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An outstanding challenge in modelling biomechanics after myocardial infarction (MI) is to estimate the so-called
growth tensor. Since it is impossible to track pure growth induced geometry change from in vivo magnetic
resonance images alone, in this work, we propose a way of estimating a surrogate or apparent growth tensor of
the human left ventricle using cine magnetic resonance (CMR) and late gadolinium enhanced (LGE) images of 16
patients following acute MI. The apparent growth tensor is evaluated at four time-points following myocardial
reperfusion: 4-12 h (baseline), 3 days, 10 days and 7 months. We have identified three different growth patterns
classified as the Dilation, No-Change and Shrinkage groups defined by the left ventricle end-diastole cavity volume
change from baseline. We study the- trends in both the infarct and remote regions. Importantly, although the No-
Change group has little change in the ventricular cavity volume, significant remodelling changes are seen within
the myocardial wall, both in the infarct and remote regions. Through statistical analysis, we show that the
growth tensor invariants can be used as effective biomarkers for adverse and favourable remodelling of the heart
from 10 days onwards post-MI with statistically significant changes over time, in contrast to most of the routine
clinical indices. We believe this is the first time that the apparent growth tensor has been estimated from in vivo
CMR images post-MIL. Our study not only provides much-needed information for understanding growth and
remodelling in the human heart following acute MI, but also identifies novel biomarker for assessing heart
disease progression.

1. Introduction Cardiac G&R has previously been categorized into two types: (1)

concentric G&R with wall thickening caused by pressure over-loading;

Myocardial infarction (MI), also known as heart attack, involves
cardiomyocyte death following the loss of antegrade coronary blood
flow. After acute MI, the left ventricle (LV) undergoes a sequence of
adaptations in structure and function, regulated by mechanical, neuro-
hormonal and genetic factors [7,17,47]. This myocardium growth &
remodelling (G&R) may become maladaptive. The LV may experience
dilation in association with wall thinning around the infarct zone, and
hypertrophy or fibrosis (collagen fibre scar) in the remote zone. Adverse
G&R, i.e. dila-tion, can lead to heart failure, a major source of morbidity
and mortality [16], and sudden cardiac death due to malignant ar-
rhythmias. Over the years, with improvement in the treatment of acute
MI, more people are surviving post-MI, but with a subsequent rise in
heart failure [42,51].

* Corresponding author.

(2) eccentric G&R with dilation of the ventricular cavity and wall
stretching, both induced by pressure over-loading [3,24]. However,
Ml-induced LV G&R is more complex, and recently a classification, such
as reverse remodelling, no remodelling, and adverse remodelling, was
proposed in terms of 12% relative changes in LV end-diastolic volume
(LVEDV) [11]. MI-induced progressive G&R is an important clinical
determinant of heart failure [30], and arresting or prompting reverse
remodelling is a long-term aim to reduce the risk of heart failure [7].
Usually, LV G&R is quantified by evaluating LV global changes, such
as LVEDV, end-systolic volume (ESV), ejection fraction (EF) and wall
thickness [10]. However, these indices only describe an incomplete
picture of the G&R process. More detailed local patterns of G&R in MI
patients, the difference in MI and remote regions can provide additional
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Fig. 1. Acquired CMR images of a typical patient at acute-MI. Top row: short-axis cine images at end-diastole from the base to the apex. Middle row: long-axis cine
images at end-diastole at LVOT, HLA and VLA planes. Bottom row: short-axis LGE images at mid-diastole from the base to the apex.

insights into identifying patients with a high risk of adverse remodelling
and evaluating interventions aimed at reducing the progression of heart
failure.

Quantification of local LV G&R following MI is difficult, requiring
serial measurements of in vivo myocardium geometry and motion. For
research purposes, measurements are often made in animals by tracking
several small-sized beads embedded in the LV wall through open-chest
surgery [26,27,39,49]. For example, Kass et al. [27] measured dispro-
portionate epicardial dilation after transmural infarction of the canine
LV within 7 days of acute ML By suturing stainless steel spherical beads
to the epicardial surface, they found that 1-h after infarction, the
end-diastole area in the infarct region increased by 20.3% above healthy
control (normal LV before infarction) compared with a 7.9% increase in
the remote region. 24-hour post-MI, both the regions expanded by an
additional 10%. One-week post-MI, the end-diastole area in the infarct
region increased to 31.4% above the control, but the remote area
became to only 8.5% above the control. Holmes et al. [26] measured
scar transmural remodelling after infarction in five porcine hearts.
Fitting the measured bead positions into a finite element (FE) model at
1- and 3-week post-MI, they calculated the post-MI strain against the
reference configuration (at end-diastole before infarction). Their results
showed that at 1-week post-MI, infarct expansion dominated the
remodelling process, as characterized by the circumferential and lon-
gitudinal in-plane stretch and wall thinning. However, post-MI strain at
3-week is much more complex. Two out of five LVs showed continuous
in-plane infarction expansion with wall-thinning, and the remaining
three had in-plane shrinkage either with wall thinning or thickening. In
a more recent study, Tsamis et al. [49] implanted three transmural
columns of bead sets across the mid-lateral equatorial region of a sheep
LV and recorded the bead positions using biplane cine-radiography
before infarction and 7-week post-MI. They calculated the
end-diastolic and end-systolic post-MI strains in a lateral-equatorial re-
gion adjacent to infarct by fitting bead positions using a FE model and
found there were chronic muscle fibre lengthening (> 10%) in the
longitudinal direction, 25% shrinkage in the radial or transmural di-
rections, and 15% decrease in the ventricular volume.

Although animal experiments can provide useful data for calibrating,
validating and verifying various cardiac growth modelling theories, the

bead implantation method is invasive and not suitable for human sub-
jects. With the development of cardiac magnetic resonance (CMR) [5,6,
15,54] and ultrasound imaging [45,46], it is now possible to quantify
some regional geometry and function post-MI in vivo. However, using in
vivo CMR images to track G&R post-MI is challenging. Longitudinal 3D
cine images may not be available, motion artefacts may affect in the
images, and ventricular geometries at different time-points must be
co-registered. O’Regan et al. [40] studied LV remodelling during the
first year after reperfused acute ST-elevation MI (STEMI) in 47 patients
using a three-dimensional (3D) co-registration approach. Both short-axis
cine and late gadolinium enhanced (LGE) images were co-registered to
an atlas template and local expansion of the heart wall was tracked by
using intensity-based similarities. End-diastolic remodelling is defined
as the mean change of vertex separations from the matched endocardial
and epicardial surfaces. Their results showed that in-plane expansion in
the infarct region is greater than in the remote myocardium (1.6%+1.0
vs 0.3%=+0.9), and associated with wall-thinning in the infarct region
but no changes in wall thickness in the remote region. Additionally, they
demonstrated that MI transmurality and microvascular obstruction
(MVO) may affect local remodelling considerably. To our knowledge,
O’Regan et al. [40] were the first group to report patient measurements
of MI-induced local myocardial remodelling in vivo. However, they only
studied the local expansion characterization and did not estimate the
growth tensor.

