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Abstract

Measurement of local strain provides insight into the biomechanical
significance of viable myocardium. We attempted to estimate myocardial strain
from cine cardiovascular magnetic resonance (CMR) images by using a b-
spline deformable image registration method. Three healthy volunteers and 41
patients with either recent or chronic myocardial infarction (MI) were studied at
1.5 Tesla with both cine and DENSE CMR. Regional circumferential and radial
left ventricular strains were estimated from cine and DENSE acquisitions. In
all healthy volunteers, there was no difference for peak circumferential strain
(— 0.18 £ 0.04 versus — 0.18 £ 0.03, p = 0.76) between cine and DENSE
CMR, however peak radial strain was overestimated from cine (0.84 £ 0.37
versus 0.49 + 0.2, p < 0.01). In the patient study, the peak strain patterns
predicted by cine were similar to the patterns from DENSE, including the
strain evolution related to recovery time and strain patterns related to MI scar
extent. Furthermore, cine-derived strain disclosed different strain patterns in
MI and non-MI regions, and regions with transmural and non-transmural MI as
DENSE. Although there were large variations with radial strain measurements
from cine CMR images, useful circumferential strain information can be
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obtained from routine clinical CMR imaging. Cine strain analysis has potential
to improve the diagnostic yield from routine CMR imaging in clinical practice.

Keywords: myocardial strain, deformable image registration, DENSE,
myocardial infarction

(Some figures may appear in colour only in the online journal)

1. Introduction

Cardiovascular magnetic resonance (CMR) imaging has emerged as a gold standard diagnostic
method for in vivo assessment of heart disease and its functional significance (Berry et al 2010,
Isbell and Kramer 2005). Myocardial strain, or deformation, reflects contractility (Leitman
et al 2004) and measurements of local strain patterns by using CMR provide insights into the
biomechanical significance of viable myocardium (Aletras et al 2011).

Myocardial strain estimated from dedicated CMR contains biomechanical information
that is much more closely linked to contractility than displacement imaging with anatomical
cine CMR. There are several CMR techniques for estimating strain including tagged CMR
(Zerhouni et al 1988), cine phase-contrast velocity imaging (Jung et al 2006), strain-encoded
CMR (Osman et al 2001) and displacement encoding with stimulated-echo (DENSE) (Aletras
et al 1999). Each modality has advantages and disadvantages (Ibrahim el 2011). Tagged CMR
is a validated tool for quantification of left ventricular (LV) strain from two-dimensional
(2D) to 3D (Moore et al 2000). However, tagged CMR has some limitations including rather
complex processing, low resolution (in radial direction), and difficulties in estimating strain
in late diastole due to the fading of tag patterns (Li and Denney 2006, Xu et al 2010). Cine
phase-contrast velocity imaging is also susceptible to artefacts related to tissue motion. The
advantages of strain-encoded CMR include the short acquisition time, simple post-processing
and high temporal resolution, however it measures strain only in the through-plane direction
and does not permit motion tracking (Neizel et al 2009). DENSE is a recently developed
technique which combines the advantages from both tagged CMR and cine phase-contrast
velocity imaging with high spatial resolution (Wen ez al 2008). It has also been validated against
tagged CMR in phantom and clinical studies (Kim ez al 2004). Using DENSE, myocardial
strain can be estimated in longitudinal, circumferential and radial directions. Although DENSE
is a promising research tool (Aletras e al 1999, Nasiraei Moghaddam e al 2010) it still requires
separate breath-hold scans in addition to the standard cine CMR. The DENSE breath-holds are
typically long (> 15 s) which may be less well tolerated by infirm patients with breath-holding
difficulties or may result in imperfect data due to respiratory motions (Kim and Kellman 2007).

Most clinical CMR laboratories do not estimate strain because of challenges in acquiring
high quality strain data and estimating strain in post-processing. Since cine CMR is always
performed to assess anatomy and function (Castillo er al 2003), innovative approaches to
measure strain from cine scans are desirable. Techniques such as deformable methods and
feature tracking have been developed for myocardial strain estimation based on cine CMR
images (Veress et al 2005, Feng et al 2008, Mansi et al 2009, Hor et al 2010). There are
mainly two types of deformable methods, one is the shape-based matching in which LV
deformation is estimated by matching geometry features, such as curvature (Sinusas et al
2001) or corner points from images (Shi et al 2009). Sinusas et al (2001) quantified regional
myocardial deformation during diastole in eight canines with cine CMR by using a 3D shape-
based matching, which tracked the 3D trajectories of a field of points from endocardial and
epicardial surfaces. Local myofibre strain was calculated using the finite element method under
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linear and infinitesimal deformation assumptions. Papademetris et al (2002) applied a similar
method to estimate myocardial deformation in open chest dogs before and after coronary
occlusion. The estimated strains from the same animals were highly correlated to the values
derived from implanted markers. Conti ef al (2011) calculated strains with point tracking from
cine CMR with a virtual heart phantom, and compared these data with strains from a finite
element model. They found that local strains agreed well with the results from finite element
modelling.

