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Heart failure (HF) imposes a major global health care burden on society and suffering
on the individual. About 50% of HF patients have preserved ejection fraction (HFpEF).
More intricate and comprehensive measurement-focused imaging of multiple strain
components may aid in the diagnosis and elucidation of this disease. Here, we
describe the development of a semi-automated hyperelastic warping method for
rapid comprehensive assessment of biventricular circumferential, longitudinal, and
radial strains that is physiological meaningful and reproducible. We recruited and
performed cardiac magnetic resonance (CMR) imaging on 30 subjects [10 HFpEF, 10
HF with reduced ejection fraction patients (HFrEF) and 10 healthy controls]. In each
subject, a three-dimensional heart model including left ventricle (LV), right ventricle
(RV), and septum was reconstructed from CMR images. The hyperelastic warping
method was used to reference the segmented model with the target images and
biventricular circumferential, longitudinal, and radial strain–time curves were obtained.
The peak systolic strains are then measured and analyzed in this study. Intra- and inter-
observer reproducibility of the biventricular peak systolic strains was excellent with all
ICCs > 0.92. LV peak systolic circumferential, longitudinal, and radial strain, respectively,
exhibited a progressive decrease in magnitude from healthy control→HFpEF→HFrEF:
control (−15.5 ± 1.90, −15.6 ± 2.06, 41.4 ± 12.2%); HFpEF (−9.37 ± 3.23,
−11.3 ± 1.76, 22.8 ± 13.1%); HFrEF (−4.75 ± 2.74, −7.55 ± 1.75, 10.8 ± 4.61%).
A similar progressive decrease in magnitude was observed for RV peak systolic
circumferential, longitudinal and radial strain: control (−9.91 ± 2.25, −14.5 ± 2.63,
26.8 ± 7.16%); HFpEF (−7.38 ± 3.17, −12.0 ± 2.45, 21.5 ± 10.0%); HFrEF
(−5.92 ± 3.13, −8.63 ± 2.79, 15.2 ± 6.33%). Furthermore, septum peak systolic
circumferential, longitudinal, and radial strain magnitude decreased gradually from
healthy control to HFrEF: control (−7.11 ± 1.81, 16.3 ± 3.23, 18.5 ± 8.64%); HFpEF
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(−6.11 ± 3.98, −13.4 ± 3.02, 12.5 ± 6.38%); HFrEF (−1.42 ± 1.36, −8.99 ± 2.96,
3.35 ± 2.95%). The ROC analysis indicated LV peak systolic circumferential strain
to be the most sensitive marker for differentiating HFpEF from healthy controls. Our
results suggest that the hyperelastic warping method with the CMR-derived strains may
reveal subtle impairment in HF biventricular mechanics, in particular despite a “normal”
ventricular ejection fraction in HFpEF.

Keywords: heart failure with preserved ejection fraction, left ventricle, right ventricle, strain, hyperelastic warping

INTRODUCTION

Heart failure (HF) with preserved ejection fraction is a clinical
syndrome in which patients have symptoms and signs of
HF but normal or near-normal left ventricle ejection fraction
(LVEF). Nearly 30–50% of patients worldwide with HF have
HFpEF (Hogg et al., 2004), including Singapore (Zhong et al.,
2013), and the prevalence appears to be rising. Based on large
community and admission cohorts, some studies have suggested
recently that the prognosis may not differ significantly between
HFrEF and HFpEF patients, making HFpEF a substantially
challenging public health issue with an increasing burden on the
elderly population (Lo et al., 2013). Characterized by diastolic
dysfunctions with increased LV stiffness, slow LV filling, and
elevated LV end-diastolic pressure, HFpEF is most frequently
associated with myocardial fibrosis or hypertrophy. Despite
normal or nearly normal LVEF, ventricular contractility indexes
used in both Western and Asian population indicate that
systolic dysfunction is common in HFpEF patients (Borlaug
et al., 2009; Zhong et al., 2011, 2013). Impaired LV systolic
function may be revealed by measuring ventricular strain
(Lo et al., 2013; Choudhary et al., 2016; Genet et al.,
2016a).

In most studies, ventricular strain is measured using tissue
doppler or 2-D speckle-tracking echocardiography (Flachskampf
et al., 2015). However, tissue doppler-based assessment of
LV longitudinal function is angle dependent and typically
assesses only mitral annular motion (Koyama et al., 2003).
Speckle-tracking is the most widely available imaging modality
for quantitative assessment of the LV and RV structure and
functions (Kraigher-Krainer et al., 2014); image quality of the
RV is, however, often poor and somewhat subjective with
quantitation accuracy limited by the complex chamber geometry
(Haddad et al., 2008; De Siqueira et al., 2016). Cardiac magnetic
resonance (CMR) imaging has emerged as the gold standard for
quantitative assessment of LV and RV volumes and functions
(Marcelo et al., 2016). It is superior to echocardiography for
evaluating segmental wall motion abnormalities and extra cardiac

Abbreviations: EF, ejection fraction; HFpEF, heart failure with preserved ejection
fraction; HFrEF, heart failure with reduced ejection fraction; LV, left ventricle;
εLV

CC, left ventricular peak systolic circumferential strain; εLV
LL , left ventricular

peak systolic longitudinal strain; εLV
RR, left ventricular peak systolic radial strain;

MRI, magnetic resonance imaging; RV, right ventricle; εRV
CC right ventricular peak

systolic circumferential strain; εRV
LL , right ventricular peak systolic longitudinal

strain; εRV
RR , right ventricular peak systolic radial strain; ε

Sep
CC , septum peak systolic

circumferential strain; εSep
LL , septum peak systolic longitudinal strain; εSep

RR , septum
peak systolic radial strain.

findings due to its higher spatial resolution (Hussein et al.,
2013). In addition, CMR was demonstrated to have superior
reproducibility over two-dimensional (2D) echocardiography
(Kleijn et al., 2012; Leng et al., 2015).

Interest in the RV function in HF arises from community-
based studies showing that 83% of HFpEF patients have
associated pulmonary hypertension and one-third of them
have right ventricular dysfunction (Kanwar et al., 2016). These
findings have generated interest to study RV function in HFpEF.
However, very few studies have been undertaken to quantify
motion in the RV myocardium and ventricular septum for
the assessment of RV function and interaction between LV
and RV. Here, we utilized a hyperelastic warping approach
to quantify ventricular motion and function by estimating
bi-ventricular strains from CMR images. The hyperelastic
warping is a deformable image registration technique integrating
finite deformation continuum mechanics with image-based data
to obtain strain measurements from medical images such as
MRI, positron emission tomography (PET), and computed
tomography (CT; Rabbitt et al., 1995; Veress et al., 2002, 2013).
In the hyperelastic warping method, a finite element (FE) model
of the region of interest is deformed by a body force that depends
on the difference in image intensities between the template and
target images. Hyperelastic strain energy based on continuum
mechanics is applied to constrain and regularize the deformation
(Veress et al., 2005; Genet et al., 2015, 2016b). Note that other
regularizers have also been proposed, such as incompressibility
(Mansi et al., 2011), or equilibrium gap (Claire et al., 2004;
Genet et al., 2018). Application of the hyperelastic warping
approach in cardiac motion and function has focused primarily
on quantifying LV strains (Veress et al., 2008, 2013; Genet et al.,
2016b) that has been verified by tagged MRI (Phatak et al.,
2009) and 3D CSPAMM MR images (Genet et al., 2015). This
method has also been applied to quantify circumferential strain in
individual patient with HFpEF (Zou et al., 2016) and pulmonary
hypertension (Xi et al., 2016).

In this work, we performed further bi-ventricular strain
measurement using the hyperelastic warping method to extract
circumferential, longitudinal, and radial strains in three regions
of the bi-ventricular unit, namely, LV, RV, and septum. The
goals of this study are threefold: (i) develop a framework to
simultaneously quantify circumferential, longitudinal, and radial
strains in the bi-ventricle model, (ii) detect abnormalities in these
three types of strains in HFpEF patients compared to HFrEF
and normal controls, and (iii) study the inter- and intra-observer
reproducibility of the hyperelastic warping approach in its
application in HF patients.
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MATERIALS AND METHODS

Study Population
The HF patients were recruited from the Curvedness-based
Imaging Study (CBIS), a prospective study initiated in 2012.
The normal control subjects were recruited from the Cardiac
Aging Study (CAS) (Koh et al., 2018), a prospective study
initiated in 2014. Ten paired sub-groups of subjects were enrolled
and underwent CMR scans. One control, one HFrEF patient, and
one HFpEF patient were recruited for each sub-group. They were
age-comparable and gender-matched. Normal controls had no
known cardiovascular disease or other co-morbidities. Patients
with a clinical history of HF were recruited as HF patients. Using
40% as an LVEF cut-off value, HF patients with LVEF > 40% were
treated as HFpEF while those with LVEF < 40% as HFrEF. The
studies were approved by the local Institutional Review Board,

and all enrolled participants gave written informed consent. The
demographics of the study groups are summarized in Table 1.

