1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 April 03.

-, HHS Public Access
«

Published in final edited form as:
Circ Cardiovasc Imaging. 2016 November ; 9(11): . d0i:10.1161/CIRCIMAGING.116.004731.

Magnetic Resonance Imaging of Cardiac Strain Pattern
Following Transplantation of Human Tissue Engineered Heart
Muscles

Xulei Qin, PhD", Johannes Riegler, PhD*, Malte Tiburcy, MD, Xin Zhao, MD, PhD, Tony
Chour, BS, Babacar Ndoye, BS, Michael Nguyen, BS, Jackson Adams, BS, Mohamed
Ameen, BS, Thomas S. Denney Jr., PhD, Phillip C. Yang, MD, Patricia Nguyen, MD, Wolfram
H. Zimmermann, MD, and Joseph C. Wu, MD, PhD

Stanford Cardiovascular Institute and Department of Medicine, Division of Cardiology, Stanford,
CA (X.Q.,J.R, X.Z,,T.C.,, B.D.,, M.T.N., JA, M.A,, PC.Y., PN., J.C.W.); Auburn University MRI
Research Center, Department of Electrical and Computer Engineering, Auburn University,
Auburn, AL (T.S.D.Jr.); Institute of Pharmacology, Heart Research Center, University Medical
Center, Georg-August-University and German Center for Cardiovascular Research, Gottingen,
Germany (M.T., WH.Z.)

Abstract

Background—The use of tissue engineering approaches in combination with exogenously
produced cardiomyocytes offers the potential to restore contractile function after myocardial
injury. However, current techniques assessing changes in global cardiac performance following
such treatments are plagued by relatively low detection ability. As the treatment is locally
performed, this detection could be improved by myocardial strain imaging that measures regional
contractility.

Methods and Results—Tissue engineered heart muscles (EHMSs) were generated by casting
human embryonic stem cell-derived cardiomyocytes with collagen in preformed molds. EHMs
were transplanted (n=12) to cover infarct and border zones of recipient rat hearts one month after
ischemia reperfusion injury. A control group (n=10) received only sham placement of sutures
without EHMs. To assess the efficacy of EHMs, MRI and ultrasound-based strain imaging were
performed prior to and four weeks after transplantation. In addition to strain imaging, global
cardiac performance was estimated from cardiac MRI. Although no significant differences were
found with global changes in left ventricular ejection fraction (EF) (Control —=9.6+1.3% vs. EHM
-6.2+1.9%, P=0.17), regional myocardial strain from tagged MRI was able to detect preserved
systolic function in EHM-treated animals compared to control (Control 4.4+1.0% vs. EHM
1.0+0.6%, P=0.04). However, ultrasound-based strain failed to detect any significant change
(Control 2.1+£3.0% vs. EHM 6.3£2.9%, P=0.46).
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Conclusions—This study highlights the feasibility of using cardiac strain from tagged MRI to
assess functional changes in rat models due to localized regenerative therapies, which may not be
detected by conventional measures of global systolic performance.
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INTRODUCTION

Engineered heart muscles (EHMSs) are macroscopic tissue constructs generated from either
embryonic stem cell-derived cardiomyocytes (ESC-CMs) or induced pluripotent stem-cell
derived cardiomyocytes (iPSC-CMs) and collagen. Transplantation of EHMs leads to
engraftment and long-term survival of up to 25% of transplanted cardiomyocytes.!: 2
Furthermore, pre-clinical studies have indicated the therapeutic potential of this approach to
preserve contractile function after myocardial infarction (M1).3-5 To assess the therapeutic
potential and optimize tissue engineering and transplantation procedures, an evaluation
method that can assess localized contractile performance is required. Noninvasive imaging
techniques such as cardiac ultrasound and magnetic resonance imaging (MRI) are
indispensable for this task.5 7 Cardiac ultrasound is a fast, inexpensive, and convenient
technique to evaluate systolic function, which has led to its widespread application in both
pre-clinical and clinical trials for cardiac stem cell therapies.8  Cardiac MRI, which offers
high resolution and superior soft tissue contrast, has also been utilized to evaluate the
therapeutic efficacy of stem cell therapies.* 10- 11 MRI has become the gold standard for the
assessment of cardiac function due to its advantages.12: 13