Understanding G&R of the LV post-MI is critically important to risk
stratifying preventive therapy for heart failure. A key element of
monitoring a diseased heart is to extract growth tensor evolution with
time from non-invasive clinical images. Computational models based on
continuum mechanics and clinical imaging assessment techniques have
recently been developed to overcome the limitations by describing G&R
based on routine clinical images [2,9,55,56].

In this work, to quantify G&R in patients with recent MI and evaluate
its relation to adverse remodelling, a continuum mechanics approach is
employed to evaluate the LV apparent growth tensor in 16 patients post-
MI undergoing CMR at 4 distinct time-points: at 4-12 h (baseline), 3
days, 10 days, and 7 months after reperfusion. Primary percutaneous
coronary intervention (PPCI) was performed within a few hours (<12 h)
following the onset of acute MI. The end-diastolic (ED) LV geometries
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Patient information, where the symbols are defined as: A-Anterior, I-inferior, and S-septal, LCX: left circumflex artery, RCA: right coronary artery, LAD: left anterior
descending artery, SBP: systolic blood pressure, DBP, diastolic blood pressure, MVO: Microvascular obstruction.

Patient Gender Age Weight Heart SBP DBP MI size Cuplrit MVO LVEF LVEF
No rate (%LV mass) artery extent acute follow-up
1 Male 64 99 61 151 97 7.1/1 LCX 1.25 63.3 63.0
2 Male 53 78 65 102 64 15.4/S +1 RCA 2.74 56.4 56.4
3 Male 60 104 104 117 86 16.0/A RCA 0.00 49.1 61.3
4 Male 33 94 105 152 94 28.4/A LCX 2.55 47.0 58.8
5 Male 60 61 65 155 77 5.2/S +1 RCA 0.00 69.7 64.7
6 Female 63 70 91 156 97 29.9/8 LAD 6.96 49.4 60.8
7 Male 54 85 77 136 86 36.4/S +1 LCX 11.10 34.1 38.1
8 Male 61 99 54 104 68 13.2/S +1 RCA 5.26 77.8 71.0
9 Male 35 127 97 126 85 11.5/S +1 RCA 0.00 51.5 49.6
10 Male 43 76 78 130 76 23.2/S +1 RCA 7.16 58.8 71.4
11 Male 61 83 47 155 95 3.6/S RCA 0.00 71.6 55.0
12 Male 61 86 66 154 84 43.3/S LAD 12.09 45.2 47.8
13 Male 58 90 73 185 82 17.2/A LCX 0.00 57.3 68.9
14 Female 58 47 76 129 71 32.3/1 LCX 9.06 55.4 58.0
15 Male 62 86 89 166 94 2.5/A LCX 0.00 51.4 74.0
16 Male 63 84 76 127 88 9.1/8 LAD 0.00 54.8 70.2
are first reconstructed based on CMR cine images at different time 2. Methods

points. The MI regions are then delineated from corresponding short-
axial LGE images. The reconstructed LV geometries are co-registered
to a template LV finite element mesh, and the apparent growth tensors
at end-diastole in MI and remote regions are calculated against the
baseline LV geometry. All patients are further classified into three
groups (Dilation, Shrinkage or No-Change) according to their end-
diastolic volume changes based on the criteria proposed by Bulluck
et al. [11] for adverse remodelling, reverse remodelling and
no-remodelling behaviours. Finally, the invariants of the growth tensor
extracted in both the MI and remote regions are investigated and their
statistical significance is examined against the short-term (one week)
and long-term (6 months) pump function recovery in these groups. We
believe the outcomes of this study will be useful to quantitatively
characterize G&R for patients post-MI, and provide much needed clin-
ical input for mechanobiology modelling of G&R process in the human
heart.

Definition of common segment between RV and LV
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2.1. Patient population and CMR protocol

This study involves 16 STEMI patients with four longitudinal CMR
scans, at 4-12 h, 3 days, 10 days, and 7 months after reperfusion. All
patients were enrolled between May 2011 to November 2012 with acute
STEMI (Clinical trial registration no, NCT 02072850). All patients pro-
vided written informed consent.

CMR imaging was performed on a Siemens MAGNETOM Avanto 1.5-
T scanner (Erlangen, Germany) using an anterior phased-array body coil
(12-element) and a posterior phased-array spine coil (24-element). A
steady-state free precession sequence was used for LV structure and
functional assessment (the cine images), consisting of a short-axis stack
with slices of 7 mm thickness and 3 mm gap in-between, and three long-
axis images: the horizontal long-axis (HLA), the vertical long-axis (VLA)
and the left ventricular outflow tract (LVOT). Typical image parameters
were repetition time: 3.3 ms, echo time: 1.2 ms, flip angle: 80°,

Definition of common segment between RV and LV
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Fig. 2. To co-register the circumferential cross-sections of the LV at different scans, the septum is defined by vo9 — 110 at acute-state (baseline) and v, — v; at a later
scan, guided by the right ventricular insertion points. The septum is between the ARVIP-anterior right ventricular insertion point and IRVIP-inferior right ventricular
insertion point, discretized with the same number of hexahedral elements at all times.
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Fig. 3. The LV geometry reconstruction and MI region definition from acquired CMR images: (a) cine MRI, (b) segmentation, (c) LGE images and 2D MI contouring,
(d) MI 2D mapping, (e) guide point generation, (f) reconstructed LV mesh, (g) the MI region inside the LV shown in yellow.

bandwidth: 930 Hz/pixel, temporal resolution: 46 ms, and matrix size:
180 x 256 with a voxel size of 1.3 x 1.3 x 7 mm>. A set of CMR cine
images obtained from patient 9 are shown in Fig. 1.

LGE imaging was further performed 10-15 min after intravenous
injection of 0.15 mmol/kg of gadoterate meglumine (Gd2+DOTA,
Dotarem, Guebert S.A.). Short-axis and long-axis LGE images were ac-
quired using segmented phase-sensitive inversion recovery in the same
planes of cine images. Typical LGE image parameters were flip angle:
25°, TE: 3.36 ms, bandwidth: 130 Hz/pixel, echo spacing: 8.7 ms, trigger
pulse: 2, and matrix size: 192 x 256 with a voxel size of 1.8 x 1.3 x 8
mm?. The detailed CMR protocols have been previously reported in
Ref. [12].

