusions: Our highly reproducible methodology holds potential for extending CMR
imaging to characterize 3D biventricular strains, eventually leading to deeper understanding

of biventricular mechanics in PAH.

Keywords: Biventricular strain, Cardiac magnetic resonance, Hyperelastic warping,

Pulmonary arterial hypertension



1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive disorder characterized by
elevated pulmonary artery pressure (PAP) and pulmonary artery vascular resistance, leading
to right ventricular (RV) dysfunction and ultimately right-sided heart failure [1]. PAP
measurement by right heart catheterization is the current gold standard for PAH [2], but it is
invasive. Echocardiography is the modality of choice in evaluating PAH because of its
availability and low cost, and three-dimensional (3D) echocardiography (3DE) is one
technique that can be used to quantify RV volumes and strains. However, the RV endocardial
surface is sometimes difficult to discern by 3DE, owing to the abundance of aberrant
papillary muscles. The fibrous trabecular network is highly echogenic and appears as a solid
muscular layer, causing little differentiation between RV myocardium and trabeculae. As a
consequence, RV volume is usually underestimated by 3DE compared with cardiac magnetic
resonance (CMR) imaging [3].

CMR has recently been considered as a potential one-stop-shop imaging modality in PAH
[4]. It is the gold standard for measuring ventricular ejection fraction (EF), volume and mass.
It is also widely used to quantify ventricular curvedness, deformation, systolic and diastolic
function [5-9] as well as in vivo myocardial properties through inverse finite element
modelling [10,11] in many heart diseases. Due to its high resolution, motion tracking can be
performed over the cardiac cycle. Most motion tracking methods aim to extract strains in the
heart, as myocardial strain presents the basic mechanical function of the myocardium and has
the potential to become an important clinical index of the regional ventricular function.
Myocardial strains are widely computed in radial, longitudinal and circumferential directions
[12]. Longitudinal strain is the main strain component in the assessment of the RV function.
It has been found to be significantly associated with hemodynamic parameters of RV

function [13] and may represent a useful prognostic marker in patients with PAH [14].



The hyperelastic warping method is a deformable image registration technique used to
estimate strain from medical images. Veress et al. [15] proposed a hyperelastic warping
method to determine left ventricular (LV) strain from mid-diastole to end-diastole using
multiple short-axis slices from CMR images. In the hyperelastic warping method, a finite
element model of the region of interest is deformed by a body force that depends on the
difference of image intensities between the template image and the target image. A
hyperelastic strain energy function is applied to constrain and regularize the deformation
[16,17]. Other regularizers have also been proposed, such as incompressibility [18],
equilibrium gap [19-21], knowledge based reconstruction [22,23], and D-Affine
regularization [24,25]. Application of the hyperelastic warping method in cardiac motion and
function has focused primarily on quantifying LV strains [26,27], that has been verified using
strains computed from tagged CMR [28] and 3D complementary spatial modulation of
magnetization (CSPAMM) CMR images [17]. This method has also been applied to quantify
circumferential strain in individual patient with heart failure with preserved ejection fraction
[29,30] and PAH [31].

Here, we aim to quantify the 3D biventricular circumferential, longitudinal and radial
strains in PAH patients and normal controls using the hyperelastic warping method. The
goals of the presented study were as follows: (1) to examine the utility of biventricular 3D
strains derived from a model-to-image registration technique in PAH patients in comparison
to age- and gender-matched normal controls; (2) to evaluate the reproducibility of the
technique; (3) to investigate the abnormalities in RV, LV and septum strains and
interventricular interactions of PAH patients; and (4) to compare the 3D strains with

conventional two-dimensional (2D) stains from feature tracking.

2. Methods



2.1 Study population

PAH patients were recruited from the prospective studies of 3D curvedness-base imaging
(ClinicalTrials.gov Identifier: NCT02790918) and right heart mechanics in congenital heart
diseases (ClinicalTrials.gov Identifier: NCT03217240). In addition, 17 age- and gender-
matched normal controls without known cardiovascular disease or other co-morbidities were
consecutively selected from our healthy subject database. All subjects underwent CMR scans.
The protocol was approved by the SingHealth Centralised Institutional Review Board.
Informed consents were obtained from all subjects. The study protocol conforms to the

ethical guidelines of the 1975 Declaration of Helsinki.
2.2 CMR image acquisition