CMR Image Acquisition
As part of the routine clinical protocol, HFpEF and HFrEF
patients underwent CMR evaluation on a 3T system (Ingenia,
Philips Healthcare, Netherlands) with a dStream Torso coil
(maximal number of channels 32). The same imaging protocol
was applied to the control subjects. Balanced turbo field echo
(BTFE) end-expiratory breath hold cine images were acquired
in multi-planner short-axis and long-axis views. The short-axis
view included the images from the apex to basal. The long-
axis images included the two-chamber, three-chamber, and four-
chamber views. The following typical sequence parameters were
used: TR/TE 3/1 ms, flip angle 45o, slice thickness 8 mm for
short-axis, pixel bandwidth 1797 Hz, field of view 280–450 mm,

TABLE 1 | Demographics of study populations.

Characteristics Normal (n = 10) HFpEF (n = 10) HFrEF (n = 10) HFpEF versus HFrEF§

Age (year) 52.1 ± 12.7 52.4 ± 12.5 52.7 ± 11.6 NS

Gender (F/M) 2/8 2/8 2/8 NS

Height (cm) 167.9 ± 8.6 164.1 ± 7.4 167.3 ± 10.8 NS

Weight (kg) 69.7 ± 11.4 76.5 ± 16.7 86.2 ± 22.2∗ NS

BSA (m2) 1.79 ± 0.18 1.85 ± 0.23 1.97 ± 0.30 NS

SBP (mmHg) 133.7 ± 11.6 136.1 ± 34.1 124.2 ± 19.6 NS

DBP(mmHg) 81 ± 9.37 75.7 ± 25.8 71.9 ± 13.1 NS

LVEF (%) 65 ± 6 53 ± 7∗ 25 ± 9∗ <0.05

LVEDV index (ml/m2) 71.0 ± 12.8 89.7 ± 17.0∗ 148.3 ± 53.1∗ <0.05

LVESV index (ml/m2) 25.0 ± 6.6 43.1 ± 13.2∗ 114.0 ± 50.0∗ <0.05

LVSV index (ml/m2) 46.1 ± 8.7 46.7 ± 7.4 34.3 ± 13.1 0.053

LV mass index (g/m2) 47.8 ± 6.6 69.1 ± 19.5∗ 79.3 ± 27.2∗ NS

RVEF (%) 56 ± 6 57 ± 7 40 ± 12∗ <0.05

RVEDV index (ml/m2) 79.5 ± 15.2 76.1 ± 16.7 89.6 ± 29.9 NS

RVESV index (ml/m2) 35.7 ± 9.4 33.1 ± 9.6 54.8 ± 26.3∗ <0.05

RVSV index (g/m2) 43.7 ± 7.2 43.3 ± 9.7 34.7 ± 13.3 NS

Pulse (BPM) 72 ± 10 58 ± 10 83 ± 24 <0.05

NYHA (I), n (%) N.A 3 (30) 4 (30) NS

NYHA (II), n (%) N.A 5 (50) 4 (30) NS

NYHA (III), n (%) N.A 1 (10) 2 (20) NS

NYHA (IV), n (%) N.A 1 (10) 0 (0) NS

Atrial flutter/fibrillation, n (%) N.A 2 (20) 1 (10) NS

Cancer within last five years, n (%) N.A 0 (0) 0 (0) NS

Chronic renal insufficiency, n (%) N.A 2 (20) 0 (0) NS

Current smoker, n (%) N.A 4 (40) 1 (10) NS

Depression, n (%) N.A 0 (0) 0 (0) NS

Diabetes, n (%) N.A 3 (30) 6 (60) NS

Hyperlipidemia, n (%) N.A 7 (70) 5 (50) NS

Hypertension, n (%) N.A 8 (80) 5 (50) NS

Peripheral vascular disease, n (%) N.A 1 (10) 0 (0) NS

Myocardial infarction, n (%) N.A 1 (10) 0 (0) NS

Stroke, n (%) N.A 0 (0) 1 (10) NS

NTproBNP N.A 2667.2 ± 2519.6 921.6 ± 837.7 <0.05

Data are mean ± SD. BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; LV, left ventricular; EF, ejection fraction; EDV, end-diastolic
volume; ESV, end-systolic volume; SV, stroke volume; RV, right ventricular; HFrEF, heart failure with reduced EF; HFpEF, heart failure with preserved EF; NYHA, New York
Heart Association; NTproBNP: N-terminal pro b-type natriuretic peptide. § Wilcoxon rank-sum test. ∗Statistically significant difference between HFpEF vs normal controls,
HFrEF vs normal controls, Wilcoxon rank-sum test (p < 0.05).
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temporal resolution ≈ 28 ms, in plane spatial resolution
0.6 mm× 0.6mm–1.1 mm× 1.1 mm, and frame rate was selected
as 30 or 40 frames per cardiac cycle. Among these 30 subjects, 30
frames are used for all the short-axis view. For long-axis view, 26
subjects had 30 frames, and the other four had 40 frames.

Framework to Obtain the
Circumferential, Longitudinal, and Radial
Strains
The strain acquisition framework was implemented using a
combination of open-source software: MeVisLab (MeVis Medical
Solution AG, Bremen, Germany), Gmsh (Geuzaine and Remacle,
2009), Fenics (Alnaes et al., 2015), and in-house code (Genet
et al., 2014, 2015). The overall workflow is shown in Figure 1.

CMR Images
Figure 2 shows an example of the short-axis and long-axis CMR
images covering the LV and RV. They were used in contour
segmentation and surface reconstruction, including short-axis
images from basal to apex, and the four-chamber long-axis
images.

Contours Segmentation and Model Reconstruction
Figures 3A,B show the contour segmentation from the short-axis
and long-axis images for LV endocardium, RV endocardium, and

FIGURE 1 | The overall workflow of strain measurement using hyperelastic
warping method.

bi-ventricular epicardium (from top to bottom, respectively). End
of systole (ES) was chosen to be the time point to manually
delineate the contours for model reconstruction – this is the
cardiac phase when the aorta valve in three-chamber view
starts to close. Depending on the size of the heart and the
quality of the image, around 3–10 short-axis images and the
four-chamber long-axis image were utilized. Figures 3C,D show,
respectively, the contours used for surface reconstruction and the
generated surfaces for the LV, RV, and bi-ventricular epicardium.
Papillary muscles and trabeculated structures were not included
as myocardium. After reconstruction, the model is corrected
using a “WEMReducePolygons” module in Mevislab if there were
mis-registration of the images.

FE Mesh Discretization and Region Partition
Following reconstruction of the three surfaces, they were
assembled together to form the bi-ventricle model. Figure 4A
shows the three-dimensional bi-ventricle model, and Figure 4B
shows the FEmesh model generated by GMSH (Geuzaine and
Remacle, 2009). Considering the computational time as well
as the accuracy, we employed 0.3 as the mesh size. For these
30 cases, the number of FE nodes (points) ranged from 2286
to 3288 and the number of cells ranged from 7013 to 11,985.
As previously mentioned, the model was partitioned into three
regions (i.e., LV, RV, and septum) for strain study as shown in
Figure 4C.

Boundary Conditions Assignment
The short-axis images were used in the hyperelastic
warping method. However, with the heart in motion,
there was an excursion in the long-axis direction, thus a
displacement was applied in the long-axis direction as a
boundary condition in the hyperelastic warping method.
The magnitude of the displacement was estimated by the
mitral annular plane systolic excursion (MAPSE) at the
septum measured in the four-chamber view in MeVisLab,
as shown in Figure 5. During the dynamic deformation, the
prescribed longitudinal displacement was controlled by a sine
function.

Hyperelastic Warping Theory
Hyperelastic warping is a deformable image registration
technique that can be used to measure cardiac strain derived
from analysis of medical images such as MRI, ultrasound, and
microPET imaging (Veress et al., 2013). In the hyperelastic
warping method, a FE mesh (Figure 4B) was deformed
along with a set of short-axis images during a cardiac
cycle. The deformation of the FE mesh was defined as the
mapping φ (X) = X + u(X), where u is the displacement
field and X is the position. The deformation gradient was
defined as

F (X) =
∂φ

∂X
(1)

The forces responsible for driving the registration deformation
were derived from the difference in image intensity field between
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FIGURE 2 | Cardiac MR images corresponding to 10 short-axis slices (the upper two rows) and three long-axis slices (the third row).

two volumetric image data sets by minimizing the following
energy expression

E(ϕ) = ∫W(X, C)
dv
J
− ∫U(R(X)− T(φ))

dv
J

(2)

Here, W is the hyperelastic strain density energy function
related to the material model of myocardium and C = FTF is
the Cauchy–Green deformation tensor. A Neo–Hookean strain
energy density function was used to define W, which is given as

W(X, C) = C1 (I1-3) (3)

where C1 is a material constant and I1 is the first invariant
of the right Cauchy–Green deformation tensor. The energy
term U produced an image force field responsible for the local
registration of the discretized reference image R to the target
image T and is expressed as

U (X, φ) =
γ

2
(R (X)− T(φ))2 (4)

where γ is the penalty factor enforcing the alignment of the
reference image to the target image. In summary, the FE mesh
model was deformed to align with the target images via a
computed image-based local body force term that depends on
(1) the difference in image intensity between the template and
target images, (2) the target image intensity gradient, and (3) a
prescribed penalty factor.