LV structure and function analyses were carried out as per interna-
tional recommendation [44]. The basal LV short axial slice was defined
as one with >50% of the endocardial border being myocardium.
End-diastole was chosen as the cardiac cycle time point with the largest
blood-pool volume, and end-systole with the smallest [44]. Analyses
were performed on Siemens Syngo VE32D workstation with Argus
software (Siemens Healthcare, Erlangen, Germany). Infarction was
defined by the presence of late gadolinium myocardial enhancement
revealed in orthogonal planes including phase swap acquisitions if
required to rule out artefact. The myocardial mass of LGE (grams) was
assessed utilizing the five standard deviations method. Microvascular
obstruction was identified as a central hypointense core within an area
of LGE and defined as present/absent, and quantified as mass (grams)
and % LV mass. The patients’ characteristics are listed in Table 1.

Changes in the LVEDV have been used to characterize the degree of

heart G&R. For example, a criterion of +12% volume change post-MI
has been defined as a clinical measure of G&R [11]. Here we adopt
this reference classification using a normalized LVEDV/LVEDV, where
LVEDVj, is the baseline volume at acute-MI state (4-12 h after reperfu-
sion), and categorise the patients into three groups at 7 months post-MI:
the Dilation (enlarge > 12%, adverse G&R), No-Change (change < 12%)
and Shrinkage (reduction > 12%, reverse G&R) groups.

2.2. LV geometry reconstruction and MI delineation

Short-axis and long-axis cine images at end-diastole were selected for
the LV geometry reconstruction from each scan. An in-house MATLAB
code was developed for image segmentation, template geometry fitting,
hexahedral mesh generation, myofibre generation and result visualiza-
tion. MATLAB was also used to delineate MI in short-axis LGE images
and map scarred regions into reconstructed LV geometries. Ventricular
geometry reconstruction based on in vivo CMR images and motion
corrections were the same as our previous studies [18,20], as illustrated
in Fig. 3. Specifically, we.

1. Manually segment LV wall boundaries in cine images from 6 to 7
short-axis planes from base to apex and in 3 orthogonal long-axis
images (LVOT, HLA, VLA), as shown in Fig. 1;

2. Correct motion artefacts by aligning the LV wall boundaries in the
short-axis cine images to the boundaries in the long-axis cine images
(LVOT, HLA, VLA), similar to Ref. [18];



W. Liet al.

0.9
3
o
Eog { U I
e ’%
L S T
S H S S
Zo7 1 * - 3 [}
2 & 8 =
% =
§0.6 T
2 A1 X2 A3 ®4
EO.S I 5 06 —-7 X8
5 @) 9 +10 e11 -12
2 13 =14 ©15 016
0-4 T T T

4-12h 3d 10d 7mth
Ml age

Computers in Biology and Medicine 129 (2021) 104168

09 T
L O o
- N g
208 + § E % g
- C
(o] - . 2 -
A ®
%07
e r
£ -
T0.6 1
@ C
® - Al X2 A3 m4
E L
505 T “5 06 -7 X8
= - ® 9 +10 @11 -12
0.4 + r r .

4-12h 3d 10d 7mth
Ml age

Fig. 4. The used intensity thresholds for segmentation of remote and MI zones in terms of MI age.

3. Determine the mass centre of the most basal plane from the delin-
eated LV wall boundaries, and manually define the LV apex from the
long-axis images. Then the longitudinal axis is defined by connecting
the mass centre of the LV cavity in the basal plane to the LV apex;

4. Locate the MV annular ring position from the LVOT image, then the
most basal short-axis images from different scan times are moved
along the long-axis by assuming the distances to the MV annular ring
are identical for all scans from the same patient;

5. Fit the segmented LV boundaries to a template LV mesh [21,34], in
which the mass centre of the ventricular wall in the most basal plane
is the original point, with zero degrees lying in the horizontal di-
rection shown in Fig. 2 and moving from the septum segment to-
wards the anterior segment then the inferior wall. The prolate
spheroidal coordinate system is described by (u, v, w) where u, v and
w represent azimuthal, meridional and thickness coordinates,
respectively. Specifically, for any point with Cartesian coordinate (x,
¥,%), the corresponding spheroidal coordinates (u,v,w) are

x = asinh(w) cos(u) cos(v)
y = asinh(w) cos(u) sin(v) (€9)]
z = acosh(w) sin(u),

in which «a is a scaling factor, ue [ — n/2, x/2),ve [0, 2z),andw €
(0, + o). By aligning the most-basal plane to the z = 0 plane, we have
u = 0 at the basal plane and u = —z/2 at the apex. We then consider
values of w of the segmented boundary points on the LV endocardial and
epicardial contours are best fitted with respect to u and v using the cubic
B-spline functional, that is

1 N
fcndo = N Z Yn [Wendu (I/l,,, Vn) - Wn]27 (2)
n=1

in which N is the total number of known segmented points on the sur-
face, u,, v, and wy are calculated from (1), y, is the interpolation coef-
ficient from the cubic B-spline functional, and fe,q, is the error function
to be minimized. Geometric regularization is further imposed to avoid
large curvature on the fitted surface. Please refer to Ref. [34] for more
details on this LV geometry fitting.

6. Define the septal segments, and match the RV-LV insertion points in
the basal plane across different geometries of the same patient in
such way that the inferior RV insertion points have the same co-
ordinates (u, v), and the same number of elements along the
circumferential direction is assigned for the septum segments, as
shown in Fig. 2;

7. Generate rule-based myofibre structures as previously described in
Ref. [52]. The mean fibre angle (measured from the circumferential
direction) varies linearly from —60° at epicardium to 60° at

endocardium, and the mean sheet angle is —45° at epicardium and
45° at endocardium measured from the radial direction in each
element.

Note that steps 3 and 4 align the LV geometries longitudinally at
different scan times from each patient, then steps 5 and 6 align the LV
geometries circumferentially for the same patient. Hence, all four LV
geometries from each patient are spatially co-registered.

In order to compare the G&R between MI and remote zones, we
further delineate the MI regions from corresponding short-axis LGE
images at 4-12 h (baseline), 3 days, 10 days and 7 months after reper-
fusion, and then map them into the reconstructed LV geometry, as
shown in Fig. 3. Specifically, we.