The second approach, also known as deformation registration, is to seek LV deformation
by matching the image features, such as intensity and mutual information (Rueckert et al
1999). This approach involves deforming one image (target) into another image (reference)
by minimizing a certain energy function, such as hyper-elastic warping with finite element
representation of LV (Veress et al 2005, Phatak et al 2009), and non-rigid registration (Feng
et al 2008, Rueckert et al 1999). Wierzbicki et al (2004) estimated the epicardial surface
motion from an excised porcine heart with a non-rigid registration method, and validated the
estimated motion with tracking of implanted fiducial markers. They also studied the dynamic
heart motion with CT images of canine subjects, and with CMR images of human subjects.
Their results suggested that the non-rigid registration method could track the heart motion well
with appropriate similarity metrics, especially for the epicardial surface. However, the accuracy
of estimated strains from the non-rigid registration method was not evaluated. Bistoquet et al
(2007) used an incompressible model to estimate LV strain by matching the mid-surface of
the left ventricle and maximizing mutual information. The recovered LV wall deformation
and strains agreed well with tagged CMR scans. Veress et al (2005) developed a hyper-elastic
warping method for LV strain during diastole by using cine CMR from a healthy volunteer, and
compared the strain data with results from a finite element model. They used image intensity
differences from the reference and target images to generate a body force to deform a finite
element representation of the reference image so that the two images could be aligned. Later,
the work was extended to estimate LV strain in systole (Phatak et al 2009), and validated
with tagged CMR. They demonstrated that deformable image registration method could be an
alternative method for quantifying regional LV deformation. However, one limitation was that
their models required information on detailed myofibre structure, which is difficult to obtain
in vivo.

The methods for 3D LV strain estimation from cine CMR require complex modelling
techniques and imaging processing (Veress et al 2005, Conti et al 2011). Accordingly, 2D based
LV strain estimation from cine CMR could be more applicable in a clinical setting provided
there is adequate diagnostic limited accuracy for circumferential, radial and longitudinal
strains. By using 2D strain analysis, Hor ef al (2010) demonstrated that the mid-LV whole
slice systolic circumferential strain, obtained from Duchenne muscular dystrophy patients
with feature tracking, agreed well with harmonic phase imaging analysis. Subsequently the
method was successfully applied to detect LV motion and strain during dobutamine stress
(Schuster et al 2011). Augustine et al (2013) measured global and regional myocardial strains
from cine CMR in 145 healthy volunteers with a feature tracking software. They found that the
measured circumferential strain showed reasonable agreement with tagging measurement but
not in longitudinal and radial strains. Feature tracking may fail due to inadequate local features
for tracking and may not necessarily be accurate due to the limited information that is used.
Deformable methods may overcome some of those limitations by incorporating information
from a large image domain. Feng et al (2008) proposed a method based on b-spline non-rigid
registration for computing 2D strains from cine CMR in both healthy volunteers and patients
with myocardial infarction (MI), and they demonstrated that LV diastolic strain from cine
images could be used to measure the changes in diastolic function in hypertensive patients.
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However, there is a lack of information on the comparative accuracy of cine strain analysis
with deformable methods and in vivo measurements such as DENSE, especially in patients
with heart disease.

In this study, we developed a b-spline deformable method for estimating 2D strains
(circumferential and radial strains) from short-axis cine CMR images in three healthy
volunteers and 41 patients with either recent or chronic MI. Strain derived from cine CMR and
its patterns were compared with DENSE, including the relationships between strain patterns
and the transmural extent of scar and recovery time. This is the first direct comparison between
cine CMR and DENSE on estimating 2D strains in both healthy volunteers and patients with
MI. DENSE has a high degree of accuracy but also some limitations (Wen et al 2008), while
cine CMR is routinely available. Therefore, we were interested in assessing whether or not LV
strain estimated directly from cine CMR can be used to discriminate viable from non-viable
myocardium as compared with DENSE.

2. Methods

2.1. CMR image acquisition

CMR studies were performed on three healthy volunteers (all male, aged 22—41 years old) and
41 MI patients (age: 59 + 10, male: 31, female: 10). The patients were grouped according
to a history of recent (<10 days post-MI, 16 patients) or chronic MI (>3 months post-MI,
25 patients). The local ethics committee approved the study protocol and all participants gave
written informed consent.

CMR scans were performed on a Siemens MAGNETOM Avanto (Erlangen, Germany)
1.5-Tesla scanner with an 8-element phased array cardiac surface coil. CMR protocols included
breath-hold steady state free precession cine, displacement encoded with simulated echoes
(DENSE) and late gadolinium enhancement (LGE) phase sensitive inversion recovery (PSIR)
(Payne et al 2011). Cine, DENSE and LGE CMR scans were obtained at the same position
and only short-axis scans were post-processed in this study.