The hyperelastic warping approach was implemented using
FEniCS (Logg et al., 2012; Alnaes et al., 2015). The penalty
parameter γ in Eq. 3 was set as 0.005 for all the cases.
The method to optimize γ is referred to (Genet et al., 2017).

Figure 6 shows an example of the resultant deformation in
the biventricular model from a normal subject computed from
the hyperelastic warping method. As shown in the figure,
the deformed biventricular model matched closely with the
myocardium in CMR short-axis images at different cardiac time
points.

Post-processing of Strains
The ES biventricular geometry was used as the initial
configuration for tracking because we found that the image
registration worked better when the myocardial wall at
all subsequent time points is thinner than the initial one,
which always revealed an image intensity gradient within
the initial wall volume. Since the deformation gradient F
was defined with ES as the initial configuration, the local
Green-Lagrange strain tensor with end-diastole (ED) as the
reference configuration – a more commonly used metric – was
defined as

E =
1
2

(
FTF−T

ED FF−1
ED − I

)
(5)

In Eq. 5, I is the identity tensor and FED is the deformation
gradient tensor at ED. Normal strains in the circumferential
εCC, longitudinal εLL , and radial εRR directions were computed
by projecting E onto these directions using εii = ei • Eei with
i ∈ (C, L, R). The circumferential eC , longitudinal eL , and
radial eR were prescribed using a Laplace–Dirichlet rule-based
(LDRB) algorithm (Bayer et al., 2012) with myofiber angle
prescribed to be zero.
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FIGURE 3 | Generating the surface for LV endo (top), RV endo (middle), and bi-ventricular epicardia (bottom). (A) Short-axis contours segmentation. (B) Long-axis
contours segmentation. (C) All the contours for surface generation. (D) LV endo, RV endo, and bi-ventricular epicardia surfaces.

FIGURE 4 | Bi-ventricle model: (A) 3D surface, (B) finite element mesh model, and (C) partition of region (red: RV free wall; green: septum; blue: LV free wall).

Strain–Time Curves
Figure 7A shows the circumferential direction assigned on the
model and the circumferential strain-time curve, Figure 7B the
longitudinal direction and longitudinal strain–time curve, and
Figure 7C shows the radial direction and radial strain–time
curve. These strain components were computed at each cardiac
time point to construct the strain–time curves. The strain curves
were computed by averaging the strains over all the elements with
respect to the three regions: RV free wall, septum, and LV free
wall as shown in Figure 4C. The effects of atrial contraction at

late filling (i.e., “atrial kick”) are visible in the strain–time curves,
particularly, in those associated with the LV.

Reproducibility
Assessment of inter- and intra-observer variability of the
hyperelastic warping method was performed on a random
selection of nine cases: three controls, three HFpEF, and
three HFrEF patients. Inter-observer variability was assessed by
comparing measurements made by two independent observers
from two different centers. Intra-observation variability was
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FIGURE 5 | Measurement of septal displacement of septal in four-chamber
view.

obtained from repeated measurements on these nine cases,
1 month apart, by the same observer.

Statistical Analysis
Data were analyzed using SPSS (version 17.0, Chicago, IL,
United States) and SAS (version 9.3, Cary, NC, United States).
Comparisons of demographics, patient characteristics, and CMR
measurements between patients and control subjects were
performed using independent t-tests for normally distributed
data, Mann–Whitney U-tests for non-normally distributed
data, and Fisher’s exact tests for categorical data. Intra- and
Inter-observer variability in peak circumferential, longitudinal,
and radial strains were assessed by mean bias ± SD, limits
of agreement, coefficient of variation (CV), and intra-class
correlation coefficient (ICC) using data from nine randomly
chosen subjects. ICC between 0.4 and 0.59 was considered
fair, good between 0.60 and 0.74, and excellent when ≥0.75
(Aarsæther et al., 2012).

RESULTS

Patient Demographics
Study subjects in each group consist of eight males and two
females with a mean ± SD age of 52.1 ± 12.7, 52.4 ± 12.5,
and 52.7 ± 11.6 years for controls, HFpEF, and HFrEF patients,
respectively. Demographic and clinical characteristic of study
subjects are given in Table 1. Compared with normal controls,
LVEF was lower in both HF groups. Between the HF groups,
LVEF was larger in HFpEF patients (53 ± 7%) than the HFrEF

group (25 ± 9%). Both HF groups were comparable to controls
with respect to height, BSA, SBP, DBP, LVSV index, RVEDV
index, and RVSV index, but exhibited higher LVEDV index,
LVESV index, and LV mass index than the controls (p < 0.05).
The HFpEF patients had comparable RVEF and RVESV index
to controls, while the HFrEF patients had lower RVEF and
higher RVESV index than both controls and HFpEF patients
(p < 0.05). HF groups were comparable relative to disease
history, including NYHA class, atrial flutter/fibrillation, cancer
within 5 years, chronic renal insufficiency, current smoker,
depression, diabetes, hyperlipidemia, hypertension, peripheral
vascular disease, myocardial infarction, and stroke. NTproBNP
was much higher in HFpEF patients than in HFrEF patients
(p < 0.05).

Peak Systolic Circumferential,
Longitudinal, and Radial Strains
Table 2 shows the average values of the peak circumferential,
longitudinal, and radial strains in different regions (LV, RV,
and septum) for control, HFpEF, and HFrEF patients. All
the peak circumferential, longitudinal, and radial strains in
the LV were, respectively, found to gradually decrease in
magnitude (p < 0.05) from control→ HFpEF→ HFrEF groups
(circumferential: −15.5 ± 1.90, −9.37 ± 3.23, −4.75 ± 2.74;
longitudinal: −15.6 ± 2.06, −11.3 ± 1.76, −7.55 ± 1.75;
radial: 41.4 ± 12.2, 22.8 ± 13.1, 10.8 ± 4.61; Table 2).
This may reveal impaired systolic LV function in both HF
groups. Figure 8 shows scatter plots for the three strains in
the LV. Excellent separation of controls from both the HFpEF
and HFrEF patients was observed in the peak circumferential
strain (Figure 8A). Almost no overlap was found between
the controls and the two HF groups of patients. Similar
to the peak circumferential strain, peak longitudinal strain
exhibited negligible overlap of controls with HFpEF and HFrEF
(Figure 8B). Significant differences were found between the peak
radial strain of normal controls and patients. However, there
was some overlap between the normal controls and the patients
(Figure 8C).

Circumferential and radial strains in RV were smaller in
HFpEF patients compared with the Controls but no significant
difference was observed (−9.91 ± 2.25 vs. −7.38 ± 3.17
for circumferential strain and 26.8 ± 7.16 vs. 21.5 ± 10.0
for radial strain). However, longitudinal strain in RV was
significantly decreased in the HFpEF group when compared
to the controls (−14.5 ± 2.63 vs. −12.0 ± 2.45; p < 0.05,

FIGURE 6 | Registration of the bi-ventricular model with the CMR images during a cardiac cycle. Note: biventricular model was reconstructed only from the CMR
images at ES.
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FIGURE 7 | Strain orientation and strain–time curves of LV, RV, and septum
for one cardiac cycle. (A) Circumferential strain. (B) Longitudinal strain.
(C) Radial strain.

Table 2). Significant differences were found for all the three strain
components between HFrEF and normal controls (−5.92 ± 3.13
vs. −9.91 ± 2.25 for circumferential strain; −8.63 ± 2.79 vs.
−14.5 ± 2.63 for longitudinal strain; and 15.2 ± 6.33 vs.
26.8 ± 7.16 for radial strain; all p < 0.05, Table 2). Only
longitudinal strain was observed to differ significantly between
HFrEF and HFpEF (−8.63 ± 2.79 vs. −12.04 ± 2.45; p < 0.05,
Table 2). Scatter plots of RV strains are shown in Figure 9.