However, most studies to date have relied on global estimates of systolic function such as
left ventricular ejection fraction (EF) to assess therapeutic interventions. Although these
global measurements are convenient standards for evaluating cardiac function, they have
limited ability to detect small localized changes in myocardial function.1# 15 Accurate
assessment of localized changes in contractile function is particularly important for therapies
that are applied to a small region of the heart, such as intramyocardial injections of CMs or
transplantation of EHMSs in the border zone of the scar region.16

The development of cardiac strain imaging techniques has enabled the assessment of
regional myocardial deformations in beating rodent and human hearts.1’-19 Two frequently
used methods for myocardial strain imaging are tagged MRI and ultrasound-based speckle
tracking. Tagged MRI is a technique that applies a grid pattern on myocardial tissue at the
beginning of the cardiac cycle by nulling the MRI signal of tag lines (grid lines), followed
by imaging the displacement of tag lines throughout the cardiac cycle. Tracking of tag line
displacements due to cardiac contractions enables the measurement of myocardial
deformations and strains in three dimensions (3D). Alternative methods that do not rely on
intensive post processing for tag line tracking have been developed more recently.14: 20, 21
Cardiac ultrasound strain imaging techniques, such as tissue Doppler and speckle tracking
from B-mode images, have been developed to quantify segmental motion and deformations
of the myocardium by post-processing of velocity data or grayscale images. Ultrasound-
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based strain imaging has been widely used to investigate hypertrophic cardiomyopathies and
coronary artery diseases.22-24 Although strain imaging has been applied for the diagnosis of
regional myocardial dysfunction in clinics, its ability to detect regional function changes
after localized therapeutic intervention still needs to be validated.

To this end, we set out to evaluate the feasibility of MRI and ultrasound-based strain
imaging techniques to detect changes in regional myocardial function following EHM
transplantation. We used EHM transplantation or sham suture placement (control) at four
weeks after rat myocardial ischemia reperfusion injury to model chronic heart failure. We
performed cardiac MRI and ultrasound one day before and four weeks after EHM or sham
transplantation to assess the changes in systolic function, using conventional global-based
and regional strain-based measurements and subsequently comparing their detection
abilities.

METHODS

EHM Generation

Human H7 embryonic stem cells (ESCs; WiCell, Madison, WI) were expanded and
differentiated into cardiomyocytes using a small molecule protocol.2> EHMs were generated
by casting human ESC-CMs with collagen in preformed molds following a previously
published protocol.28 After condensing for five days, EHMs were transferred to mechanical
stretchers for functional maturation for 12-14 days.

Myocardial Infarction and EHM Transplantation

Cardiac MR

All animal procedures were performed in accordance with Stanford’s Administrative Panel
on Laboratory Animal Care (APLAC) protocol. Ml was induced in 8 to 10-week old male
nude athymic rats (Charles River, Wilmington, MA). The left anterior descending (LAD)
coronary artery was occluded for 60 min followed by reperfusion. One month after Ml
surgery, rats underwent baseline MRI. Following pilot experiments with an effect size of 5%
and a standard deviation of 4% of myocardial strain changes, a power calculation indicated
each group size of 10 should be sufficient to detect the treatment effect with a power of 0.8
and Type | error rate of 0.05. Based on previous experiments, we expected to use 80% of
animals operated on for randomization (n=22). These rats with sufficient functional
impairment (EF <65%, baseline EF before surgery was 73+1%) were randomly assigned to
treatment (n=12) or control (h=10) groups in blocks of 2—-3. Moreover, some rats were
imaged before any surgery as a baseline group (n=6). One day after baseline assessment, a
second thoracotomy was performed, and EHMs were placed over the scar region and sutured
onto the left ventricular free wall using 8-12 stitches (7-0 Prolene) (Figure 1A). Animals in
the control group underwent the same procedure without EHM placement, receiving only
sham sutures on the left ventricle (LV). Surgeries were performed under isoflurane
anesthesia (1.5-2%) using aseptic techniques.