Cine CMR: Breath-hold steady state free precession cine was performed for assessing LV
structure and function. Typical imaging parameters were: TR: 3.3 ms, TE: 1.21 ms, matrix
size: 256 x 144, FOV: 360 x 255 mm?, slice thickness: 7 mm, flip angle: 70°, receiver
bandwidth: 930 Hz pixel !, at least 25 phases per cardiac cycle.

DENSE CMR: A 2D cine DENSE pulse sequence with short-echo-train echo-planar
imaging readout was performed to measure 2D in-plane displacement vectors in two orthogonal
encoding directions during a breath-hold of 15-20 s. Typical imaging parameters were:
TR: 15 ms, TE: 8 ms, matrix size: 128 x 48, FOV: 448 x 168 mm?2, slice thickness:
8 mm, flip angle: 6°, receiver bandwidth: 1300 Hz pixel !, displacement-encoding sensitivity:
0.72 radian mm~!, 20 phases per cardiac cycle. The average of two acquisitions was used
to suppress noise. In the healthy volunteer study, since strain analysis by DENSE may not
be applicable to every short-axis scan due to limitations related to a thin myocardial wall
or dynamic motion of the LV apex, 12 short-axis scans were available for strain analysis by
DENSE and cine CMR. In the patient study, due to the long breath-hold time with DENSE
scans, only one short-axis scan was available for each patient, usually at the mid-ventricular
level.

Late gadolinium enhancement (LGE) CMR: Ten minutes after intravenous injection of
0.10 mmol kg~ of gadoterate meglumine (Gd**~DOTA, Dotarem, Guebert SA), LGE imaging
was performed with a segmented PSIR turbo fast low-angle shot (PSIR-FLASH) (Kellman et al
2002). Typical imaging parameters were: TR: 8.7 ms, TE: 3.36 ms matrix size: 156 x 256,
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Figure 1. Strain estimation from the cine CMR images of a healthy volunteer: (a)
Endocardial and epicardial boundaries with pre-defined six regions; (b) end-systolic
circumferential strain map; (c) end-systolic radial strain map.

FOV: 292 x 360 mm?, slice thickness: 8 mm, flip angle: 25°, receiver bandwidth: 130 Hz
pixel !

2.2. DENSE and LGE CMR image processing

DENSE images were post-processed by C.M. with DENSEView (National Institutes of Health,
Bethesda, MD), a semi-automatic software that allows displacement maps and regional strain
values to be obtained from DENSE CMR (Wen et al 2008). DENSE has been validated by
different research groups, including in phantoms (Aletras et al 1999) and using tagged CMR
as a reference standard for comparison (Kim et al 2004). LGE images were processed by an
experienced cardiologist who was blind to the strain analysis. The MI scar score was reported
for describing MI transmural extent as: 0: none, 1: 1%-25%, 2: 26%—50%, 3: 51%—75%, 4:
76%—-100%, in which 0% represents unaffected myocardium, 100% represents totally non-
viable myocardium. In this study, regional myocardial strain values from DENSE were used
as reference standards to assess the accuracy of strain estimations from cine images. Each LV
short-axis image was divided into six regions as anterior, anteroseptal, inferoseptal, inferior,
inferolateral, and anterolateral (as shown in figure 1(a)).

2.3. Strain derived from cine CMR

Short-axis cine CMR images (o, /i, ...1,) were obtained at the same position as DENSE
scans, and processed with an in-house code written in Matlab (The Mathworks, Natick, MA).
The image which corresponds to the end-diastole (ED) cardiac phase was considered as
the initial reference (/), the other phases (I, cur = 1,...,j) were registered back to the
previous phase (/f, ref = j — 1) by using a b-spline deformable image registration method
(Rueckert et al 1999) which minimizes the sum of squared differences between the two phases,
defined as

1 N
SSD = N ; (het (Pi) — Teur (pi + T (pi))* ey

where N is the number of total pixels, I is the reference image, I, is the current image for
registration, p; is the pixel position, and T is the inter-phase deformation transformation which
is modelled with low resolution uniform cubic b-splines (compared to the image resolution)
lying in the same image domain of Lt (2 = {(x, )0 <x < X,0<y <Y} (X, Y are the
image size) with a uniform mesh of n, x n, control points, the displacement field associating
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with the coarse mesh is denoted as d; g (0 <J<n;0<K < ny), therefore for any position
(x, y), the deformation field can be approximated by

3003
Ty =Y BBu)dy ki @)
1=0 m=0
where J = integer(x/h,) — 1, integer(.) operator is the integer part of x/h,, h, = X/(n, — 1),
u=x/h,—J, K = integer(y/hy,) —1,h, =Y/(n,—1),v = y/h,— K, and B, (u) represents the
Ith basis function of the cubic b-spline. The basic theory of b-spline deformable registration is
that by manipulating the initial control points in the coarse mesh, the tentative solution of d;
in those n, x n, control points is obtained from an optimization procedure by minimizing the
squared difference of pixel intensities (equation (1)). The registration procedure was designed
as Iy <— I} <, ... < I, to cover a whole cardiac cycle.
In order to maintain the smoothness of the b-spline based transformation 7', a penalty
term was introduced to regularize 7" as
R 1 9T 282T 9T ded 3
eg_A//8x2+ 8xy+8y2 Y )
where A is the area of the image domain. Reg denotes the curvature of the coarse mesh and
associates with the smoothness of 7. The final solution of 7'was formulated as an optimization
problem by minimizing a cost function C consisting of similarity measurement (SSD) and the
regularization (Reg),