Circumferential and longitudinal strains in the septum
were depressed in HFpEF patients compared to the controls
(−6.11 ± 3.98 vs. −7.11 ± 1.81 for circumferential strain;
−13.4± 3.02 vs.−16.3± 3.23 for longitudinal strain; all p < 0.05,
Table 2). Radial strain was smaller but not significantly different

(12.5 ± 6.38 vs. 18.5 ± 8.64). Circumferential, longitudinal, and
radial strains in the septum were all depressed in the HFrEF
group compared with Controls (p < 0.05, Table 2). The scatter
plot of strains for septum is shown in Figure 10.

ROC Analysis and Cut-Off Values
Receiver operating characteristic (ROC) curve analysis showed
that LV circumferential and longitudinal strains were superior to
the septal strain for differentiating normal controls from HFpEF
patients (Figure 11). Area under the ROC curve (AUC) for LV
circumferential strain was 1.00 with corresponding sensitivity
and specificity of 1.00. AUC for LV longitudinal strain was 0.95
with sensitivity 0.90 and specificity 0.90 (Table 3).

Reproducibility
Table 4 shows both intra- and inter-observer variability for
nine randomly chosen cases (three normal controls, three
HFpEF, and three HFrEF). In the Bland–Altman analysis,
peak circumferential strain for LV had the best intra-observer
agreement (bias, 0.08 ± 0.63; 95% CI, −1.16 to 1.32) and
inter-observer agreement (bias, 0.67 ± 0.90; 95% CI, −1.10 to
2.45). Peak radial strain RV exhibited the largest intra-observer
variability (bias, 1.28 ± 4.23; 95% CI, −7.01 to 9.57) and peak
radial strain for LV had the largest inter-observer variability (bias,
5.6 ± 8.30; 95% CI, −10.63 to 21.9). All parameters had an
excellent intra- and inter-observer agreement (ICC ≥ 0.92).

DISCUSSION

In this study, we compared myocardial strains estimated using
a hyperelastic warping approach in the control, HFpEF, and
HFrEF patients that are comparable in age and gender. To
the best of our knowledge, this research work is the first
to study biventricular three-dimensional strain (longitudinal,
circumferential, and radial) based on CMR images in HF patients
using the hyperelastic warping method. The major contributions
of our study are as follows: (1) development of a novel framework
for assessment of the biventricular mechanics of HF from
CMR and (2) implementation of a viable and reproducible
hyperelastic warping method for simultaneous evaluation of
3D circumferential, longitudinal, and radial strains for HF
patients. The key findings from our study are as follows: (1)
strains estimated in cine CMR images of HF patients using the
hyperelastic are feasible and reproducible, (2) peak (absolute)
circumferential, longitudinal, and radial strains in the RV, LV,
and septum are highest in the normal controls followed by
HFpEF to HFrEF patients, and (3) peak LV circumferential and
longitudinal strain can better differentiate HFpEF patients from
healthy subjects. These findings may provide a new method
for simultaneous assessment of 3D biventricular strains in HF
patients.

LV Strain
We have found that all the three strain components
(circumferential, longitudinal, and radial strains) in HFpEF
and HFrEF patients were decreased compared to the normal
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TABLE 2 | Average circumferential, longitudinal, and radial strains for RV, LV, and septum.

Strain parameters Normal HFpEF HFrEF HFpEF vs. HFrEF§

εRV
CC (%) −9.91 ± 2.25 −7.38 ± 3.17 −5.92 ± 3.13∗ NS

εLV
CC (%) −15.49 ± 1.90 −9.37 ± 3.23∗ −4.75 ± 2.74∗ <0.05

ε
Sep
CC (%) −7.11 ± 1.81 −6.11 ± 3.98∗ −1.42 ± 1.36∗ <0.05

εRV
LL (%) −14.49 ± 2.63 −12.04 ± 2.45∗ −8.63 ± 2.79∗ <0.05

εLV
LL (%) −15.58 ± 2.06 −11.30 ± 1.76∗ −7.55 ± 1.75∗ <0.05

ε
Sep
LL (%) −16.26 ± 3.23 −13.38 ± 3.02∗ −8.89 ± 2.96∗ <0.05

εRV
RR (%) 26.79 ± 7.16 21.49 ± 10.01 15.15 ± 6.33∗ NS

εLV
RR (%) 41.41 ± 12.20 22.81 ± 13.05∗ 10.84 ± 4.61∗ <0.05

ε
Sep
RR (%) 18.51 ± 8.64 12.45 ± 6.38 3.35 ± 2.95∗ <0.05

Values are mean ± SD. εRV
CC, right ventricular peak circumferential strain; εLV

CC, left ventricular peak circumferential strain; ε
Sep
CC , septum peak circumferential strain; εRV

LL ,

right ventricular peak longitudinal strain; εLV
LL , left ventricular peak longitudinal strain; ε

Sep
LL , septum peak longitudinal strain; εRV

RR, right ventricular peak radial strain; εLV
RR, left

ventricular peak radial strain; ε
Sep
RR , septum peak radial strain; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction. §

Wilcoxon rank-sum test. ∗Statistically significant difference between HFPEF vs. normal, HFREF vs. normal controls, Wilcoxon rank-sum test (p < 0.05).

FIGURE 8 | Scatter plot for the peak (A) circumferential, (B) longitudinal, and (C) radial strains for LV.

FIGURE 9 | Scatter plot for the peak (A) circumferential, (B) longitudinal, and (C) radial strains for RV.

FIGURE 10 | Scatter plot for peak (A) circumferential, (B) longitudinal, and (C) radial strains for septum.
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FIGURE 11 | ROC curves of all strain parameters and LVEF for differentiating normal controls with HFpEF patients. LVEF, left ventricular ejection fraction; εRV
CC, right

ventricular peak circumferential strain;εLV
CC, left ventricular peak circumferential strain; ε

Sep
CC , septum peak circumferential strain; εRV

LL , right ventricular peak longitudinal

strain; εLV
LL, left ventricular peak longitudinal strain; ε

Sep
LL : septum peak longitudinal strain; εRV

RR, right ventricular peak radial strain; εLV
RR, left ventricular peak radial strain;

ε
Sep
RR , septum peak radial strain.

subjects. Similar conclusions are also found in Yip et al. (2011),
where they found a similar trend in global 2D circumferential,
radial, and longitudinal strain (as well as torsion) using
standard 2D Doppler and speckle-tracking echocardiography.

Several studies (MacIver and Townsend, 2007; MacIver, 2008,
2011; Maciver et al., 2015) have used mathematical modeling
to explain the apparent paradox of a reduction in longitudinal,
circumferential, and radial strain but with a preserved LVEF.

TABLE 3 | Sensitivity, specificity and AUC of the strains and LVEF for differentiating normal controls and HFpEF.

Parameters Patient type Cut-off value Sensitivity Specificity AUC

εRV
CC (%) HFpEF 6.39 0.400 1.000 0.715

εLV
CC (%) HFpEF 13.10 1.000 1.000 1.000

ε
Sep
CC (%) HFpEF 7.26 0.800 0.700 0.690

εRV
LL (%) HFpEF 14.12 0.800 0.800 0.780

εLV
LL (%) HFpEF 12.85 0.900 0.900 0.950

ε
Sep
LL (%) HFpEF 14.90 0.700 0.900 0.750

εRV
RR (%) HFpEF 25.26 0.700 0.600 0.660

εLV
RR (%) HFpEF 30.53 0.900 0.800 0.890

ε
Sep
RR (%) HFpEF 20.51 0.900 0.500 0.700

LVEF HFpEF 59 0.800 1.000 0.945

εRV
CC, right ventricular peak circumferential strain; εLV

CC, left ventricular peak circumferential strain; ε
Sep
CC , septum peak circumferential strain; εRV

LL , right ventricular peak

longitudinal strain; εLV
LL , left ventricular peak longitudinal strain; ε

Sep
LL , septum peak longitudinal strain; εRV

RR, right ventricular peak radial strain; εLV
RR, left ventricular peak radial

strain; ε
Sep
RR , septum peak radial strain; LVEF, left ventricular ejection fraction.
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TABLE 4 | Inter- and intra-observer agreement for nine randomly chosen cases (three control, three HFpEF, and three HFrEF).