CMR scans were conducted using steady-state free precession (SSFP) cine gradient echo
sequences in a 3 T Philips scanner (Ingenia, Philips Healthcare, The Netherlands) with a 12-
element body matrix coil. SSFP end-expiratory breath-hold cine images were acquired in
multi-planar short- (from apex to basal) and long-axis views (2-, 3-, 4-chamber views, Fig. 1).
Typical imaging parameters were: TR/TE 3/1 ms, flip angle 45°, slice thickness 8 mm, pixel
bandwidth 1796 Hz, field of view 300x300 mm?, temporal resolution ~35 ms, in-plane

spatial resolution 1.6x1.6 — 1.8x1.8 mm?, 40/30 frames per cardiac cycle.
2.3 Right heart catheterization

Right heart catheterization was performed at rest using standard techniques. PAH was
defined as having a mean pulmonary artery pressure of >25 mmHg; pulmonary artery wedge
pressure of <15 mmHg; and pulmonary vascular resistance >3 Wood units. Invasive

hemodynamic measurements were not available in the control group.

2.4 Overall framework of hyperelastic warping registration



The core of the method was based on the hyperelastic warping technique to register a
meshed biventricular finite element model reconstructed from the CMR images at end-systole,
with those acquired at other time points during a cardiac cycle, to track the motion of heart
and obtain the corresponding strain-time curves. Short-axis images were used for registration.
As there is an excursion in long-axis direction of the ventricle, we measured the displacement
of septum manually, and assigned this displacement as a boundary condition in long-axis
direction. The whole framework is illustrated in Fig. 2, and it was implemented using
MeVisLab (MeVis Medical Solution AG, Bremen, Germany), VTK, Gmsh [32], FEniCS [33],

and in-house code [17]. The following subsections explain each step in details.
2.4.1 Model reconstruction

Figure 3 shows the reconstruction of the model. Contours of the LV and RV endocardial,
and whole heart epicardial surfaces were manually delineated in both short-axis and long-axis
images in the end-systolic frame, as shown in Fig. 3(A). Contouring was performed on the
full image stack associated with the end-systole time point as defined by the closure of the
aortic valve [34]. Papillary muscles were excluded from the LV myocardium. 4~9 short-axis
images depending on the size of heart and the 4-chamber long-axis image were used for each
subject. These contours were then used to reconstruct the LV endocardial surface, RV
endocardial surface and whole heart epicardial surface, as shown in Fig. 3(B) and 3(C). Gmsh
was used for generation of the meshes for each model, with a mesh size of 0.3, as shown in
Fig. 3(D). The nodes of the models ranged from 2313~3298, and the elements ranged from
7527~11485. Each model was partitioned into three regions: LV, RV and septum, as shown

in Fig. 3(E).

2.4.2 Image preparation and boundary condition assignment
Short-axis images were interpolated to double the number of short-axis slices for better
registration, as the full short-axis image stack was sparse compared with the model. This step
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was implemented using a Lanczos filter in MeVisLab. Meanwhile, excursion of the ventricles
in the long-axis direction was measured, as shown in Fig. 4. A sinusoidal function of this
displacement was imposed as a constraint in the biventricular model in the hyperelastic
warping method.
2.4.3 Hyperelastic warping registration and post-processing of strains

Registration using hyperelastic warping and derivation of strains were detailed in our
prior study [30]. In summary, the displacement field U relative to position X of the meshed
volume Q is derived from the difference in image intensity of a reference image R and a

target image T by minimizing the following energy expression in hyperelastic warping:
j W (X, U)dq + jg(R(X) —TX+1))’do

Here, a Neo-Hookean strain energy function is used to define the hyperelastic strain energy
W. v is the penalty parameter enforcing the alignment of the reference image to the target
image. Successive registration is done for different time points during a cardiac cycle.

The local Green-Lagrange strain tensor E is derived based on the deformation gradient F,

A(X+U)

which is defined as F =
axX

. Strain measurements in circumferential direction e,

longitudinal direction ¢;;, and radial direction ez are computed by projecting E onto these
directions using ; = e; - Ee; with i € (C, L, R) [30]. e, e, and e were prescribed using the
Laplace-Dirichlet rule-based (LDRB) algorithm [35].