C = SSD(Uret, T (Leur)) + A Reg(T) “

where A represents the weighted or penalty parameter. The limited memory quasi-
Newton Broyden—Fletcher—Goldfarb—Shanno method was used for the optimization procedure
(Rueckert et al 1999).

Endocardial and epicardial boundaries were manually segmented in [y, and then 7 was
automatically calculated for all other phases, propagating from ED to end-systole (ES) and
back to ED. The LV wall from cine image was also divided into six regions as shown in
figure 1(a), which was consistent with DENSEView for circumferential and radial strain
calculations. The 2D deformation gradient F is calculated as

F Fp ox
F = = — 5
[le F22i| 0X )

where x denotes the position vector in I, and X is the corresponding position vector in I.
Then the finite strain tensor E at X is defined as

E=1F"F-I (6)

where I is the identity matrix. A rotation process was applied based on the LV shape centre
for calculating circumferential and radial strains,

Ecr=R"ER 0
cp r . . C e . .
where R =[Cl rl]; ¢ = [cyc3] is the circumferential direction, r = [ryr;] is the radial
2 I

direction, then Ecr(1, 1) is the circumferential strain and Ecr(2, 2) is the radial strain, their
definitions were consistent with DENSEView. Figures 1(b), (c) shows an example of end-
systolic circumferential and radial strains recovered from cine images. The end-systolic radial
strain is less homogeneous compared to the circumferential strain. This difference may have
resulted from the lack of local features for the b-spline deformable registration method to
accurately recover the radial motions (such as the inferior insertion of the right ventricle to the
left ventricle (figure 1(c)).
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2.4. Strain estimation from the demons-based method

The demons deformable image registration method, proposed by Wang et al (2005), was
implemented for strain estimation from the same short-axis cine CMR images of healthy
volunteers to compare with the employed b-spline deformable method. The basic idea of
demons is to determine a regular grid of forces which can deform the moving image I,
into the fixed image I.;. The demons force f is calculated from the optical flow equation,
defined as

f _ (I I ) ( VIref + VIcur )
=  Mref
o * |Vlref|2 + (Iref - Icur)2 |Vlcur|2 + (Iref - Icur)2

V is the gradient operator. Equation (8) is solved iteratively, in each iteration, the deformation
field is regularized by a Gaussian filter with a variance of 0. & was chosen to be 3 based on
‘trial and error’. Circumferential and radial strains from the demons method were calculated
in the same way as the b-spline deformable method. Note that cine-derived strain in this study
is referred to the b-spline derived strain from cine CMR, even though the demons method used
same cine CMR images.

®)

2.5. Statistical analysis

Peak circumferential and radial strains at pre-defined myocardial regions were identified at
end-systolic phase from cine and DENSE, respectively. For each region, peak strain values were
expressed as mean = SD, and compared with the results from DENSE. The agreements were
analysed by linear correlation analysis, Mann—Whitney U-test and Bland—Altman analysis.
In the healthy volunteer study, except for the peak strain comparison, the strain curves from
six pre-defined regions were also compared with the results from DENSE by using linear
correlation analysis. Please refer to the appendix for the sample size calculation for the healthy
volunteer study. In the patient study, peak strains were further compared with (1) recent and
chronic MI states and (2) the transmural extent of MI. Receiver operating curve (ROC) of
peak circumferential and radial strains derived from cine CMR images by using the b-spline
deformable method and DENSE were performed for the distinction of (1) myocardial regions
with MI from regions without MI, and (2) myocardial regions with transmural MI and regions
with non-transmural MI. Statistical analysis was performed using Matlab (The Mathworks,
Natick, MA), a probability value <0.05 was taken as statistically significant.

3. Results

3.1. Strain comparison in healthy volunteers

Figure 2 shows an example of myocardial strain estimations in six regions at a mid-ventricular
short-axis level. The first row shows that the b-spline deformable method is able to track the
motion of LV wall from ED to ES and back to late diastole. The second and third rows show
the circumferential and radial strain curves estimated from cine and DENSE. Generally the
trends of circumferential and radial strains estimated from DENSE have been well captured
from the corresponding cine images with the b-spline deformable image registration method.
The average linear correlation coefficients for the six-paired curves were 0.94 + 0.02 for
circumferential strain, 0.93 + 0.06 for radial strain, and both were highly correlated (p < 0.05
for all comparisons). The average absolute circumferential strain difference was 0.02 4+ 0.01
in one cardiac cycle; the difference for the radial strain was greater than the circumferential
strain, which was 0.2 £ 0.015. Some time lag between cine and DENSE derived strain curves
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Figure 2. An example of strain estimation from the cine CMR images (solid) of a healthy
volunteer compared with DENSE (dashed). The first row illustrates the LV wall motion
tracked by the b-spline deformable model, enclosed by the endocardial and epicardial
boundaries; the second row is the time course of circumferential strain estimated from
cine (solid) and DENSE (dashed) scans; the third row is the time course of radial strain
estimated from cine (solid) and DENSE (dashed) scans.