1. Identify LGE images from the most basal short-axis plane to the apex,
and export corresponding short-axis cine images at the same cardiac
phase (normally mid-diastole);

2. Manually segment LV boundaries for both short-axis cine and LGE
images at mid-diastole, similar to LV wall segmentation in cine
images;

3. Define the remote, MI regions and MVOs from LGE images, then
assign intensity from O to 1 to all regions such that O indicates the
functional myocardium, and 1 is the most infarct region, including
MVOs. Here the k-means algorithm from MATLAB is adopted to
determine a threshold for MI size determination, which is fast and
simple to implement, and can automatically distinguish healthy and
infarct myocardium [25,35];

4. Map LGE intensities to short-axis cine images at mid-diastole by
assuming the LV wall boundary is unchanged from both LGE and cine
short-axis images because they were acquired at the same cardiac
phase;

5. Apply a cubic B-spline deformable registration method to deform the
LV wall from mid-diastole to early-diastole [19], then transfer the
map of regional intensity from mid-diastole to end-diastole;

6. Interpolate mapped LGE intensities from short-axis cine images to
the reconstructed 3D LV geometry. Linear interpolation is used for
regions between the two short-axis slices. Special treatment is
needed in the region between the most apical short-axis image and
the apex. If the apex is infarcted as evidenced in the long-axis LGE
images, then the intensity at the apex is 1, otherwise 0. Intensities in-
between are linearly interpolated.

Note that in order to classify MI regions in the LGE images, we first
normalized pixel intensity in the range of [0,1], O is for functional
myocardium, and 1 is for the most infarcted region, MVO included. The
intensity threshold determined from the k-means algorithm with 2
clusters is around 0.65 — 0.83 for the remote region and 0.75 — 0.88 for
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the MI region, which varies because of different imaging characteristics
of different scans and different subjects. The threshold values for
delineating MI and remote regions are summarized in Fig. 4.

Once the LV is reconstructed from different scans for each patient,
the cavity volume, ventricular wall volume and MI size can be readily
calculated.

2.3. Estimation of the growth tensor

The most commonly used continuum mechanics approach for
modelling G&R is known as the volumetric growth [1,41,48]. This is
based on a multiplicative decomposition of the deformation gradient,
F = F¢ F& where F? is the (pure) growth tensor, and F® accounts for the
elastic response of myocardium under mechanical loadings. The key to
modelling the G&R process is the determination of F and its evolution
with time. Different forms of the growth tensor F¢ have been hypoth-
esised in the literature, from isotropic [28], transversely isotropic [48],
to general anisotropic forms [1], whose evolution may be driven by
stress or strain, or both [23].

In this study, a template LV FE mesh with 8-node bricks is wrapped to
the segmented LV boundaries, with the same element connectivity and
numbering for each patient. This allows us to align all the LV geometries
from different scans. It is then reasonable to assume the m™ element of
the four scans are co-registered, that is

Ey (ny,ny,...,ng) = Efy(ny,na,...,n8) > Ejgq (1,0, ... ,ng) > Eq (11,1, ... ng),

3

where EJ , Ef; , E{(y and Eyyg, are the mt element at the respective
instants, e.g. 4-12 h, 3-day, 10-day and 7-month after reperfusion, and
ni,ny,...,ng are the eight nodes of the element. A shape change
descriptor of these elements is provided by the deformation gradient
tensor:
()X e

F “X. "~ F* F, 4
where x is the position vector of the current configuration, X, is the
position vector at a stress-free reference configuration. F¢ is the elastic
deformation tensor due to loading, and F® is the growth tensor. How-
ever, the stress-free reference configuration is unknown, so instead, we
use the loaded acute state (baseline) x; as the reference configuration,
which is not stress-free, and track the growth information between the
two scans,

G= N 5)

We now explain the relationship between G and F%. Let X, and Xo,
indicate the unloaded and stress-free configurations between the current
and baseline scans, respectively, then the change between the two
unloaded configurations, X, and Xgp, can only be due to the material
growth,

0X,

8

B = ®)
(5) can be rewritten as
_ aX aX() aXOb_ p— e\ —1
=X, 9Ky ox, ~ F ) @

where Fj, is the end-diastole elastic deformation at the baseline related to
Xop, and F¢ is the elastic deformation of the current scan related to Xo. In
other words, G contains not only the growth tensor, but also the elastic
deformations due to loading at the baseline and the current scans. Note
G is equal to F8 only at the two special cases:

Computers in Biology and Medicine 129 (2021) 104168

Z

Fig. 5. Schematic illustration of the LV model and the circumferential-radial-
longitudinal coordinate and the fibre-sheet-normal coordinate systems,
(x —y —z) is the global Cartesian system, (¢ — r — 1) is the cosine matrix of the
circumferential-radial-longitudinal directions with respect to the (x — y — z),
and (f — s— n) is the cosine matrix of the myofibre-sheet-normal directions
related to (¢ — r—1).

1) the elastic deformations at the two scan times are similar and no
growth, i.e.

F° (F)) =, F* =1, ®)
then
G=F (F}) ' =1=F, ©)

2) if F8, F{, and F* are all diagonal, i.e. growth and deformations are in
the principle directions, then F¢ and F* commute, and

G=FFF,"' =F. 10

In general, these assumptions do not hold, hence G is only an
approximation of F8. From the reconstructed FE models of the LV, we
can compute all the components of G. Hence, G can be used as a
convenient surrogate for F¢, or the apparent growth tensor. Indeed, since
the unloaded stress-free configurations are difficult to be measured even
from animal hearts, most of the current growth theories are developed
based on these approximations [26,39,49]. Extracting F? is theoretically
possible with additional measurements (loading and residual stress).
Since these measurements are not available, we do not pursue it in this
paper. In the following, we discuss features of G as an estimate of
“growth tensor”.

In the circumferential-radial-longitudinal system, we have
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Fig. 6. Comparison of measured and estimated growth tensor components in
the MI zone, the measurements are taken from Tsamis et al. [49], and the es-
timations are from patients (a) 7 (Dilation), (b) 9 (No-Change), f and (c) 13
(Shrinkage) in our study.

Gcrl = ch] GQg;lv (1 1)

where Q. is the cosine matrix of the circumferential-transmural-
longitudinal directions as shown in Fig. 5. Similarly, in the myofibre-
sheet-normal system, we have
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Fig. 7. The LVEDV (top) and MI-LV wall (bottom) volume ratios for 16 patients
at 4-12 h and 7 months post-MI. These model results are compared with those
obtained clinically.

Gfsn = QfsnGQ;I_;m (12)

where Qg is the cosine matrix of the myofibre-sheet-normal directions,
as shown in Fig. 5. In the following, both systems are used to help with
the physical interpretation of growth tensor inside the LV.