Variable Variability Mean bias ± SD Limits of
agreement

Coefficient of
variation (%)

ICC (95% CI)

εRV
CC Intra-observer 0.20 ± 1.31 −2.38 to 2.78 10.40 0.954 (0.799, 0.990)

Inter-observer 1.00 ± 1.24 −1.43 to 3.43 11.89 0.964 (0.839, 0.992)

εLV
CC Intra-observer 0.08 ± 0.63 −1.16 to 1.32 4.18 0.997 (0.988, 0.999)

Inter-observer 0.67 ± 0.90 −1.10 to 2.45 7.27 0.994 (0.973, 0.999)

ε
Sep
CC Intra-observer 0.56 ± 0.51 −0.45 to 1.58 11.27 0.989 (0.843, 0.998)

Inter-observer 0.55 ± 1.73 −2.85 to 3.95 23.35 0.952 (0.787, 0.989)

εRV
LL Intra-observer −0.91 ± 1.56 −3.97 to 2.15 9.30 0.940 (0.728, 0.987)

Inter-observer −0.27 ± 1.57 −3.35 to 2.81 8.48 0.945 (0.758, 0.988)

εLV
LL Intra-observer −0.54 ± 0.86 −2.23 to 1.14 5.77 0.989 (0.944, 0.998)

Inter-observer −0.56 ± 1.42 −3.35 to 2.23 8.98 0.974 (0.883, 0.994)

ε
Sep
LL Intra-observer −1.23 ± 1.35 −3.89 to 1.42 9.11 0.963 (0.692, 0.993)

Inter-observer −1.32 ± 2.38 −6.00 to 3.35 14.78 0.921 (0.649, 0.982)

εRV
RR Intra-observer 1.28 ± 4.23 −7.01 to 9.57 12.41 0.953 (0.805, 0.989)

Inter-observer 4.97 ± 3.52 −1.94 to 11.88 20.39 0.953 (0.794, 0.990)

εLV
RR Intra-observer 0.47 ± 2.47 −4.36 to 5.31 6.15 0.997 (0.987, 0.999)

Inter-observer 5.63 ± 8.30 −10.63 to 21.90 28.09 0.948 (0.769, 0.988)

ε
Sep
RR Intra-observer −0.87 ± 1.12 −3.06 to 1.31 8.74 0.995 (0.965, 0.999)

Inter-observer 1.00 ± 2.29 −3.49 to 5.50 15.33 0.986 (0.939, 0.977)

εRV
CC, right ventricular peak circumferential strain; εLV

CC, left ventricular peak circumferential strain; ε
Sep
CC , septum peak circumferential strain; εRV

LL , right ventricular peak

longitudinal strain; εLV
LL, left ventricular peak longitudinal strain; ε

Sep
LL , septum peak longitudinal strain; εRV

RR, right ventricular peak radial strain; εLV
RR, left ventricular peak radial

strain; ε
Sep
RR , septum peak radial strain.

These studies suggest that the normal ejection fraction in patients
with HF can be explained by the presence of left ventricular
hypertrophy, which is found in the HFpEF patients of this
study (LV mass index: 47.8 ± 6.6 g/m2 for normal controls vs.
69.1± 19.5 g/m2 for HFpEF, p < 0.05, Table 1).

In the literature, decreasing longitudinal strain was found in
HFpEF patients (Borlaug, 2014). Specifically, a high prevalence
of patients hospitalized with acute HFpEF with abnormal LV
longitudinal strain suggests the presence of some previously
unrecognized myocardial systolic dysfunction associated with
this disease (Buggey et al., 2017). Consistent with our findings,
a clinical trial including 219 HFpEF patients also demonstrated
that LV longitudinal and circumferential strains are significantly
lower in HFpEF patients when compared with normal controls
(Kraigher-Krainer et al., 2014). Peak global longitudinal strain
and strain rate in HFpEF patients are also found to be higher than
those found in HFrEF patients (Carluccio et al., 2011). However,
reports are conflicted with respect to the peak LV circumferential
and radial strains in HFpEF patients. Some investigators suggest
that reduced peak longitudinal strain in the presence of normal
LVEF in HFpEF patients is due to a compensatory increase in
circumferential and/or radial function (Fang et al., 2004; Paulus
et al., 2007; Edvardsen and Haugaa, 2011; Vitarelli et al., 2015).
Others suggest that peak radial strain in LV is increased in
asymptomatic mildly hypertensive patients but decreases as LV
hypertrophy (LVH) progresses and the severity of HF increases.
Longitudinal and radial strains in the LV were reduced, but
circumferential deformation and twist were normal in HFpEF
patients in a study by Wang et al. (2008). To the contrary,
longitudinal, radial, and circumferential deformation and twist
are consistently reduced in patients with HFrEF.

RV Strain
Right ventricular systolic dysfunction is a common feature in
HFrEF that is associated with impaired functional capacity and
portended a poor prognosis (Mohammed et al., 2014). The
prevalence as well as the functional and prognostic implications
of RV dysfunction in HFpEF are, however, less clear. Here,
although there are no significant differences in all RV functional
parameters (e.g., RVEF, RVEDV index, RVESV index, and RVSV
index) between HFpEF patients and normal controls – see
Table 1, we found that the peak RV longitudinal strain is
significantly decreased in HFpEF patients compared with normal
controls. This finding suggests that RV function may be impaired
in HFpEF patients, and peak RV longitudinal strain may be a
useful in detecting this change. Consistent with previous findings,
all the three RV strain components are significantly reduced
in HFrEF patients. This is also consistent with the significant
difference in RVEF and RVESV index between HFrEF patients
and normal subjects.

Systematic assessment of RV function is a widely recognized
challenge owing to: (1) its complex geometry, (2) the limited
definition of the RV endocardial surface occasioned by
trabeculated myocardium, and (3) the retrosternal position of
the RV that limits echocardiographic imaging windows (Cameli
et al., 2014). It is, however, also becoming increasingly clear
that assessing RV strain is important in analyzing HF. Meris
et al. (2010) found that RV strain accurately identified reduced
global RV function. Moreover, there is also mounting evidence
that pulmonary hypertension with RV dysfunction is associated
with a reduced regional longitudinal strain. A large body of
data showing that pulmonary hypertension and RV dysfunction
are also common in HFpEF (Gorter et al., 2016). However, the
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focus is on tricuspid annular plane systolic excursion (TAPSE),
fractional area change (FAC), and tricuspid annular systolic
velocity (RV S; Melenovsky et al., 2014; Leng et al., 2016). Studies
reporting on RV strain, in particular those using CMR, are scarce.
Our study on the evaluation of the longitudinal, circumferential,
and radial strains in the RV suggests that hyperelastic warping
method may be helpful.

Septum Strain
Septum shape and deformation (i.e., area strain) has been studied
in repaired tetralogy of Fallot patients with volume overloading
(Zhong et al., 2012). However, septum strains by using
warping method were investigated for the first time in HFpEF.
The results revealed that circumferential and longitudinal
strains decreased gradually from controls→HFpEF→HFrEF.
The observed decrease in radial strain was approximately 50% for
HFpEF compared to controls. However, due to the wide band of
radial strain exhibited in the normal controls, the difference was
not statistically significant. We emphasize that longitudinal strain
was reduced in the septal region, as well as in the LV and RV.

Reproducibility
Overall, LV strains have better reproducibility than the septum
and RV, which is expected due to its thicker wall. Circumferential
and longitudinal strains have excellent intra- and inter-observer
agreement, although this is less so for radial strains that still
possesses acceptable reproducibility. Peak LV circumferential
strain has the best reproducibility, followed by peak LV
longitudinal strain. On the other hand, peak radial strain has the
worst reproducibility.

Comparability of Strain Values to Other
Published Results
Absolute peak strains obtained here appear to be smaller
compared with previous studies. In normal subjects, peak
LV circumferential, longitudinal and radial strains were
−18.4 ± 2.9%, −19.1 ± 4.1%, and 39.8 ± 8.3% for Western
population (Taylor et al., 2015); and−24.3± 3.1%,−22.4± 2.9%,
and 79.0 ± 19.4% for Chinese population (Peng et al., 2018),
respectively using CMR feature tracking. Comparing the peak
values, those found here are relative smaller in the circumferential
(−15.5 ± 1.90%) and longitudinal directions (−15.6 ± 2.06%),
but slightly different in the radial direction (41.4 ± 12.2%).
This disparity may be explained by a difference in strain
definition used in that and our studies. Specifically, we have
used Green–Lagrange strain that expressed as 1L

L +
1
2
(

1L
L

)2

in the one-dimensional case whereas Biot strain, reduced to 1L
L

in one-dimension was used in previous study. The additional
term 1

2
(

1L
L

)2 leads to the Green–Lagrange strain having a lower
peak value in the shortening (circumferential and longitudinal)
directions and a larger peak value in the lengthening (radial)
direction during systole. The disparity in strain estimated from
feature tracking technique and deformable registration method
was also discussed previously (Mangion et al., 2016).

Limitations
First, to address the poor out-of-plane tracking at the ventricular
base that arises because of the large out-of-plane resolution
in the short-axis clinical CMR images, we have imposed a
basal longitudinal displacement that varies sinusoidally with
time. Despite able to obtain reasonable results even with this
assumption, having a higher out-of-plane resolution (smaller
slice thickness) may obviate the need to impose such an
assumption.

Second, sample size in this study is relatively small. A larger
sample size will be used in future studies to the increase statistical
power.