occurred which might be due to use of different phases in the DENSE acquisition. The similarity
measurement by linear correlation analysis showed that, in 71 out of 72 regions from 12 short-
axis scans, the cine-derived circumferential strain curves were significantly correlated with
those from DENSE (p < 0.05 for all comparisons), with an averaged correlation coefficient
of 0.88; radial strain curves from 67 out of 72 regions were correlated (r = 0.87, p < 0.05 for
all comparisons).

The comparisons for peak circumferential and radial strains between cine and DENSE
CMR are shown in figure 3. There was no difference in peak circumferential strain between
cine and DENSE (p = 0.76) with a zero mean bias (figures 3(a), (c)). However peak radial
strain differed when estimated by cine versus DENSE (p < 0.01) (figure 3(b)). The peak radial
strain estimated from cine was higher than the strain values measured with DENSE, mean bias
of 0.35 (figure 3(d)), suggesting that the b-spline deformable model overestimated peak radial
strain in healthy LV.

3.2. Strain comparison in patients with M/

Figure 4 shows an example of an end-systolic LV strain map from a patient who underwent
CMR two days after an anteroseptal MI. Figure 4(a) is the LGE CMR image, showing
transmural MI in the anterior region (MI score 4) and non-transmural MI in the anteroseptal
region (MI score 1). Figures 4(b), (c) shows the end-systolic circumferential and radial strain
maps, respectively. In this example, there is close spatial correspondence between the observed
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Figure 3. Myocardial strain comparisons for the three healthy volunteers: peak
circumferential (a) and peak radial strain (b) comparison between cine and DENSE
approaches, Bland—Altman analysis for peak circumferential strain (c) and peak radial
strain (d).

0.1

(b) (©

Figure 4. A left ventricular end-systolic strain maps computed from the cine CMR
scans of a patient two days after an acute anterior transmural MI: (a) transmural MI in
the anterior region delineated with late gadolinium enhancement CMR (MI score: 4)
and non-transmural MI in the anteroseptal region (MI score: 1); (b) a co-registered
end-systolic circumferential strain map and end-systolic radial strain map (c).

reductions in end-systolic strain and the distribution of LGE in the MI regions (circumferential
strain (figure 4(b)): red equates to lower strain, blue to higher strain with negative value,
reflecting fiber shortening and contraction; radial strain (figure 4(c)): red equates to higher
strain with a positive value, indicating wall thickening, blue to lower strain).
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Figure 5. Peak circumferential strain comparison for regions-of-interest in the infarct
zone (MI regions: n = 88) (a) and remote zones (non-MI regions: n = 158) (b), and the
corresponding Bland—Altman analysis at MI regions (c) and non-MI regions (d) from
the 41 patients.

Peak circumferential strain. Figures 5(a), (b) shows the comparison of peak
circumferential LV strain estimated from cine and DENSE between MI and non-MI regions
for all 41 MI patients. Overall, peak circumferential strain was similar when estimated by cine
and DENSE although a small difference was observed for strain measured in MI regions (p =
0.02). Peak circumferential strain from both cine and DENSE had a lower value in MI regions
(figure 5(a)) than in non-MI regions (figure 5(b)). Figures 5(c), (d) is the Bland—Altman plots
for peak circumferential strain in MI and non-MI regions. A weak and positive correlation
existed between the mean measured peak circumferential strain and its difference in non-MI
region with » = 0.21 (p = 0.003), indicating that peak circumferential strain measured from
cine images was slightly smaller than the value from DENSE when true strain was small, and
higher when true strain was greater.

Peak radial strain. Figures 6(a), (b) shows peak radial strain comparisons between MI and
non-MI regions. Peak circumferential and radial strains were lower in MI region compared to
non-MI regions. Peak radial strain estimated by cine and DENSE had closer agreement in MI
regions than in non-MI regions, however peak radial strain from cine was higher than strain
derived from DENSE (p < 0.01) in non-MI regions. This over-estimation also existed in the
healthy volunteer study as shown in figure 3(b). Figures 6(c), (d) shows the Bland—Altman
plots for peak radial strain in MI and non-MI regions, greater agreement existed in MI regions
than non-MI regions, associated with a larger mean bias (0.2). Overall, peak radial strain
patterns estimated from cine agreed with strains measured from DENSE.
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Figure 6. Peak radial strain comparison for regions-of-interest in the infarct zone
(MI regions: n = 88) (a) and remote zones (non-MI regions: n = 158) (b), and the
corresponding Bland—Altman analysis at MI regions (c) and non-MI regions (d) from
the 41 patients.