To test that our G has the characteristics of the true growth, we first
present the G components in the (¢ — r — 1) system so as to compare with
published experimental results based on beads insertion in sheep LV.
Fig. 6 shows the comparison between the LV-averaged growth tensor
components at the MI region in patients 7 (Dilation), 9 (No-Change), 13
(Shrinkage) at 7-month post-reperfusion against the measured in vivo
growth tensors at mid-myocardium from a sheep myocardial infarction
experiment at 7 weeks post-MI [49]. Here, our growth tensor is calcu-
lated at 10 days post-MI, to be consistent with the experimental study in
which the G was calculated at 1-week post-MI.

Our estimated growth components G.. (along the circumferential
direction), Gy (along the longitudinal direction), G,; (along the radial
direction) exhibit good agreement with the in vivo measurements [49],
particularly for patient 9, suggesting the measured heart is more likely to
have no significant LVEDV change. Most significantly, both the growth
tensors from our study and the in vivo sheep experiment are strongly
diagonal dominant. Likewise, G is diagonally dominant in the
fibre-sheet-normal (f — s — n) system (not shown). This provides the
rationale for assuming G to be diagonal. Hence, in the following, we
only present the diagonal components of the growth tensor.
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Fig. 8. The contours of G, G+, Gy at 3-day, 10-day and 7-month post-MI for patient 9. The solid lines are for default mesh and dashed lines are for the refined mesh,

(a)-(c) for 3-day, (d)-(f) for 7-day, (g)-(i) for 7-month.
2.4. Statistics

Parameters of interest for each group are reported as mean and
standard deviation, including LVEF, MVO extent, ventricular wall vol-
ume and its normalization. Time-dependent growth tensors are sum-
marized at both the functional and the MI regions in f— s— nand ¢—r—1
systems. The difference between the Dilation and Shrinkage groups are
determined using the Microsoft Excel two-sample t-test. A statistically
significant difference is taken at the level p < 0.05. Because there are
only 2 subjects in the No-Change group, statistics for this group was not
performed.

3. Validations

Validation 1: the LVEDV and the MI volume ratio (Vyy/ Vi) from our
reconstructions are compared with the measurements obtained by K.M.
at 4-12 h and 7 months post-MI, as shown in Fig. 7. In general, good
agreement of the LVEDV volume ratio is observed between clinical
assessment and values derived from our 3D reconstructions with a mean
error (clinical - reconstruction) of +14.43% at 4-12hand +11.13% at 7
months, respectively. Excellent agreement of the MI volume ratio is also
achieved with a mean error (clinical - reconstruction) of +3.27% at

Table 2
Average G&R and standard deviation (std) for patient 9 along the circumfer-
ential, longitudinal and radial directions at three different times post-MI.

Default mesh Refined mesh
G&R Average Std Average Std
3 days post reperfusion
Gee 0.9689 0.0581 0.9687 0.0581
G 1.0384 0.1473 1.0386 0.1479
Gy 0.9471 0.0416 0.9469 0.0415
10 days post reperfusion
Gee 0.9806 0.0352 0.9805 0.0352
Grr 0.8997 0.1627 0.8995 0.1627
Gy 1.0055 0.0370 1.0054 0.0371
7 months post reperfusion
Gee 0.9631 0.0695 0.9619 0.0699
Grr 0.9927 0.2020 0.9928 0.2016
Gy 1.0192 0.0677 1.0189 0.0683
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Fig. 9. Normalized LVEDV scaled by the baseline value of all 16 patients at 3
days, 10 days and 7 months after reperfusion. The 12% volume change is used
to classify the Dilation (red, line up), No-Change (yellow, line flat), and
Shrinkage (blue, line down) groups.

Table 3
Classification of patient groups, compared with group-averaged clinical indices
at the baseline (acute) and seven-month follow up.

Dilation vs
Shrinkage
®

Indices Dilation No-Change Shrinkage

Patient No. 1,3,4,6,7,8,11,12 9,10 5,13, 14,15,

16

MVO extent 3.58 +5.06 1.81+4.05 0.130
(%LV
mass)

LVEF (acute
%)

LVEF
(follow
up %)

Myocardial
salvage
(%LV
mass)

MI size
(acute)
(%LV
mass)

MI size
(follow
up) (%LV
mass)

Peak
Troponin
I (ug/L)
(acute)

4.66+4.55

54.88+13.83 55.15 £ 5.16 57.72+7.03 0.310

56.91+9.45 60.5+15.41 67.16+6.10 0.015

(p <0.05)

16.77+9.50 15.134+8.46 23.38+13.21 0.181

21.49+13.63 17.38+8.28 13.26+11.99  0.136

17.49+10.65 18.06+8.79 11.98+11.30  0.199

7099.4+ 5471.9 6315.5+1564.8  5125.0+

6439.2

0.290

4-12 h and —4.21% at 7 months after acute MI. Additionally, to assess
error in the manual reconstruction, we reconstructed the LV geometry of
patient 4 at 4-12 h post-MI five times. The errors in the LVEDV and LV
wall volumes, defined as the ratio between their standard deviations and
the mean values, respectively, are +0.64% and +1.49% only.
Validation 2: A template mesh with 50 (longitudinal) x 60 (cir-
cumferential) x 10(transmural) elements is used for representing the LV
geometry, the same mesh has been used for FE modelling of LV dynamics
[33]. To check whether this mesh is adequate for estimating F#, the
mesh of patient 9 is refined with 60 (longitudinal) x 84 (circum-
ferential) x 14 (transmural) elements. The contours of G.., G, and G, at
3 days, 10 days and 7 months post-MI are shown in Fig. 8, and their
average values are further summarized in Table 2. The results are almost
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Fig. 10. Normalized LV wall volume scaled by the corresponding base-
line value.

Table 4
Group averaged LV wall volume, scaled by its value at the baseline, V,,/Vyy0, for
the patient groups, at 3 days, 10 days, and 7 months follow-up post-MI.

Dilation No- Shrinkage Dilation vs
Change Shrinkage (p)
Viw/Vwo (3days)  1.06+0.08  1.01 0.984+0.09  0.073
+0.08
Viw/Vwo (10 1.06+0.15  0.97 0.944+0.09  0.035 (p <0.05)
days) +0.11
Viw/Vwo (7 1.05£0.13  0.95 0.854+0.10  0.004 (p <0.05)
months) 4+0.02

identical for the two different meshes. Therefore, the default mesh size
(50 x 60 x 10) is used in the following analysis.

Validation 3: Direct validation of the growth tensors is challenging
because invasive measurements are needed to measure F&. Hence, we
seek indirection validation by comparing the average F® of patients 7, 9
and 13 in MI regions at 7 months post-MI with published experimental
data based on sewing beads in sheep LV walls [49]. Fig. 6 shows that the
growth tensors of all three patients agree well with the measurements
[49]. This good agreement suggests that estimation of F& from in vivo
CMR images is feasible, although quantitative validation of F#¢ (e.g.
based on parallel animal experiments) would be desirable in future.