CONCLUSION

An advanced image registration method based on continuum
mechanics was used to estimate three-dimensional peak
circumferential, longitudinal, and radial strain in the
bi-ventricular model. By dividing the biventricular unit
into LV, RV, and septum, a new perspective was introduced for
investigating strain in HFpEF and HFrEF and for studying the
physiology of HFpEF disease. Diminishing magnitude in strain
components from controls, HFpEF to HFrEF demonstrated
subtle functional impairment in the LV and RV in HFpEF
patients.

ETHICS STATEMENT

The study was approved by the SingHealth Centralised
Institutional Review Board, and written consent forms were
obtained from all participants.

AUTHOR CONTRIBUTIONS

HZ and LZ contributed to the conception of the hypothesis
of the study, implementation of all the analysis, and were
involved in the evaluation of the results and preparation of the
manuscript. CX contributed to the development of the code and
inter-observer variability. XZ contributed to data preparation
and analysis. AK and R-ST contributed to patient recruitment
and image acquisition. FG and JA contributed to data analysis
and statistics. LCL contributed to development of the code and
critically revising of the work. MG contributed to development
of the code. YS contributed to the evaluation of the results and
preparation of the manuscript.

FUNDING

This research was supported in part by grants from the
National Medical Research Council (NMRC/OFIRG/0018/2016,
NMRC/MOH1AFCAT2/0002/2014, and NMRC/BnB/0017/
2015), Biomedical Engineering Programme, Agency for Science,
Technology and Research, Singapore Project Grant (132
148 0012), National Medical Research Council of Singapore

Frontiers in Physiology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 1295

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01295 September 17, 2018 Time: 10:21 # 13

Zou et al. Biventricular Strains of HFpEF

(NMRC/TA/0031/2015), Hong Leong Foundation, Duke-NUS
Medical School and the “Estate of Tan Sri Khoo Teck Puat”, and
the Biomedical Research Council (14/1/32/24/002), American

Heart Association (17SDG33370110, LCL), National Institutes of
Health (R01 HL 134841-01A1 and U01 HL133359-01A1, LCL),
and National Science Foundation (NSF 1702987, LCL).

REFERENCES
Aarsæther, E., Rösner, A., Straumbotn, E., and Busund, R. (2012). Peak longitudinal

strain most accurately reflects myocardial segmental viability following acute
myocardial infarction - an experimental study in open-chest pigs. Cardiovasc.
Ultrasound 10:23. doi: 10.1186/1476-7120-10-23

Alnaes, M. S., Blechta, J., Hake, J., Johansson, A., Kehlet, B., Logg, A., et al. (2015).
The FEniCS Project Version 1.5. Arch. Numer. Softw. 3, 9–23. doi: 10.11588/
ans.2015.100.20553

Bayer, J. D., Blake, R. C., Plank, G., and Trayanova, N. A. (2012). A novel rule-
based algorithm for assigning myocardial fiber orientation to computational
heart models. Ann. Biomed. Eng. 40, 2243–2254. doi: 10.1007/s10439-012-
0593-5

Borlaug, B. A. (2014). The pathophysiology of heart failure with preserved ejection
fraction. Nat. Rev. Cardiol. 11, 507–515. doi: 10.1038/nrcardio.2014.83

Borlaug, B. A., Lam, C. S., Roger, V. L., Rodeheffer, R. J., and Redfiled, M. M. (2009).
Contractiltiy and ventricular systolic stiffening in hypertensive heart disease:
insights into the pathogenesis of heart failure with preserved ejection fraction.
J. Am. Coll. Cardiol. 54, 410–418. doi: 10.1016/j.jacc.2009.05.013

Buggey, J., Alenezi, F., Yoon, H. J., Phelan, M., DeVore, A. D., Khouri, M. G., et al.
(2017). Left ventricular global longitudinal strain in patients with heart failure
with preserved ejection fraction: outcomes following an acute heart failure
hospitalization. ESC Heart Fail 4, 432–439. doi: 10.1002/ehf2.12159

Cameli, M., Righini, F. M., Lisi, M., and Mondillo, S. (2014). Right ventricular
strain as a novel approach to analyze right ventricular performance in patients
with heart failure. Heart Fail. Rev. 19, 603–610. doi: 10.1007/s10741-013-
9414-7

Carluccio, E., Biagioli, P., Alunni, G., Murrone, A., Leonelli, V., Pantano, P.,
et al. (2011). Advantages of deformation indices over systolic velocities in
assessment of longitudinal systolic function in patients with heart failure and
normal ejection fraction. Eur. J. Heart Fail. 13, 292–302. doi: 10.1093/eurjhf/
hfq203

Choudhary, N., Duncanson, L., Butler, J., Reichek, N., Vittorio, T., Young, A.,
et al. (2016). MRI feature trccking strain profiles distinguish patients with left
ventricular systolic and diastolic dysfunction with and without clinical heart
failure. J. Cardiovsc. Magn. Reson. 18:O79. doi: 10.1186/1532-429X-18-S1-O79

Claire, D., Hild, F., and Roux, S. (2004). A finite element formulation to identify
damage fields: the equilibrium gap method. Int. J. Numer. Methods Eng. 61,
189–208. doi: 10.1002/nme.1057

De Siqueira, M. E. M., Pozo, E., Fernandes, V. R., Sengupta, P. P., Modesto, K.,
Gupta, S. S., et al. (2016). Characterization and clinical significance of
right ventricular mechanics in pulmonary hypertension evaluated with
cardiovascular magnetic resonance feature tracking. J. Cardiovasc. Magn. Reson.
18, 39. doi: 10.1186/s12968-016-0258-x

Edvardsen, T., and Haugaa, K. H. (2011). Imaging assessment of ventricular
mechanics. Heart 97, 1349–1356. doi: 10.1136/pgmj.2009.184390rep

Fang, Z. Y., Leano, R., and Marwick, T. H. (2004). Relationship between
longitudinal and radial contractility in subclinical diabetic heart disease. Clin.
Sci. 106, 53–60. doi: 10.1042/CS20030153

Flachskampf, F. A., Biering-Sørensen, T., Solomon, S. D., Duvernoy, O., Bjerner, T.,
and Smiseth, O. A. (2015). cardiac imaging to evaluate left ventricular diastolic
function. JACC Cardiovasc. Imaging 8, 1071–1093. doi: 10.1016/j.jcmg.2015.
07.004

Genet, M., Chuan Lee, L., Ge, L., Acevedo-Bolton, G., Jeung, N., Martin, A. J.,
et al. (2015). A novel method for quantifying smooth regional variations in
myocardial contractility within an infarcted human left ventricle based on
delay-enhanced magnetic resonance imaging. J. Biomech. Eng. 137:P081009.
doi: 10.1115/1.4030667

Genet, M., Lee, L. C., Baillargeon, B., Guccione, J. M., and Kuhl, E. (2016a).
Modeling pathologies of diastolic and systolic heart failure. Ann. Biomed. Eng.
44, 112–127. doi: 10.1007/s10439-015-1351-2

Genet, M., Lee, L. C., and Kozerke, S. (2017). “A continuum finite strain
formulation of the equilibrium gap regularizer for finite element image

correlation,” in Proceedings of 13ème Colloque National en Calcul des
Structures (CSMA2017), France. Available at: https://hal.archives-ouvertes.
fr/hal-01661810

Genet, M., Stoeck, C. T., Deuster, C. V., Lee, L. C., Guccione, J. M., and Kozerke, S.
(2016b). “Finite element digital image correlation for cardiac strain analysis
from 3D whole-heart tagging,” in Proceedings of the 24rd Annual Meeting of
the International Society for Magnetic Resonance in Medicine (ISMRM2016),
Singapore.

Genet, M., Lee, L. C., Nguyen, R., Haraldsson, H., Acevedo-bolton, G., Zhang, Z.,
et al. (2014). Distribution of normal human left ventricular myofiber stress
at end diastole and end systole: a target for in silico design of heart failure
treatments. J. Appl. Physiol. 117, 142–152. doi: 10.1152/japplphysiol.00255.2014

Genet, M., Stoeck, C. T., von Deuster, C., Lee, L. C., and Kozerke, S. (2018).
Equilibrated warping: finite element image registration with finite strain
equilibrium gap regularization. Med. Image Anal. 50, 1–22. doi: 10.1016/j.
media.2018.07.007

Geuzaine, C., and Remacle, J. F. (2009). Gmsh: a 3-D finite element mesh generator
with built-in pre- and post-processing facilities. Int. J. Numer. Methods Eng. 79,
1309–1331. doi: 10.1002/nme.2579

Gorter, T. M., Hoendermis, E. S., van Veldhuisen, D. J., Voors, A. A., Lam, C. S. P.,
Geelhoed, B., et al. (2016). Right ventricular dysfunction in heart failure with
preserved ejection fraction: a systematic review and meta-analysis. Eur. J. Heart
Fail. 18, 1472–1487. doi: 10.1002/ejhf.630

Haddad, F., Hunt, S. A., Rosenthal, D. N., and Murphy, D. J. (2008). Right
ventricular function in cardiovascular disease, part I: anatomy, physiology,
aging, and functional assessment of the right ventricle. Circulation 117,
1436–1448. doi: 10.1161/CIRCULATIONAHA.107.653576

Hogg, K., Swedberg, K., and McMurray, J. (2004). Heart failure with preserved
left ventricular systolic function: epidemiology, clinical characteristics, and
prognosis. J. Am. Coll. Cardiol. 43, 317–327.