Cardiac MRI was performed one day before (D-1) and 28 days after (D28) EHM
transplantation or sham surgery using a 7T MR901 Discovery horizontal bore scanner
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(Agilent Technologies, Santa Clara, CA) with a shielded gradient system (600 mT/m). Rats
were anesthetized with 1-2% (v/v) isoflurane in oxygen, kept at 37+0.4 °C via an air heating
system, and placed in prone position on an animal cradle. During imaging, rats were kept in
the center of a decoupled 72 mm transmit/receive volume coil (Agilent) and data were
acquired from a 4-channel phased array receive-only surface coil (Rapid MR International,
Columbus, OH) placed around the chest. Electrocardiogram, respiration, and temperature
were synchronously recorded to monitor animal health and trigger the MRI acquisitions.
Cardiac function, scar size, and localized contractility were assessed by cine MR, late
gadolinium-enhanced (LGE), and tagged MRI, respectively. Total MRI scan time was
approximately one hour.

Cine MRI—Following scout acquisitions to define long- and short-axis views, cine imaging
was performed to evaluate global systolic function. An ECG and respiration-gated spoiled
gradient echo sequence was used to acquire 20 frames covering the cardiac cycle: echo time
(TE) 1.5 ms, repetition time (TR) 6-8 ms, flip angle 15°, FOV 50x50 mm?2, in plain
resolution 0.2x0.2 mm2, slice thickness 1 mm, no slice gap. Two and four chamber long-axis
views as well as 14-15 short-axis slices were acquired to cover the heart from apex to base.

Tagged MRI—Tagged imaging was performed after cine image acquisitions. A double-
gated spatial modulation of magnetization (SPAMM) tagging preparation with a tag spacing
of 7 voxels was used to generate a grid-like tagging pattern, followed by fast gradient echo
readouts. Tagged MRI images were acquired using slice localizations defined for cine
imaging but with different acquisition parameters: TE 1.5 ms, TR 6-8 ms, flip angle 10°,
FOV 40x40 mm?, in plain resolution 0.16x0.16 mm?, slice thickness 1 mm, spacing 1.6
mm, NSA 3, 20 frames for each R-R interval. The tagged images from short-axis (sparsely
imaged every third slice), two chamber, and four chamber views were acquired to cover the
3D heart geometry.

LGE MRI—Finally, to identify the scar location and quantify its size, LGE images were
acquired 8 min after intravenous infusion of gadolinium (0.8 mmol/kg; Magnevist Bayer,
Germany). An inversion recovery gradient echo sequence with inversion time optimized to
null the healthy myocardium signal was used with the following imaging parameters: TE 1.4
ms, TR one breathing interval, Tl 280-370 ms, flip angle 90°, slice thickness 1 mm, no slice
separation, FOV 40x40 mm2, matrix size 192x192, NSA 2, and views per segment 2.

Image analysis and strain calculation—Images were blinded for analysis. Both
endocardial and epicardial borders were automatically segmented on cine images following
manual correction by an experienced user using Segment (http://segment.heiberg.se) to
estimate global parameters for cardiac function. Scar size and location were derived from
LGE images via semi-automatic segmentation using Segment. Segmented scar regions were
exported following the American Heart Association (AHA) 17-segment model. Segments
with >75% scar area were classified as scar segments for downstream analysis. Segments
without scar were classified as the remote zone, whereas the remaining segments were
classified as the border zone. Short-axis cine images were also used to estimate fractional
shortening of the myocardium in the radial direction.
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Tagged images were analyzed using the Strain from Unwrapped Phase (SUP) calculation
method as previously described.2” The SUP has the ability to reconstruct 3D ventricular
strain maps from tagged MR images throughout the cardiac cycle. The analysis workflow
included three steps: semi-automatic segmentation of the myocardial walls, phase
corrections of the unwrapped phase, and generation of displacement maps to calculate
myocardial strain (Figure 1B).