4. Results

Fig. 9 shows the normalized LVEDV changes (LVEDV/LVEDV)) at 3
days, 10 days and 7 months after reperfusion. According to the criterion
of a £12% LVEDV change at 7-months post-MI [11], out of 16 patients,
nine (ID: 1, 2, 3, 4, 6, 7, 8, 11, 12) (56.25%) are in the Dilation group;
two (ID: 9, 10) (12.5%) are in the No-Change group, and five (ID: 5, 13,
14, 15, 16) are in the Shrinkage group. The averaged clinical indices at
baseline and 7-month follow up for the three groups are listed in Table 3.
By definition, the Dilation group reflects adverse LV remodelling, and
the Shrinkage group reflects favourable or reverse remodelling. How-
ever, with the exception of LVEF at 7-month follow-up, none of the
clinical indices is associated with between-group differences in size in
part due to the limited sample size and lack of power.

Fig. 10 shows the normalized LV wall volume of all the patients,
defined as V,,/Vw0 where V,,g is the baseline LV wall volume. The group-
averaged values are shown in Table 4. No statistically important changes
are seen in the three groups at 3 days post-MI. However, at 10- days and
7 months after myocardial reperfusion, the difference of V,,/Vyo
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Fig. 11. LV geometry with MI region and contours of (G, Gss, and Gyy) for patient 7 in the Dilation group, the yellow-coloured volume is the MI region. Left panel:
short-term (10-day post-MI), right panel: long-term (7-month post-MI). Notice that a large portion of the LV is occupied by the ML

between the Dilation and Shrinkage groups is statistically significant
(p < 0.05), with the wall volume reduction most pronounced in the
Shrinkage group.

We now explore the myocardium regional changes based on the
apparent growth tensor G. The three dimensional LV geometry along
with MI, as well as the distribution of the G components in the (f — s —
n) system for patients 7, 9, and 13 are shown in Figs. 11-13 at different
time-points. From Figs. 11-13, we note that the LV shape can be quite

10

different over the 7-month period after reperfusion. The most significant
LV shape change is seen in the Dilation case, in which the apex is
rounder and the shape is more irregular. No significant shape change is
seen in patient 9. In the Shrinkage case, the wall becomes thicker and the
LV is smaller at 7 months post-MI. However, the shape change is less
obvious than the Dilation group. These features are consistent with the
LV-averaged growth tensor components in Fig. 6.

Fig. 14 shows region-averaged G components for the MI and remote
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Fig. 12. LV geometry with MI region and contours of (Gg, Gss, and Gyy) for patient 9 in the No-Change group, the yellow-coloured volume is the MI region. Left

panel: short-term (10-day post-MI), right panel: long-term (7-month post-MI).

regions for all three groups, in both the (¢c— r— 1) and (f— s— n)
systems. It is clear that despite the difference in magnitudes, the changes
of the components are similar either in the (¢ — r—1) or the (f — s— n)
systems. In particular, we note that G, G, and Gy, follow a similar
trend as G, Gy and Gy, respectively. Hence, we focus on discussing the
changes of Gg, Gss, and Gy, only. For the Dilation group (Fig. 14(a,b)),
all components are above 1 at 10 days after reperfusion for both the
remote and MI regions, suggesting the LV experiences an initial dilation
and swelling in the short term, possibly due to reperfusion caused
oedema. After 7-month G&R, G and Gy, both increase to beyond 1, but
G, drops rapidly. This suggests that the LV wall becomes much thinner,
but elongates in the fibre and sheet-normal directions. The increase of
Gg and Gy, is associated with the stretch of myocytes. The difference in

11

the growth between the MI and remote regions is small.

Significantly, Fig. 14(c, d) shows an interesting growth pattern for
the No-Change group, despite little change in LVEDV. Within the MI
region, there are increases in Gg and Gpy, much more obvious than in the
Dilation group, together with a drop in G (wall-thinning). However, in
the remote region, very little changes are seen in Gg and Gy, though G
decreases with time. The fact that two major G&R components in the
remote region don’t follow the local change in the MI region is perhaps
the reason for the unchanged LVEDV in this group.

The average G&R components in the Shrinkage group can be found
in Fig. 14(e, f). These are quite different from the Dilation group (Fig. 14
(a, b)). At 10 days post-MI, the only G is slightly over 1 in the remote
region. All other components are below 1, and decrease further at 7
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Fig. 13. LV geometry with MI region and contours of (Gg, Gss, and Gp,) for patient 13 in the Shrinkage group, the yellow-coloured volume is the MI region. Left

panel: short-term (10-day post-MI), right panel: long-term (7-month post-MI).

months. Contrary to the other two groups, Gss decrease slows down after
10 days. This suggests the wall-thinning stops sooner in this group. On
the other hand, G¢ and Gy, continue to decrease in the longer term, and
both the MI and remote regions follow similar trends.

More insight into the growth tensor can be provided by its invariants,
which are independent of the local coordinates. Fig. 15 shows the group
and region-averaged invariants I;, I and I3 of the growth tensor G, in
which ; = tr(GT G) I, = [(tr GT)*> — tr G?]/2, and I; = det(G). I is
the sum of the squared G&R components in principal directions, i.e. ; ~
G% + G2 + G2,. I < (>)3 suggests there is shrinkage/dilation in one,
two or all directions. The physical meaning of I is harder to define, but
it is loosely related to the shape or area change if its value deviates from

12

I, = 3 (the baseline value). I3 indicates the wall volume change, Is >
1(< 1) means a wall mass decrease/increase, which is not the same as
the LVEDV change.

It is clear that in the Dilation group, both I; and I, > 3, though
decreases back to the baseline value at 7 months post-MI, presumably
because the increase in Gg and G, outweigh the reduction in G at both
the MI and remote regions (Fig. 14(a, b)). In the Dilation group, I3 is
always above 1, which is more obvious in the long-term growth, indi-
cating the total wall mass increases as the LVEDV expands, despite the
wall thinning. In the Shrinkage group, all invariants reduce, the wall
becomes thinner and total wall mass also drops (compared to the
baseline). We note that in both the Dilation and Shrinkage groups, the
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included in Table 5.

trends of the MI and remote regions are similar. In the No-Change group,
however, the interpretation is different. In the remote region, I; and I3
decrease first but then increase back to the baseline values. In the MI
region, I; remains more or less unchanged after 10 days and I5 continues
to decrease. This means that the wall mass loss is localized around the MI
region. I, drops below 3 in both the MI and remote regions, similar to
that of the Shrinkage group.