Hussein, R. S., Ibrahim, A. S., Abd El-Hameed, A. M., El-Fiky, A. A., and Tantawy,
W. H. (2013). Does CMR have an additive role over echo in evaluating ischemic
LV dysfunction? Egypt. J. Radiol. Nucl. Med. 44, 475–482. doi: 10.1016/j.ejrnm.
2013.06.004

Kanwar, M., Walter, C., Clarke, M., and Patarroyo-Aponte, M. (2016). Targeting
heart failure with preserved ejection fraction: current status and future
prospects. Vasc. Health Risk Manag. 12, 129–141. doi: 10.2147/VHRM.
S83662

Kleijn, S. A., Brouwer, W. P., Aly, M. F. A., Rüssel, I. K., De Roest, G. J., Beek,
A. M., et al. (2012). Comparison between three-dimensional speckle-tracking
echocardiography and cardiac magnetic resonance imaging for quantification
of left ventricular volumes and function. Eur. Heart J. Cardiovasc. Imaging 13,
834–839. doi: 10.1093/ehjci/jes030

Koh, A. S., Gao, F., Leng, S., Kovalik, J.-P., Zhao, X., Tan, R. S., et al. (2018).
Dissecting clinical and metabolomics associations of left atrial phasic function
by cardiac magnetic resonance feature tracking. Sci. Rep. 8:8138. doi: 10.1038/
s41598-018-26456-8

Koyama, J., Ray-Sequin, P. A., and Falk, R. H. (2003). Longitudinal myocardial
function assessed by tissue velocity, strain, and strain rate tissue doppler
echocardiography in patients with AL (primary) cardiac amyloidosis.
Circulation 107, 2446–2452. doi: 10.1161/01.CIR.0000068313.67758.4F

Kraigher-Krainer, E., Shah, A. M., Gupta, D. K., Santos, A., Claggett, B., Pieske, B.,
et al. (2014). Impaired systolic function by strain imaging in heart failure with
preserved ejection fraction. J. Am. Coll. Cardiol. 63, 447–456. doi: 10.1016/j.jacc.
2013.09.052

Leng, S., Jiang, M., Zhao, X.-D., Allen, J. C., Kassab, G. S., Ouyang, R.-Z., et al.
(2016). Three-dimensional tricuspid annular motion analysis from cardiac
magnetic resonance feature-tracking. Ann. Biomed. Eng. 44, 3522–3538. doi:
10.1007/s10439-016-1695-2

Leng, S., Zhao, X.-D., Huang, F.-Q., Wong, J.-J., Su, B.-Y., Allen, J. C., et al. (2015).
Automated quantitative assessment of cardiovascular magnetic resonance-
derived atrioventricular junction velocities. Am. J. Physiol. Heart Circ. Physiol.
309, H1923–H1935. doi: 10.1152/ajpheart.00284.2015

Frontiers in Physiology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 1295

https://doi.org/10.1186/1476-7120-10-23
https://doi.org/10.11588/ans.2015.100.20553
https://doi.org/10.11588/ans.2015.100.20553
https://doi.org/10.1007/s10439-012-0593-5
https://doi.org/10.1007/s10439-012-0593-5
https://doi.org/10.1038/nrcardio.2014.83
https://doi.org/10.1016/j.jacc.2009.05.013
https://doi.org/10.1002/ehf2.12159
https://doi.org/10.1007/s10741-013-9414-7
https://doi.org/10.1007/s10741-013-9414-7
https://doi.org/10.1093/eurjhf/hfq203
https://doi.org/10.1093/eurjhf/hfq203
https://doi.org/10.1186/1532-429X-18-S1-O79
https://doi.org/10.1002/nme.1057
https://doi.org/10.1186/s12968-016-0258-x
https://doi.org/10.1136/pgmj.2009.184390rep
https://doi.org/10.1042/CS20030153
https://doi.org/10.1016/j.jcmg.2015.07.004
https://doi.org/10.1016/j.jcmg.2015.07.004
https://doi.org/10.1115/1.4030667
https://doi.org/10.1007/s10439-015-1351-2
https://hal.archives-ouvertes.fr/hal-01661810
https://hal.archives-ouvertes.fr/hal-01661810
https://doi.org/10.1152/japplphysiol.00255.2014
https://doi.org/10.1016/j.media.2018.07.007
https://doi.org/10.1016/j.media.2018.07.007
https://doi.org/10.1002/nme.2579
https://doi.org/10.1002/ejhf.630
https://doi.org/10.1161/CIRCULATIONAHA.107.653576
https://doi.org/10.1016/j.ejrnm.2013.06.004
https://doi.org/10.1016/j.ejrnm.2013.06.004
https://doi.org/10.2147/VHRM.S83662
https://doi.org/10.2147/VHRM.S83662
https://doi.org/10.1093/ehjci/jes030
https://doi.org/10.1038/s41598-018-26456-8
https://doi.org/10.1038/s41598-018-26456-8
https://doi.org/10.1161/01.CIR.0000068313.67758.4F
https://doi.org/10.1016/j.jacc.2013.09.052
https://doi.org/10.1016/j.jacc.2013.09.052
https://doi.org/10.1007/s10439-016-1695-2
https://doi.org/10.1007/s10439-016-1695-2
https://doi.org/10.1152/ajpheart.00284.2015
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01295 September 17, 2018 Time: 10:21 # 14

Zou et al. Biventricular Strains of HFpEF

Lo, C., Lai, Y., Wu, J., Yun, C., Hung, C., Bulwer, B. E., et al. (2013). Cardiac systolic
mechanics in heart failure with preserved ejection fraction: new insights and
controversies. Acta Cardiol. Sin. 29, 515–523.

Logg, A., Mardal, K., and Wells, G. (2012). Fenics: Automated Solution of
Differential Equations by the Finite Element Method. Heidalberg: Springer.
doi: 10.1007/978-3-642-23099-8

MacIver, D. H. (2008). A mathematical model of left ventricular contraction and
its application in heart disease. WIT Trans. State Art Sci. Eng. 35, 65–86.
doi: 10.2495/978-1-84564-096-5/04

MacIver, D. H. (2011). A new method for quantification of left ventricular systolic
function using a corrected ejection fraction. Eur. J. Echocardiogr. 12, 228–234.
doi: 10.1093/ejechocard/jeq185

Maciver, D. H., Adeniran, I., and Zhang, H. (2015). Left ventricular ejection
fraction is determined by both global myocardial strain and wall thickness. Ijcha
7, 113–118. doi: 10.1016/j.ijcha.2015.03.007

MacIver, D. H., and Townsend, M. (2007). A novel mechanism of heart failure with
normal ejection fraction. Heart 94, 446–449. doi: 10.1136/hrt.2006.114082

Mangion, K., Gao, H., McComb, C., Carrick, D., Clerfond, G., Zhong, X.,
et al. (2016). A novel method for estimating myocardial strain: assessment of
deformation tracking against reference magnetic resonance methods in healthy
volunteers. Sci. Rep. 6:38774. doi: 10.1038/srep38774

Mansi, T., Pennec, X., Sermesant, M., Delingette, H., and Ayache, N.
(2011). ILogDemons: a demons-based registration algorithm for tracking
incompressible elastic biological tissues. Int. J. Comput. Vis. 92, 92–111.
doi: 10.1007/s11263-010-0405-z

Marcelo, F. D. C., Tal, G., and Ravin, D. (2016). The future of cardiovascular
imaging. Circulation 133, 2640–2661. doi: 10.116/circulationaha.116.023511

Melenovsky, V., Hwang, S.-J., Lin, G., Redfield, M. M., and Borlaug, B. A. (2014).
Right heart dysfunction in heart failure with preserved ejection fraction. Eur.
Heart J. 35, 3452–3462. doi: 10.1093/eurheartj/ehu193

Meris, A., Faletra, F., Conca, C., Klersy, C., Regoli, F., Klimusina, J., et al.
(2010). Timing and magnitude of regional right ventricular function: a speckle
tracking-derived strain study of normal subjects and patients with right
ventricular dysfunction. J. Am. Soc. Echocardiogr. 23, 823–831. doi: 10.1016/j.
echo.2010.05.009