Based on finite deformation theory, the myocardial strain tensor (£) measures changes in
myocardial shape during the cardiac cycle and is not affected by rigid-body motion. Shape
changes along the long-axis, radial-axis, and circumference were used to calculate
longitudinal, radial, or circumferential strain. We focused primarily on global and local
circumferential strains for our analysis due to their reported ability for the detection of
contraction impairment.28 Negative peak circumferential strain (£,,) was utilized to reflect
myocardial contractility. Global £,,was calculated by averaging circumferential strains
across the heart. To compare regional differences, £cc strain maps were converted to the
AHA 17-segment model (without the 17" segment representing the apex) by averaging the
voxel-based strains for each segment. These segments were grouped together as remote,
scar, or border zone based on the LGE-derived tissue classification (Figure 1C).
Additionally, time-to-peak strain was utilized to estimate myocardial asynchrony among
different myocardial regions. Ten randomly selected rats were analyzed to estimate intra-
and inter-observer variability for Ecc strain.

Ultrasound Imaging and Analysis

Histology

Speckle tracking-based ultrasound strain imaging was also performed on these experimental
animals on D-1 and D28. Two-dimensional (2D) B-mode ultrasound images in short-axis
view were acquired using a high frequency (21 MHz) linear transducer (MS250) connected
to a small animal ultrasound system (Vevo 2100; VisualSonics, Toronto, Canada). Rats were
sedated with 1-2% (v/v) isoflurane in oxygen and chests hairs were removed. 2D B-mode
images were recorded in a short-axis view.

Cardiac ultrasound image series were analyzed using the VevoStrain software. After manual
initialization, myocardial boundaries were automatically tracked throughout the cardiac
cycle. Cardiac strains were calculated using speckle tracking. These strains were represented
using an AHA 17-segment model, which only included mid-ventricular segments. Based on
LGE MRI, these segments were classified as scar regions, remote, or border zones for
comparisons. Intra- and inter-observer variability was also validated for ten randomly
selected rats.

Serial sections from paraformaldehyde (PFA) fixed and optimal cutting temperature (OCT)
embedded hearts were stained for human cardiac troponin T (Abcam, ab45932) and alpha
actinin (Sigma, A7811) following previously published procedures.> Masson’s trichrome
staining was also performed using a standard protocol.® The scar sizes of 4 EHM versus 4
control hearts were measured by comparing the scar area with LV area in mid-ventricular
short axis slices.
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Statistical Analysis

All data sets were complete with no missing data points. Results are presented as mean +
SEM. To compare global and regional parameters for cardiac function, a mixed ANOVA was
used to assess the time by treatment interaction effect on cardiac function by considering the
within-subject correlation among measurements. For the comparisons of their changes, the
difference between D-1 and D28 was calculated for each animal, followed by a Student’s #
test to compare control and EHM treatment groups. The statistical analysis was performed
using SPSS Statistics software (IBM, Armonk, NY). A value of p < 0.05 was considered
significant.

RESULTS

Global measures of systolic function failed to detect significant differences between
control and treatment groups

We have previously shown that EHM transplantation leads to long-term survival and
engraftment of CMs (Figure 2A) as well as attenuated disease progression.® Here we
performed strain imaging on a subset (EHM n=12, control n=10, healthy n=6) of these
animals to test the capability of strain imaging for evaluating a localized regenerative
therapy. Global cardiac parameters, including contractile function and scar size
measurements, were quantified from cine MR images at D-1 and D28 (Supplemental Table
1). At D-1, there were no significant differences in end-diastolic volume (EDV; EHM
493.1+11.9 vs. control 449.6+17.9, p=0.07), end-systolic volume (ESV; EHM 218.0+19.0
vs. control 209.4+20.1, p=0.22), or EF (EHM 53.1+£2.6% vs. control 54.2+2.8%, p=0.64)
between EHM and control groups prior to EHM transplantation or sham surgery (Figure
2A).