The tensor components of the averaged G tensors at both the remote
and MI regions are detailed in the Appendix.

5. Discussion

To the best of our knowledge, this has been the first time that growth

tensor is quantitatively analysed from the human studies post-MI. It is
challenging to measure growth tensors in situ from animal studies [26,
49], but more so from in vivo clinical studies. Imaging techniques can
therefore provide an alternative source of information. For example,
O’Regan et al. [40] quantified LV remodelling by tracking ventricular
expansion using a 3D co-registration approach based on intensity-based
similarities and in vivo cine and LGE images. However, the setbacks of
tracking using intensity-based similarities are that these often suffer
from varied imaging slice positions at different scan times, motion ar-
tefacts, signal intensity heterogeneity, as well as missing data between
different slices. In this study, we adopt a different approach compared to
O’Regan et al. [40]. Our LV geometries are first reconstructed by
wraping a template mesh. Alignments along the long-axis (assuming the

13
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distance from the basal plane to the mitral annulus ring stays the same in
one patient) and the circumferential direction (matching the two infe-
rior right ventricular insertion points at the basal plane) are then per-
formed to co-register 4 different LV geometries of the same patient. In
this manner, the local shape changes or the apparent growth tensors can
be more reliably estimated.

The LV geometry is described in a prolate spheroidal coordinate
system by fitting to the segmented endocardial and epicardial bound-
aries using cubic B-Splines, and then a dense FE mesh is generated for
calculating growth tensors. This is different from a few previous studies
where a cubic Hermite interpolation was used with 16 FE patches to
generate the smooth endo- and epi-surfaces [38,50,53]. Manual seg-
mentation of cine and LGE images and motion corrections, which are
time-consuming and require experienced users, have been used in this
study. This limits its application to a large cohort of patient studies.
Further development shall automate this process, for example, by
adopting the machine learning approaches [31] for ventricular wall
segmentation [4,14], geometry reconstructions [43]. Including both the
left and right ventricles would provide more geometrical features for
tracking growth tensors, however, automatically reconstructing the
bi-ventricular geometry from in vivo cine CMR images remains
challenging.

A few dimensionless parameters such as normalized LVEDV, mean
growth tensor components and invariants are used to characterize the
G&R process post-MI. The growth tensor components in the MI region
are compared with experimental data of an ovine LV, and both quali-
tative and quantitative agreements are observed. Similar to the experi-
ments, our study also shows that the growth tensor is diagonally
dominated, either in the circumferential-transmural-longitudinal di-
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rections or via a transformation, the fibre-sheet-normal directions. Pa-
tients are further divided into three groups based on £12% change in
LVEDV. Our analysis using growth tensor components of the LV wall
also supports this classification. In particular, we found that in both the
Dilation and Shrinkage groups, the MI and remote regions have similar
trends, and the wall-thinning is seen in all groups, but the increase/
decrease in Gg and Gy, are present in the Dilation/Shrinkage groups. In
the No-Change group, the increase of G and Gy, only occurs in the MI
region, little variations are seen in Gg and Gy, in the remote region.
Hence the overall wall volume changes little after 7 months. 3D results
also demonstrate severe shape change in the Dilation group. It suggests
that local shape analysis can be a useful tool in quantifying the G&R
process of this group.

Our observation on the Dilation group agrees with the previous ones
[22,27]. In the first 7 days after MI, the LV dilates and the infarct zone
expands, and later the infarct zone shrinks and LV wall thinning follows.
For the Shrinkage and No-Change group, wall-thinning is always present
and the MI size decreases. However, the LV itself doesn’t dilate.

There is no between-group difference in the G&R parameters at 3
days post-MI. However, there is a between-group difference at 10 days
onwards in the growth tensor component G, (Table 5), the invariants I,
I, Is and V,,/Vyy0, which can predict adverse and reverse modelling at 7
months post-MI. Except LVEF, most of the clinical indices in Table 2 are
not related to the group differences even at 7 months post-MI. This
shows that the apparent growth tensor could be more effective in
providing statistically useful information for the prognosis of MI.

Our analysis is based on limited sample size, therefore the statistical
significance of the results should be interpreted with caution. In addi-
tion, the growth tensor estimated from this work is not the true growth
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Table 5
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Average G&R for each group along the circumferential, longitudinal and radial directions at three time-points post-MI.

Location No-Change Dilation Shrinkage Dilation vs Shrinkage
(N=2) (N =5) (N=28) (p value)
3 days post reperfusion
Gee Remote 0.9776+0.0140 0.9883+0.0456 1.0073+0.0444 0.237
MI 0.9791+0.0065 0.9757+0.0544 1.0119+0.0486 0.126
Gy Remote 0.9804+0.0504 1.0055+0.0322 1.0256+0.0653 0.558
MI 0.9830+0.0504 1.0017+0.0366 1.0254+0.0716 0.214
Gir Remote 1.0715+0.0099 1.0070+£0.0899 1.0564+0.0659 0.161
MI 1.0165+0.0592 0.9856+0.0640 1.0618+0.1397 0.094
10 days post reperfusion
Gee Remote 0.9805+0.0059 0.9979+0.0522 1.0162+0.0312 0.250
MI 0.9922+0.0072 0.9661+0.0904 1.0204+0.0432 0.126
Gy Remote 0.9848+0.0400 1.0093+0.0362 1.0263+0.0658 0.130
MI 0.9954+0.0448 1.0064+0.0426 1.0245+0.0776 0.292
Gy Remote 1.0740+0.2118 0.9368+0.0506 1.0276+0.0750 0.010 (p <0.05)
MI 0.8903+0.2034 0.9462+0.0740 1.0107+0.0880 0.088
7 months post reperfusion
Gee Remote 0.9661+0.0101 0.9688+0.0146 1.0544+0.0526 5.05x 107* (p <0.05)
MI 1.0673+0.0500 0.9188+0.0317 1.0498+0.0545 5.07 x 107° (p <0.05)
Gy Remote 1.0093+0.0263 0.9326+0.0290 1.0633+0.0685 1.62x 1074 (p <0.05)
MI 1.0587+0.0384 0.9165+0.0395 1.0683+0.0701 1.14x 107* (p <0.05)
Gyr Remote 1.0096+0.0275 0.9348+0.0506 0.9484+0.1175 0.410
MI 0.7749+0.0801 0.9502+0.0782 0.9413+0.1069 0.105
3 days post reperfusion
L Remote 3.1149+0.1486 3.0782+0.2752 3.2671+0.1966 0.112
MI 2.9883+0.2181 2.9810+0.2004 3.2797+0.4771 0.064
L Remote 3.208240.3127 3.1388+0.5443 3.5360+0.4343 0.112
MI 2.9771+0.4120 2.9431+0.3948 3.5974+1.1446 0.074
I3 Remote 1.0952+0.1617 1.2713+0.2447 1.0607+0.2685 0.092
MI 0.9887+0.1945 1.3250+0.6882 0.9619+0.1948 0.085