Peak strain versus patients’ recovery time and MI degree. Peak circumferential strains
between the recent and chronic MI patient groups are shown in figure 7(a). For both groups,
there was no difference between cine CMR and DENSE derived strain. Strain values in
MI regions from the acute group were: — 0.087 £ 0.04 from cine, — 0.07 £ 0.04 from
DENSE, consistent with a loss of contractility in acute MI. After three months follow up,
peak circumferential strain at MI regions increased to — 0.12 £ 0.05 (cine)/— 0.11 &+ 0.05
(DENSE). However peak circumferential strain at non-MI regions after three months had
not changed (recent group: — 0.16 + 0.04 (cine), — 0.16 & 0.03 (DENSE) versus chronic
group: — 0.17 £ 0.04 (cine), — 0.166 = 0.03 (DENSE)). Figure 7(b) shows peak radial
strain between the recent and chronic groups, and similar results were observed as with peak
circumferential strain.

Figure 8 shows the relationship between peak strains in MI regions and MI transmural
extent. Peak strains from cine and DENSE showed very close correspondence and decreased
as the transmural extent of MI increased from MI score 1 to 4.

Distinction of MI and non-MI regions. From figures 5 and 6, non-MI and MI regions could
be distinguished using peak circumferential and radial strains, shown in table 1 and figure 9.
Figure 9(a) is the performance of peak circumferential strain for detecting non-MI and MI
regions. The area under the curve (AUC) was 0.80 (95% confidence interval (CI): 0.74-0.86)
for cine-derived circumferential strain, slightly lower than DENSE derived circumferential
strain (AUC 0.88, 95% CI: 0.84-0.93). Figure 9(b) is the performance of peak radial strain
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Figure 7. Myocardial strain in patients with either recent or chronic MI for (a) peak
circumferential and (b) radial strains in MI and remote (non-MI) regions respectively,
along with average values and box plots. Mann—Whitney U-test is used to determine
the significance of a difference, n is the number of regions.
Table 1. Accuracy of peak circumferential and radial strains from cine CMR and DENSE
for detection of myocardial regions with and without MI.
Circumferential (cine)  Circumferential (DENSE)  Radial (cine) Radial (DENSE)
Sensitivity 0.77 0.81 0.82 0.67
Specificity 0.71 0.79 0.88 0.81
Cut-off value  —0.14 —0.13 0.44 0.32
AUC 0.80 0.88 0.87 0.78
95% CI 0.74-0.86 0.84-0.93 0.83-0.93 0.72-0.83

AUC: area under curve; CI: confidence interval.

for detecting non-MI and MI regions, the AUC for cine-derived radial strain was 0.87 (95%
CI: 0.83-0.93), higher than DENSE derived radial strain (AUC: 0.78, 95% CI: 0.72-0.83).
The higher performance for peak radial strain from cine CMR images could be due to the
overestimation in non-MI regions, but not in MI regions (figures 6(a) and (b)). Overall, strains
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Figure 8. The relationship between peak strain values and different MI scores from 1 to
4: (a) peak circumferential strain; (b) peak radial strain, along with average values and
box plots. Mann—Whitney U-test is used to determine the significance of a difference, n
is the number of regions.
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Figure 9. ROCs of peak circumferential (a) and radial (b) strains from cine CMR and
DENSE for the distinction of MI and non-MI regions.

estimated from cine CMR images by the b-spline deformable method and from DENSE
allowed discrimination between MI and non-MI regions with similar accuracy.

Distinction of non-transmural MI and transmural M1 regions. According to the transmural
score, MI regions were further divided into two groups as the non-transmural group with MI
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Figure 10. ROCs of peak circumferential (a) and radial (b) strains derived from cine
CMR images and DENSE for the distinction of transmural and non-transmural MI
regions.

Table 2. Accuracy of peak circumferential and radial strains from cine CMR images
and DENSE for detection of myocardial regions with transmural and non-transmural
MI.

Circumferential (cine)  Circumferential (DENSE) Radial (cine) Radial (DENSE)

Sensitivity 0.70 0.70 0.67 0.70
Specificity 0.60 0.58 0.80 0.71
Cut-off value  —0.11 —0.09 0.26 0.24
AUC 0.70 0.66 0.72 0.70
95% CI 0.58-0.82 0.54-0.78 0.61-0.84 0.58-0.81

AUC: area under curve; CI: confidence interval.

scar extent less than 50% (MI scores 1 and 2) and the transmural group with MI scar extent
higher than 50% (M1 scores 3 and 4). The ROC analysis suggested that the transmural MI group
could also be distinguished from the non-transmural MI group, shown in table 2 and figure 10.
Figure 10(a) is the performance of peak circumferential strain derived from cine CMR images
with AUC 0.70 (95% CI: 0.58-0.82), slightly higher than DENSE derived strain (AUC 0.66,
95% CI: 0.54-0.78). Similar results were found for peak radial strain (figure 10(b)).