Figure 5(A) shows the meshed model of three regions (LV, RV and septum) with the
CMR images. Figure 5(B)-(G) present the circumferential, longitudinal and radial strain

directions and strain-time curves for LV, RV and septum respectively.
2.5 2D strain estimation

2D circumferential, longitudinal and radial strains were measured using post-processing

feature tracking software (Medis QStrain Software, Medis Medical Imaging Systems, version



2.0, Leiden, The Netherlands). For each subject, three short-axis (basal, middle and apex)
images, and 4-chamber long-axis image were used. Figure 6 shows an example for
circumferential strain tracked in a middle short-axis image. It is noted that septum strain can
be calculated by averaging the strains in the septal segments (purple and yellow segments in
Fig. 6), and LV wall strain can be obtained by averaging the four LV segments (green, white,
light and dark blue segments in Fig. 6). After performing the analysis in three short-axis
images, we averaged the strain measurements obtained in these three slices covering basal,
middle and apex of the ventricle. RV strains were obtained with the same procedures. The 4-

chamber long-axis image was used for measuring longitudinal strain.
2.6 Reproducibility

The inter- and intra-observer variability was assessed with randomly selected 8 cases
including 4 controls and 4 PAH patients. The strain measurements from two independent
observers (HZ and CX) were compared for inter-observer variability; and the same observer

(HZ) re-analyzed the 8 cases, one month apart, for assessing the intra-observer variability.
2.7 Statistical analysis

Data was analysed using SPSS (version 17.0, Chicago, IL, USA). Comparisons between
PAH patients and normal controls were performed using Mann-Whitney U tests. Receiver
operating characteristic (ROC) analysis was conducted to assess the diagnostic performance
of biventricular strain measurements. Intra- and inter-observer variability was assessed by
mean biaststandard deviation (SD), limits of agreement, coefficient of variation (CV) and
intra-class correlation coefficient (ICC). ICC >0.75 was considered excellent. P<0.05 was

regarded as statistically significant.

3. Results



3.1. Patient demographics

A total of 34 human subjects including 17 PAH patients (mean age 47+16 years) and 17
age- and gender-matched normal controls (4915 years) were enrolled in the study. The
demographics of the study groups are summarized in Table 1. Compared to the normal
controls, PAH patients had a comparable LVEF, but lower RVEF (4212 vs. 60£6%,
P<0.0001). RV end-diastolic volume (EDV) index and end-systolic volume (ESV) index
were higher in PAH patients than controls (109+33 vs. 739 ml/m® and 6529 vs. 30+7
ml/m? respectively, P<0.0001). PAH patients were comparable to controls with respect to
LVEDV index, LVESV index, LV stroke volume (SV) index, and LV mass index. Heart rate
of PAH patients was higher than controls (81+13 vs. 69+11, P=0.006). Invasive

hemodynamic parameters are reported in Table 1 too.
3.2. Peak circumferential, longitudinal and radial strains

Table 2 shows the peak circumferential, longitudinal and radial strains in different regions
(RV, LV and septum) for controls and PAH patients, respectively. PAH patients had
significantly decreased RV circumferential ( &Y : -7.242.9 vs. -9.5+2.0%, P=0.011),
longitudinal (¢R”: -10.0+3.0 vs. -15.4+1.6%, P<0.0001) and radial strains (sXy: 15.8+7.2 vs.
26.1+6.5%, P<0.0001). LV strains were also significantly lower in PAH patients (gi%: -
11.8+2.7 vs. -14.7+1.8%, P=0.001; e-V: -12.5+3.2 vs. -15.5+1.5%, P=0.002; e4%: 26.9+12.4
vs. 35.9+7.8%, P=0.015) in comparison to normal controls. Septum strains in PAH patients

were significantly lower than controls (el : -4.3+1.9 vs. -5.9+1.7%, P=0.015; & 7 : -

13.024.1 vs. -17.1+2.0%, P=0.001; £5¢: 9.3+4.9 vs. 14.4+4.4%, P=0.004).

3.3. ROC analysis for PAH diagnosis

ROC analyses for strains, RVEF and LVEF were performed to differentiate PAH patients

from controls, and results are shown in Table 3. RV longitudinal strain e®” was the best



variable (Area under the ROC curve (AUC) = 0.958, Sensitivity = 88%, Specificity = 100%,
threshold = -13.1%) compared to RVEF (AUC = 0.910, Sensitivity = 71%, Specificity = 94%,

threshold = 50%) to distinguish PAH patients from normal controls.
3.4. Reproducibility