10 days post reperfusion

I Remote 3.1699+0.3952
MI 2.8149+0.2931
I, Remote 3.2811+0.7322
MI 2.6227+0.6039
I3 Remote 1.1146+0.3425
MI 0.8075+0.3100
7 months post reperfusion
L Remote 3.0453+0.0844
MI 2.9036+0.1651
I, Remote 3.0209+0.1643
MI 2.7069+0.3473
I3 Remote 0.9744+0.0810
MI 0.7962+0.1777

2.9684+0.1884
2.8993+0.2621
2.9195+0.3963
2.7801+0.4926
1.1870+0.1888
1.1537+0.2648

2.7392+0.2039
2.6276+0.1690
2.4859+0.3818
2.900+0.2984

0.7449+0.1823
1.1541+0.2223

3.2018+0.1582
3.1593+0.2374
3.3883+0.3462
3.3132+0.5021
0.9499+0.2059
0.8778+0.2268

0.026 (p <0.05)
0.052

0.031 (p <0.05)
0.043 (p <0.05)
0.033 (p <0.05)
0.034 (p <0.05)

3.2424+0.2008
3.2105+0.1920
3.4440+0.4437
3.3793+0.4058
1.1760+0.2648
0.6611+0.1330

0.001 (p <0.05)
1.17 x 10~* (p <0.05)
8.56 x 10~* (p <0.05)
6.58 x 107° (p <0.05)
0.002 (p <0.05)

1.13 x 10~* (p <0.05)

tensor as we discussed in section 2.3, but a convenient surrogate.
Although the similar approximation has been adopted in the literature
[40], and these data can be used in mathematical modelling of growth
and remodelling, the careful manoeuvre will be required to remove the
elastic deformations between the reference and loaded configurations.

Growth tensors should be estimated by tracking the same material
point at different times. However, in this work, the correspondence is
assumed according to the numbering system in the templated mesh. Two
mesh nodes with the same number at different times after MI are not
necessarily the same material points. This implies there may be multiple
solutions to G&R. To alleviate this problem, we annotated the inter-
ventricular septum during LV segmentation, and generated the mesh
separately in the septum and the remaining part. Then we could match
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the two right-ventricular insertions similar to the landmark-based
registration. Consequently, the nodes with the same number at
different times are more likely to be the same material points. We
remark that other approaches, such as the diffeomorphic mapping tak-
ing into account both the geometrical features and image characteristics
[8], or shape mode variations extracted from certain dimension reduc-
tion techniques [37], could provide more accurate results for deter-
mining the material point correspondence, but are more complex.
Although techniques such as diffusion tensor MRI have the potential
to acquire in vivo myofibre structure [13,29,32,36], these are not
routinely available on clinical MRI scanners. Hence, we used a
rule-based fibre structure for all the patients. However, by perturbing
the chosen fibre structure within the physiological range, we found that
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results do not change qualitatively. Finally, it is worth mentioning that
the co-registration among different LV geometries is not a well-posed
problem. Either image tracking [40] or geometry matching may not
reproduce all the local myocardium changes. Introducing mechanistic
G&R models may improve the growth tensor estimation, but remains a
future research topic since it requires much more clinical and in vitro
measurements at both macroscopic and microscopic levels.

6. Conclusion

In this paper, we have developed an image-derived method for
estimating apparent myocardial growth tensors in 16 patients post-MI.
Both routinely available cine and LGE CMR images are used for
personalized LV geometry reconstruction. We have demonstrated that
the estimated growth tensor agrees well with published experimental
data and conventional clinical observation. Our results show that the
greatest shape change occurs in the Dilation group and the least in the
Shrinkage group. Both Gg and G, are greater than 1 in the Dilation
group (adverse remodelling) with G below 1, indicating elongation of
myocytes and wall-thinning due to extracellular matrix degradation and
myocyte apoptosis. Different G&R patterns are identified in the
Shrinkage group (reverse remodelling), in which both Gg and Gy, are
less than 1. Wall-thinning occurs in all patients, but the wall volume
change, as indicated by I3, is found to increase/decrease at 7 months
post-MI in the Dilation/Shrinkage groups both in the MI and remote
regions. Interestingly, although the No-Change group has “no change”
(change less than 12%) in the LV volume, there are significant and
competing changes inside the LV wall along the fibre-sheet-normal di-
rections, and these changes are also different in the MI and remote re-
gions. We further show that the growth tensor invariants at 10-day and
7-month post-MI are significantly different between the Dilation group
and the Shrinkage group, and they seem to have stronger explanatory
power for identifying adverse and reverse remodelling patients
compared to clinical indices, i.e. MVO extent and MI size, etc. The
clinical and prognostic significance of the growth tensor invariants
merits further study. Although with limited sample size, our growth

Appendix
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tensor estimation for different G&R groups provides a starting point for
in-depth mechanistically understanding of growth and remodelling in
the human heart following an acute-MI. Further research is warranted,
both in terms of sample size and multicentre study design.
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The group and region-averaged G components for the Dilation group:

1.0162 £+ 0.0756
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0.0056 £0.1120
1.0204 £+ 0.0539
0.0024 £ 0.0092
0.0009 £0.0718
1.0544 £0.1022

remote  __
Gclr_ 10d —

MI _
G(‘lr, 10d —

G =
0.0031 = 0.1486
1.0498 + 0.0725
0.0008 = 0.0156

0.0363 £0.1013

G\ _
clr_Tmth —

—0.0008 £ 0.0252

0.0015 £0.0122
1.0263 £ 0.0424
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1.0276 £0.1397
—0.0008 £0.0136
—0.0012 £ 0.0307
1.0107 £0.1245
—0.0010 £ 0.0260
0.0079 £ 0.0362

(13)

—0.0085 +0.1268 0.9484 £ 0.1381

0.0033 £0.0116
1.0683 £ 0.0308

0.0019 £0.0168
0.0027 £ 0.0299

—0.0235 £0.0959 0.9413 +0.1249

in which crl represents the circumferential-radial-longitudinal coordinate system.
Similarly, the group and region-averaged G components for the No-Change group:
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GrEme — | —0.0012 +0.0112
0.0002 % 0.0740
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GM = [0.0014 £ 0.0067
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0.9661 + 0.0906
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And the group and region-averaged G components for the Shrinkage group:
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