3.3. Comparison with the demons method

Figure 11 shows an example of strains estimated from the implemented demons method
(dotted), compared with the b-spline method (solid) and DENSE results (dashed). Strains
derived from the demons method were comparable to the strains estimated from the b-spline
method and DENSE, but some discrepancies existed, such as an overestimation of peak radial
strain, as shown in figure 11 (the bottom panel). The average peak circumferential strain for
the three volunteers from the demons method was —0.165 £ 0.05, lower than the values from
the b-spline method (p = 0.04) and DENSE (p = 0.02). The average peak radial strain was
1.25 £ 0.5, which was significantly higher than both values from the b-spline method and
DENSE (p < 0.01).
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Figure 11. An example of myocardial strain estimation from the cine CMR images of
a healthy volunteer by using the demons method (dotted), b-spline deformable method
(solid), compared with DENSE results (dashed). The first row is the time course of
circumferential strains in the pre-defined six regions; the second row is the time course
of radial strains.

4. Discussion

The clinical significance of heart disease can only be fully appreciated with knowledge of
myocardial function. Accordingly, myocardial strain is more informative about contractility
than displacement and motion (Gotte et al/ 2001). Furthermore, myocardial strain is a stronger
predictor of survival than LV ejection fraction which is typically derived by measurement
of LV wall motion (Stanton et al 2009). Strain CMR and related image processing methods
have been developed to estimate LV strains but these methods require additional scans, which
may involve long breath-holds and may also prolong the CMR scan duration. In this study,
myocardial strain was estimated from conventional cine CMR by using a b-spline deformable
image registration method, and the results were validated with DENSE derived strain from
healthy volunteers and patient datasets. Our results are clinically relevant since our findings
suggest that strain could be estimated from standard cine scans without the need for extra
strain-specific breath-hold scans.

In the healthy volunteer study, circumferential strains estimated from cine agreed well
with those from DENSE with negligible bias for peak values from Bland—Altman analysis,
but with a more dispersed range and slightly higher average value (—0.18 £ 0.04). Peak
circumferential strains from cine CMR were comparable to the ranges reported by Moore
et al (2000), around —0.2, Nasiraei et al (Nasiraei Moghaddam et al 2010), around — 0.18,
and Augustine et al (2013), around — 0.18. Radial strains estimated from cine CMR were
not as good as circumferential strains when compared with DENSE, and similar results have
been reported by Augustine et al (2013). The average peak radial strain in our study was
higher than DENSE derived values, and also higher than the ranges from Moore ef al’s study,
around 0.44 for septal wall and lateral wall, and from Nasiraei et al’s study, around 0.54.
The reason for the greater agreement in circumferential strains with other studies might relate
to myofibre orientation which is more homogeneous in the circumferential direction than in
the radial direction (Waldman et al 1985), which means that circumferential strain is more
homogeneous. The strain estimation can be improved by incorporating myofiber orientation
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in the developed b-spline deformable method. In the current implementation, for a short-axis
scan with 35 phases in one cardiac cycle, it takes around 5 min using the MATLAB. The
computational time can be significantly reduced by using more efficient solvers in future.

In figures 5 and 6, peak strains in the MI regions were much lower than the non-MI
regions from both cine and DENSE derived values. From the corresponding ROC analysis, the
differences between the peak circumferential and radial strains in the MI and non-MI regions
could provide a way to assess abnormalities in regional myocardial function. The accuracy
of distinction of regions with MI from regions without MI by using cine-derived strains was
comparable to DENSE derived strains (table 1). After acute MI, myocardial contractility is
impaired in the affected regions. However, contractility may improve over time under the
favourable influence of endogenous healing, coronary collateral blood flow and secondary
prevention therapies. In our study, both peak circumferential and radial strains in MI regions
were greater in the chronic MI group compared to the recent MI group, and our findings
are consistent with those of Antoni et al (2010) and Pahlm-Webb et al (2009). In figure 8,
there was a progressive decrease in peak circumferential and radial strain values related to the
transmural extent of the infarction, which is also consistent with previous findings (Sachdev
et al 2006). The relationship between the decreased strain and MI transmural extent could also
be used for distinguishing MI transmurality (Neizel et al 2009) by using cine-derived strains,
which had similar accuracy as strains derived from DENSE (table 2).

In general, we have demonstrated that myocardial strain estimation from cine CMR using
the b-spline deformable method could be an alternative option during clinical practice when
strain CMR is not available (Phatak et al 2009), particularly for patients with difficulties in
acquiring high quality strain CMR data. Our results indicate that peak circumferential strain
derived from cine CMR would be the preferred option, and this fits well with prior clinical
data supporting the diagnostic value of this circumferential strain for assessing myocardial
viability (Soleimanifard e al 2012), and is being widely used (Altiok ez al 2013, Becker et al
2009, Koos et al 2013). Although the peak radial strain was overestimated from the cine CMR
for healthy volunteers and non-MI regions in patients, there was a high level of agreement for
MI regions between cine-derived radial strain values and DENSE. Useful information could
still be derived from peak radial strain patterns for myocardium viability assessment as shown
in tables | and 2. We remark that the absolute value of peak radial strain estimated from the
b-spline method needs to be interpreted with caution, especially for the viable myocardium,
and should be used in conjunction with the circumferential strain.