Table 4 shows the intra- and inter-observer variability for 8 randomly chosen cases (4
controls, 4 PAH). e4¢ had the best intra-observer agreement (bias, 0.0+1.2%; limits of
agreement, -2.3 to 2.3%) and XV had the best inter-observer agreement (bias, -0.9+0.9%;
limits of agreement, -2.7 to 1.0%). In terms of ICC, all strains had an excellent intra- (ICC

>(.91) and inter-observer (ICC >0.84) agreements.
3.5. Comparison with 2D strains

Results of 2D strains derived by feature tracking and correlations between 3D and 2D
strains are listed in Table 5. Among the 2D strain measurements, RV longitudinal strain &/,
septum longitudinal strain ;7 and septum radial strain 55" were significantly smaller in
PAH patients than controls, while other strain components were comparable between patients
and controls. Ranking of the correlations between 3D and 2D strains from strong to weak

were as follows: epe? (R=0.65), €2/ (R=0.61), £;;7 (R=0.61), ek% (R=0.47), £ (R=0.45),

RV (R=0.44), (e}Y: R=0.32), e5¢F (R=0.30).

4. Discussions

Survival of patients with PAH is strongly related to RV function [36]. In PAH, RV free
wall strain has emerged as an important predictor of the outcome [37]. In addition, LV
performance may be affected because both ventricles share the interventricular septum within
the same pericardial sac. Keeping this in mind, we investigated the 3D RV, LV and septum

strains by treating the heart as a whole and studied the biventricular motion simultaneously.
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4.1. RV strains

RV strains (e2Y, ef/ and 8Y¥) for PAH patients were significantly reduced compared to
the controls, with XY being the best RV variable for diagnosis of PAH, demonstrating the
comprehensive impairment in RV motion for this type of heart disease. There were
significant positive correlations between RV strains (87, eRY and &%) and RVEF (R=0.70,
0.67 and 0.65, respectively, all P<0.0001). Architectural arrangement of muscle fibres in the
RV differs from that in LV. In RV, the relatively thin wall is composed primarily of
longitudinal fibres. This arrangement in RV may contribute to the predominantly longitudinal
RV shortening responsible for blood ejection during systole [38], explaining the superior
diagnostic performance of RV longitudinal strain e} and strongest correlation between eX!
and RVEF. Reductions in &Y and &% in PAH patients may be due to circumferential stretch
and subsequent impairment in contractility. Because the myocardium of RV free wall is
oblique in the superficial submyocardium, this finding may signify the failure of outer layer
to contract circumferentially [13]. CMR studies had highlighted the value of considering e&¥
for some pathology such as arrhythmogenic RV cardiomyopathy or RV afterload changes
[39]. Of note, radial strains in the RV and LV are less reported due to their poor
reproducibility by conventional techniques. However, good intra- and inter-observer

reproducibility for radial strains was achieved in current study.

4.2. Septum and LV strains

The finding that e3¢, &;; and e5:7 were depressed in PAH patients is interesting and
important. In a study by Querejeta Roca et al. [40], PAH was associated with impaired e~
and scep Under normal circumstances, the septum behaves much like a thick-walled cylinder

subjected to internal and external pressure, with the resulting stress being circumferentially

tensile and radially compressive, just like the remainder of the LV [41]. In PAH, however,
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increased trans-septal pressure gradient causes bowing of the interventricular septum towards
the LV. The septum withstanding this pressure load becomes more flattened, and is
threatened by substantial compressive wall stress, which impedes septal blood flow and
affects septal performance [41]. Two studies on the finite element modelling can help us
understand this physiology [42,43].

Our study also revealed that LV strains (s£7, €fY and e5%) were significantly reduced in
PAH patients compared to normal controls despite comparable LVEF, indicating the
capabilities of LV strains as early markers of LV dysfunction in PAH. This is in consistent
with the findings of Puwanant et al. [44], who found both X% and eoc” were decreased in
patients with pulmonary hypertension (PH). A potential explanation could be that a reverse
septal curvature and more D-shaped LV in PAH patients would affect the myocardial fibre

shortening and contraction.
4.3. Comparison with 2D strains

Moderate correlations between 3D and 2D strains were observed in most of the strain

e

components (Table 5). For 2D strains, only €&V, e5f Sep

P and e, had significant differences
between PAH patients and controls. However, 3D strains revealed more abnormalities in RV,
LV and septum (Table 2). As the 3D strain analysis involved the entire biventricular unit, it
can better represent the interventricular interaction in this kind of heart disease. Actually,
given the complex anatomy of the RV, circumferential strain cannot be fully assessed by 2D
techniques [45]. On the other hand, most existing software systems are designed for the LV

and the same algorithm for assessing the strain of RV may be sub-optimal.
4.4. Limitations and long-term prospects