Mohammed, S. F., Hussain, I., AbouEzzeddine, O. F., Abou Ezzeddine, O. F.,
Takahama, H., Kwon, S. H., et al. (2014). Right ventricular function in heart
failure with preserved ejection fraction: a community-based study. Circulation
130, 2310–2320. doi: 10.1161/CIRCULATIONAHA.113.008461

Paulus, W. J., Tschöpe, C., Sanderson, J. E., Rusconi, C., Flachskampf, F. A.,
Rademakers, F. E., et al. (2007). How to diagnose diastolic heart failure:
A consensus statement on the diagnosis of heart failure with normal left
ventricular ejection fraction by the heart failure and echocardiography
associations of the european society of cardiology. Eur. Heart J. 28, 2539–2550.
doi: 10.1093/eurheartj/ehm037

Peng, J., Zhao, X., Zhao, L., Fan, Z., Wang, Z., Chen, H., et al. (2018). Normal values
of myocardial deformation assessed by cardiovascular magnetic resonance
feature tracking in a healthy chinese population: a multicenter study. Front.
Physiol. 9:1181. doi: 10.3389/fphys.2018.01181

Phatak, N. S., Maas, S. A., Veress, A. I., Pack, N. A., Di, E. V. R., and Weiss, J. A.
(2009). Strain measurement in the left ventricle during systole with deformable
image registration q. Med. Image Anal. 13, 354–361. doi: 10.1016/j.media.2008.
07.004

Rabbitt, R. D., Weiss, J. A., Christensen, G. E., Inst, M., Louis, S., and Miller, M. I.
(1995). Mapping of hyperelastic deformable templates using the finite element
method. Proc. SPIE 2573, 252–265.

Taylor, R. J., Moody, W. E., Umar, F., Edwards, N. C., Taylor, T. J.,
Stegemann, B., et al. (2015). Myocardial strain measurement with feature-
tracking cardiovascular magnetic resonance: normal values. Eur. Heart J.
Cardiovasc. Imaging 16, 871–881. doi: 10.1093/ehjci/jev006

Veress, A. I., Gullberg, G. T., and Weiss, J. A. (2005). Measurement of strain in the
left ventricle with cine-MRI and deformable image registration. J. Biomech. Eng.
127, 1195–1207. doi: 10.1115/1.2073677

Veress, A. I., Klein, G., and Gullberg, G. T. (2013). A comparison of
hyperelastic warping of pet images with tagged MRI for the analysis of
cardiac deformation. Int. J. Biomed. Imaging 2013:728624. doi: 10.1155/2013/
728624

Veress, A. I., Weiss, J. A., Huesman, R. H., Reutter, B. W., Scott, E., Sitek, A., et al.
(2008). Measuring Regional Changes in the Diastolic Deformation of the Left
Ventricle of SHR Rats Using microPET Technology and Hyperelastic Warping.
Ann. Biomed. Eng. 36, 1104–1117.

Veress, A. I., Weiss, J. A., Klein, G. J., Gullberg, G. T., and Berkeley, L. (2002).
“Quantification’ of 3D left ventricular deformation using hyperelastic warping:
comparisons between MRI and PET imaging,” in Proceedings of the Computers
in Cardiology (Memphis, TN: IEEE), 709–712. doi: 10.1109/CIC.2002.1166871

Vitarelli, A., Mangieri, E., Terzano, C., Gaudio, C., Salsano, F., Rosato, E.,
et al. (2015). Three-dimensional echocardiography and 2D-3D speckle-tracking
imaging in chronic pulmonary hypertension: Diagnostic accuracy in detecting
hemodynamic signs of right ventricular (RV) failure. J. Am. Heart Assoc. 4,
1–14. doi: 10.1161/JAHA.114.001584

Wang, J., Khoury, D. S., Yue, Y., Torre-Amione, G., and Nagueh, S. F. (2008).
Preserved left ventricular twist and circumferential deformation, but depressed
longitudinal and radial deformation in patients with diastolic heart failure. Eur.
Heart J. 29, 1283–1289. doi: 10.1093/eurheartj/ehn141

Xi, C., Latnie, C., Zhao, X., Tan, J., Le Wall, S. T., Genet, M., et al. (2016). Patient-
specific computational analysis of ventricular mechanics in pulmonary arterial
hypertension. J. Biomech. Eng. 138, 1–9. doi: 10.1115/1.4034559

Yip, G. W.-K., Zhang, Q., Xie, J.-M., Liang, Y.-J., Liu, Y.-M., Yan, B., et al.
(2011). Resting global and regional left ventricular contractility in patients
with heart failure and normal ejection fraction: insights from speckle-tracking
echocardiography. Heart 97, 287–294. doi: 10.1136/hrt.2010.205815

Zhong, L., Gobeawan, L., Su, Y., Tan, J.-L., Ghista, D., Chua, T., et al. (2012). Right
ventricular regional wall curvedness and area strain in patients with repaired
tetralogy of Fallot. Am. J. Physiol. Heart Circ. Physiol. 302, H1306–H1316.
doi: 10.1152/ajpheart.00679.2011

Zhong, L., Ng, K. K., Sim, L. L., Allen, J. C., Lau, Y. H., Sim, D. K., et al.
(2013). Myocardial contractile dysfunction associated with increased 3-month
and 1-year mortality in hospitalized patients with heart failure and preserved
ejection fraction. Int. J. Cardiol. 168, 1975–1983. doi: 10.1016/j.ijcard.2012.
12.084

Zhong, L., Poh, K. K., Lee, L. C., Le, T. T., and Tan, R. S. (2011). Attenuation of
stress-based ventricular contractility in patients with heart failure and normal
ejection fraction. Ann. Acad. Med. Singapore 40, 179–185.

Zou, H., Zhao, X., Ce, X., Lee, L. C., Genet, M., Su, Y., et al. (2016).
“Characterization of patient - specific biventricular mechanics in heart failure
with preserved ejection fraction: hyperelastic warping,” in Proceedings of the
38th Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), Orlando, FL, 4149–4152.

Conflict of Interest Statement: 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.

Copyright © 2018 Zou, Xi, Zhao, Koh, Gao, Su, Tan, Allen, Lee, Genet and Zhong.
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 Physiology | www.frontiersin.org 14 September 2018 | Volume 9 | Article 1295

https://doi.org/10.1007/978-3-642-23099-8
https://doi.org/10.2495/978-1-84564-096-5/04
https://doi.org/10.1093/ejechocard/jeq185
https://doi.org/10.1016/j.ijcha.2015.03.007
https://doi.org/10.1136/hrt.2006.114082
https://doi.org/10.1038/srep38774
https://doi.org/10.1007/s11263-010-0405-z
https://doi.org/10.116/circulationaha.116.023511
https://doi.org/10.1093/eurheartj/ehu193
https://doi.org/10.1016/j.echo.2010.05.009
https://doi.org/10.1016/j.echo.2010.05.009
https://doi.org/10.1161/CIRCULATIONAHA.113.008461
https://doi.org/10.1093/eurheartj/ehm037
https://doi.org/10.3389/fphys.2018.01181
https://doi.org/10.1016/j.media.2008.07.004
https://doi.org/10.1016/j.media.2008.07.004
https://doi.org/10.1093/ehjci/jev006
https://doi.org/10.1115/1.2073677
https://doi.org/10.1155/2013/728624
https://doi.org/10.1155/2013/728624
https://doi.org/10.1109/CIC.2002.1166871
https://doi.org/10.1161/JAHA.114.001584
https://doi.org/10.1093/eurheartj/ehn141
https://doi.org/10.1115/1.4034559
https://doi.org/10.1136/hrt.2010.205815
https://doi.org/10.1152/ajpheart.00679.2011
https://doi.org/10.1016/j.ijcard.2012.12.084
https://doi.org/10.1016/j.ijcard.2012.12.084
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/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Quantification of Biventricular Strains in Heart Failure With Preserved Ejection Fraction Patient Using Hyperelastic Warping Method
	Introduction
	Materials And Methods
	Study Population
	CMR Image Acquisition
	Framework to Obtain the Circumferential, Longitudinal, and Radial Strains
	CMR Images
	Contours Segmentation and Model Reconstruction
	FE Mesh Discretization and Region Partition
	Boundary Conditions Assignment
	Hyperelastic Warping Theory
	Post-processing of Strains
	Strain–Time Curves

	Reproducibility
	Statistical Analysis

	Results
	Patient Demographics
	Peak Systolic Circumferential, Longitudinal, and Radial Strains
	ROC Analysis and Cut-Off Values
	Reproducibility

	Discussion
	LV Strain
	RV Strain
	Septum Strain
	Reproducibility
	Comparability of Strain Values to Other Published Results
	Limitations

	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	References