Validation of deformable image registration methods is challenging and technical
approaches may require implanted markers, or dedicated experiments, which may not feasible
in clinical practice (Wierzbicki et al 2004). In this study, the cine-derived strains from the
developed b-spline method were compared with DENSE. We also compared our method with
the demons method (Wang et al 2005), which is based on grey-scale deformable registration.
The comparison with demons deformable registration method with three healthy volunteer
showed that the b-spline deformable method could estimate regional strains closer to DENSE.
As suggested by Kashani et al, no deformable registration method can predict deformation
uniformly accurate across all regions (Kashani et al 2008), therefore the closer strain estimation
from the developed b-spline method requires a more rigorous evaluation.

The discrepancy between cine CMR and DENSE derived strains (especially the radial
strains in healthy myocardium region) can be influenced by following factors. (1) The
developed b-spline deformable image registration method depends on the intensity information
for deforming the images; therefore it will be affected by image qualities. In the CMR scan,
the patients and volunteers were asked to hold the breath to minimize the motions related
to respiration, but small amount of respiratory motions still exist. This may contribute to the
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uncertainties, which also exist in DENSE. (2) As reported in Wierzbicki’s study (Wierzbicki
et al 2004) and others (Kashani er al 2008), the non-rigid registration method can track
boundaries, such as the epicardial surface, with reasonable resolution, but not so well within
myocardium tissue because of limited contrast. This is the reason for the inhomogeneous
estimated strains from cine CMR in figures 1(b) and (c). (3) The trabeculated myocardial
layer can also contribute to measurement variability, especially for radial strain estimation.
The reason for that is because the trabeculated myocardial layer attaches to the LV wall during
diastole and then move markedly along the radial direction during systole. The large motions
from the trabeculated myocardial layer can be interpolated into the LV wall by the b-spline
deformable model (equation (2)). This fact may explain the much higher peak radial strain
from cine images when compared to the values from DENSE. Furthermore, since there is
generally greater noise with radial strain estimates with DENSE than with circumferential
estimates (Wen et al 2008, Ibrahim el 2011), limitations with the DENSE reference method
may also contribute to the lower agreement with radial strain.

Future works should focus on (1) maintaining the symmetry and inverse-consistency of the
estimated deformation field in the employed b-spline deformable image registration method
(Guetter et al 2011); (2) incorporating more features for accurate pixel-wise strain map
estimation, such as curvature (Sinusas et al 2001), myocardium incompressibility (Bistoquet
et al 2007); (3) 3D strain estimation from cine CMR; (4) finally our results should be examined
in larger patient cohorts, including different cardiac conditions.

5. Conclusions

In this study, myocardial strain estimated from conventional cine CMR using b-spline
deformable image registration technique was compared with DENSE, which served as a
reference method. Our results showed that the peak circumferential and radial strains from
cine images were comparable to the values from DENSE for both healthy volunteers and
patients with MI. Cine-derived strain disclosed different strain patterns in MI and non-MI
regions as was also the case with DENSE, and characterized myocardial viability with similar
accuracy as DENSE. Large variations existed in radial strain estimates such that radial strain
values were potentially inaccurate and might not be clinically useful. Overall, this work
demonstrated that useful strain information can be obtained from routine cine CMR scans.
From a clinical perspective, strain estimation from cine CMR may be most useful when strain
CMR is not performed or available.
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Appendix. Sample size calculation for the healthy volunteer study

There were 12 short-axis slices available for strain measurements by DENSE and cine CMR
in the healthy volunteer study. Strain estimation with each method was compared based on six
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pre-defined LV regions in each short-axis slice, which means that the total data set included
72 points rather than 3. If the estimated peak circumferential strain from cine CMR images
is a normal distribution with a standard deviation o no more than 0.05 and the margin error
M is 0.02, then to achieve 95% confidence that the estimated circumferential strain is within
a distance of M of the true mean, the minimum sample size for regional peak circumferential
strain would be

n =402 /M? = 25 (data points).
For regional peak radial strain, as with the regional peak circumferential strain and assuming
that strain follows a normal distribution with a standard deviation ¢ no more than 0.4 and the
margin error M is 0.1, then to achieve 95% confidence that the estimated radial strain is within
a distance of M of the true mean, the minimum sample size for regional peak radial strain
would be

n =402 /M? = 64 (data points).
Although only three healthy volunteers were included for the healthy volunteer study and in

fact the data points obtained from these three healthy volunteers (72) exceeded the required
minimum sample sizes.
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