There are limitations in this study, including relatively small number of enrolled subjects,

the need for manual segmentation, and the lack of inflow and outflow tract geometry in the
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biventricular model. Besides, longitudinal strain was calculated by imposing a basal
longitudinal displacement assuming to vary sinusoidally with time. A higher out-of-plane
resolution (smaller slice thickness) may obviate the need to impose such an assumption. Our
study was designed for Group 1 PH patients (pre-capillary). In the future we may have
another trial to look at reactive or Group 2 post-capillary PH patients that are patients with
mean pulmonary artery pressure >25 mmHg, pulmonary artery wedge pressure >15 mmHg
and pulmonary vascular resistance <3 Wood units. In addition, evaluation of the prognostic
power of the motion models is warranted in future studies with larger data size [46]. Finally,
the same technique may be applied in the atria to investigate the association between atrial

dysfunction and disease progression in PAH [47] and heart failure [48].

5. Conclusions

The feasibility and effectiveness of the biventricular 3D strains using hyperelastic warping
have been well demonstrated in current study. The biventricular strains appeared to be better
early markers of RV and LV dysfunction in patients with PAH. Our highly reproducible
methodology holds potential for extending CMR imaging to characterize 3D biventricular

strains, eventually leading to deeper understanding of biventricular mechanics in PAH.
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Figure legends

Figure 1. CMR images including short-axis images from apex to basal, and 2-, 3- and 4-
chamber long-axis images.

Figure 2. Overall framework of quantifying the biventricular circumferential, longitudinal
and radial strains.

Figure 3. Reconstruction of biventricular mesh: (A) segmentation of contours of LV, RV and
septum; (B) Surface reconstruction; (C) Biventricular geometry (D) Biventricular mesh; (E)
Partition of region (Red: right ventricle; Green: septum; Blue: left ventricle).

Figure 4. Measurement of the septal displacement in 4-chamber view as the boundary
condition: (A) End-systole; (B) End-diastole; (C) Apply the displacement of septal on the
model.

Figure 5. Registration of the meshed model with images for strain-time curves (A) meshed
model with CMR image; (B) circumferential strain orientation; (C) circumferential strain-
time curve; (D) longitudinal strain orientation; (E) longitudinal strain-time curve; (F) radial
strain orientation; (G) radial strain-time curve.

Figure 6. Regional circumferential strain for middle short-axis slice by two-dimensional

feature tracking.
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Table 1. Baseline demographic and CMR characteristics of PAH patients and controls. The

control group did not undergo right heart catheterization.

Variables Control (n=17) | PAH (n=17) P value
Demographics
Age, years 49x+15 47116 0.793
Gender, Male/Female 4/13 4/13 1.000
Weight, kg 59+12 58+12 0.762
Height, cm 159+10 161+12 0.723
Clinical Exam
Body surface area, m? 1.61+£0.20 1.60+0.21 0.889
Body mass index, kg/m? 23.1+£3.2 22.242.9 0.410
6 mins walking test, m N/A 412+152 N/A
NT-ProBNP, pg/ml N/A 1373+1885 N/A
NYHA functional class I, n N/A 6 N/A
NYHA functional class I, n N/A 9 N/A
NYHA functional class IlI, n N/A 2 N/A
Cardiac magnetic resonance
LVEF, % 65+6 61+10 0.183
LVEDV index, ml/m? 70+7 70+26 0.956
LVESV index, ml/m? 25+6 28+15 0.386
LVSV index, ml/m? 45+4 42+13 0.383
LV mass index, g/m2 38+9 45+15 0.116
RVEF, % 60+6 42+12 <0.0001
RVEDV index, ml/m? 7319 109+33 <0.0001
RVESV index, ml/m? 3047 65+29 <0.0001
RVSV index, ml/m* 44+5 43+14 0.973
Hemodynamics
Heart rate, bpm 69+11 81+13 0.006
Diastolic blood pressure, mmHg 76x12 76x15 0.932
Systolic blood pressure, mmHg 131426 124420 0.385
Cardiac output, I/min N/A 4.4+2.2 N/A
Cardiac index, I/min/m? N/A 2.7+1.1 N/A
Right atrial pressure, mmHg N/A 8.3+7.5 N/A
Mean pulmonary artery pressure, mmHg N/A 45.8+15.2 N/A
Pulmonary capillary wedge pressure, mmHg N/A 12.8+6.5 N/A
Pulmonary vascular resistance, Wood units N/A 9.8+6.4 N/A

Data are mean+SD. NT-ProBNP: N-terminal pro b-type natriuretic peptide; NYHA: New York Heart
Association; LV: left ventricular; EF: ejection fraction; EDV: end-diastolic volume; ESV: end-
systolic volume; SV: stroke volume; RV: right ventricular; N/A: not applicable.
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Table 2. Peak circumferential, longitudinal and radial strains in RV, LV and septum.

Variables Control (n =17) PAH (n=17) P value
Right ventricular myocardial strain
&, % -9.5+2.0 -7.2+2.9 0.011
eRV 0% -15.4+1.6 -10.0£3.0 <0.0001
eRV o 26.1+6.5 15.8+7.2 <0.0001
Left ventricular myocardial strain
ekl % -14.7+1.8 -11.8+2.7 0.001
st % -15.5+1.5 -12.5+3.2 0.002
el % 35.9+7.8 26.9+12.4 0.015
Septum myocardial strain
eoc?, % -5.9+1.7 -4.3+1.9 0.015
er, % -17.1+2.0 -13.0+4.1 0.001
e3P % 14.4+4.4 9.3+4.9 0.004

Data are mean+SD. 2V right ventricular peak circumferential strain; eR": right ventricular peak

longitudinal strain; €& right ventricular peak radial strain; gcg left ventricular peak circumferential

strain; Y. left ventricular peak longitudinal strain; €&

septum peak circumferential strain; sL"” septum peak longitudinal strain; &

strain; PAH: pulmonary arterial hypertension.

- left ventricular peak radial strain; .

Sep

: septum peak radial
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Table 3. AUC, sensitivity, specificity and threshold

differentiating PAH patients from normal controls.

of the strains, RVEF and LVEF for

Variables AUC Sensitivity Specificity Threshold
&V % 0.958 88 100 -13.1
RVEF, % 0.910 71 94 50
eRY o 0.848 82 88 19.42
err?, % 0.827 71 82 -15.4
eV o 0.820 88 71 -15.1
eV % 0.796 65 88 -13.2
enc?, % 0.782 65 88 9.8
eocl, % 0.765 82 82 -5.0
eV % 0.758 77 76 31.1
BV, % 0.744 77 65 -8.8
LVEF, % 0.467 71 47 65

AUC: area under the receiver operating characteristic curve; eR”: right ventricular peak longitudinal

strain; RV: right ventricular; EF: ejection fraction; &% : right ventricular peak radial strain; e

Sep.

septum peak longitudinal strain; 2 left ventricular peak longitudinal strain; eL%: left ventricular

peak circumferential strain; e55”: septum peak radial strain; e5c”: septum peak circumferential strain;

k¥ left ventricular peak radial strain; e&Y: right ventricular peak circumferential strain; LV: left

ventricular.

25



Table 4. Inter- and intra-observer reproducibility for 8 randomly chosen cases (4 PAH, 4

normal controls).

Variables | Variability Mean biaszSD | Limits of agreement | CV (%) ICC (95% CI)
. Intra-observer 0.5+0.9 -1.3t0 2.4 8.1 0.91 (0.55, 0.98)
fec Inter-observer 0.9+0.7 051023 85 0.96 (0.80, 0.99)
. Intra-observer 0.0+1.2 -2.3102.3 59 0.92 (0.60, 0.98)
fee Inter-observer 1.30.9 0.5103.2 8.0 0.96 (0.81, 0.99)
sep Intra-observer 0.2+0.9 -2.0t0 1.6 114 0.94 (0.81, 0.99)
fec Inter-observer 0.5+0.9 -1.3102.3 12.7 0.94 (0.72, 0.99)
- Intra-observer 0.1+1.3 -24102.6 6.4 0.97 (0.93, 0.99)
fLL Inter-observer -0.940.9 271010 7.0 0.98 (0.90, 1.00)
. Intra-observer -0.2t1.4 -291t02.5 6.1 0.95 (0.75, 0.99)
fiL Inter-observer 16213 0.9104.2 6.8 0.89 (0.44, 0.98)
sep Intra-observer -0.1£1.5 -3.2t02.9 6.7 0.95 (0.77, 0.99)
£LL Inter-observer -0.61.6 361025 75 0.94 (0.71, 0.99)
- Intra-observer -1.0£2.9 -6.7t0 4.6 8.7 0.98 (0.92, 1.00)
ohR Inter-observer -0.6£2.2 371049 7.1 0.99 (0.93, 1.00)
. Intra-observer -0.8£5.0 -10.6t0 9.0 10.7 0.97 (0.84, 0.99)
ERR Inter-observer -2.3£6.0 “14.010 9.4 145 0.84 (0.21, 0.97)
sep Intra-observer 0.7+£1.9 -29t04.4 10.4 0.98 (0.89, 1.00)
“RR Inter-observer -0.6x1.4 331022 8.5 0.98 (0.92, 1.00)

RV right ventricular peak circumferential strain: 5% : left ventricular peak circumferential strain;
ccC cc

5P septum peak circumferential strain. fY: right ventricular peak longitudinal strain; efY: left

ventricular peak longitudinal strain; sff”: septum peak longitudinal strain; e&%: right ventricular peak

radial strain; ek%: left ventricular peak radial strain; sﬁf’;”: septum peak radial strain; SD: standard

deviation; CV: coefficient of variation; ICC: intra-class correlation coefficient; Cl: confidence interval.
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Table 5. 2D Circumferential, longitudinal and radial strains by feature tracking and

comparisons with 3D strains.

Variables PAH Control P value Pearson’s Correlation
(n=17) (n=17) PAH vs. Control (2D vs. 3D strains)
B % -10.0%6.4 -13.3+2.8 0.067 0.61 (P<0.0001)
RV % -18.3+7.8 -24.3+7.6 0.030 0.44 (P=0.009)
eRY, % 34.9+12.6 34.3+19.9 0.917 -0.16 (P=0.379)
ekl % -19.4+4.5 -21.0+£3.6 0.272 0.45 (P=0.007)
eV % -21.7+¢35 -22.1+3.9 0.750 0.32 (P=0.067)
ek?. % 57.7+26.4 64.2+26.9 0.477 0.47 (P=0.005)
P % | -15.3%37 -17.0+4.3 0.229 0.30 (P=0.082)
eLSLep, % -11.7+£5.9 -19.6£3.4 <0.0001 0.61 (P<0.0001)
£ % | 34.7£152 46.3+16.8 0.043 0.65 (P<0.0001)

&Y right ventricular peak circumferential strain; X" right ventricular peak longitudinal strain; e£%:

right ventricular peak radial strain; ¥ :

ventricular peak longitudinal strain; k%

. left ventricular peak radial strain; e

left ventricular peak circumferential strain; - : left

SeP . septum peak

circumferential strain; sffp: septum peak longitudinal strain; ef;,‘;p: septum peak radial strain; PAH:

pulmonary arterial hypertension.
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Figure 1. CMR images including short-axis images from apex to basal, and 2-, 3- and 4-

chamber long-axis images.

28



‘ CMR image acquisition

¥

/" Model reconstruction
* endo/epicardium contours
segmentation
* swface reconstruction
* mesh generation
* LV/BEV/Septum region
\ pattition VAN

L

Image preparation

* measwement of
longitudinal excursion

* image interpolation

|_| I

I_|

‘ Boundary condition assignment

-,

7

‘ Hyperelastic warping
registration

V.

‘ Post-processing of strains

<

N,

Circumferential, Longitudinal |
and Radial strain-time curves

Figure 2. Overall framework of quantifying the biventricular circumferential, longitudinal

and radial strains.
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Figure 3. Reconstruction of biventricular mesh: (A) segmentation of contours of LV, RV and

septum; (B) Surface reconstruction; (C) Biventricular geometry (D) Biventricular mesh; (E)

Partition of region (Red: right ventricle; Green: septum; Blue: left ventricle).
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Figure 4. Measurement of the septal displacement in 4-chamber view as the boundary
condition: (A) End-systole; (B) End-diastole; (C) Apply the displacement of septal on the

model.
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Figure 5. Registration of the meshed model with images for strain-time curves (A) meshed

model with CMR image; (B) circumferential strain orientation; (C) circumferential strain-

time curve; (D) longitudinal strain orientation; (E) longitudinal strain-time curve; (F) radial

strain orientation; (G) radial strain-time curve.
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Figure 6. Regional circumferential strain for middle short-axis slice by two-dimensional

feature tracking.
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