EF is the most frequently used parameter to evaluate global contractile function of hearts. In
this study, the EF changes from D-1 to D28 showed a similar decline for both EHM and
control groups, thus failing to show a significant difference (EHM —6.2+1.9% vs. control
-9.6+1.3%, P=0.17; Figure 3B). Scar size is another frequently used parameter to assess
regenerative therapies. Although scar sizes increased slightly in the control group without
changes being found for the EHM group from D-1 to D28, these changes were not
statistically significant (EHM 0.01+1.0% vs. control 0.9+0.4%, P=0.07; Figure 3C, D).
These findings were corroborated by Masson’s trichrome staining, which also failed to
detect differences in scar size at D28 (EHM 22.2 £2.0% vs. control 22.5+3.5%, P=0.48;
Figure 2D, E).

Cardiac MRI-based strain analysis

To assess the performance of strain imaging for evaluating localized regenerative therapies,
we next compared both global and regional strain parameters measured from cardiac MRI of
healthy, control, and EHM rats (Supplemental Table 2). We estimated the global
circumferential strain by averaging voxel-based circumferential strains of the whole heart.
Regional strain estimates were generated by grouping voxel-based strains for specific
regions (scar and remote zone). The same grouping was used for fractional wall thickening
and time-to-peak estimates.
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Global circumferential strain was similar between treatment and control group

One month after EHM transplantation or sham surgery (control), global circumferential
strains (£cc) at D28 were similar for both groups (EHM -15.3+£0.4% vs. control
-13.5+1.0%, P=0.22). Both groups showed slight increases compared to baseline (D-1)
(Figure 3E). Although this increase in circumferential strain AEcc was larger in the control
group compared to EHM (Control AEcc 3.2+1.0% vs. EHM AEcc 1.0+£0.6%, Figure 3F), it
did not reach statistical significance (P=0.08). Similar to estimates of global systolic
function such as EF, global circumferential strain failed to detect a treatment effect due to
EHM transplantation.

Regional circumferential strain showed therapeutic efficacy of EHM transplantation

Late gadolinium enhancement data were used to classify the 17 segments of the AHA model
into scar, remote, and border zone groups. All regional estimates for cardiac performance
were grouped together based on to this classification. Regional circumferential strain for the
scar tissue E£cc_scarin the control group showed a significant increase (—13.5+1.6% D-1 to
-9.1+1.1% D28, P=0.02), whereas the EHM group remained constant (—12.6+£1.0% D-1 to
-11.5+0.7% D28, P=0.39, Figure 4A). This increase in scar strain AEcc_scarwas
significantly larger in the control group compared to EHM (Control AEcc _scar4.4+1.0% vs.
EHM AEcc _scar1.0+0.6%, Figure 4B), indicating a preservation of contractile performance
following EHM transplantation (P=0.04). However, cardiac strain in the EHM group did not
revert to the level observed in the free wall of the healthy group (no M1 -27.7+2.4%).

In contrast to regional circumferential strain, the change in regional wall thickening from
D-1 to D28 (derived from cine data) in the scar region failed to detect significant differences
between control and EHM groups (Control —4.2+3.0% vs. EHM -4.1+2.2%, P=0.98, Figure
4C, D).

Hearts with myocardial infarcts also showed lower circumferential strains in remote tissue
compared to healthy controls (no MI). However, there were no significant differences for
circumferential strain changes from D-1 to D28 in remote tissue between control and EHM
groups (Control 3.8+1.0% vs. EHM 2.5+1.2%, P=0.42, Figure 4E, F).

Furthermore, to assess potential asynchrony between different segments of the heart, time-
to-peak was analyzed in both scar region and remote zone. Although time-to-peak in the scar
region showed a smaller increase in the EHM group compared to control (Control 13.4+0.3
vs. EHM 11.4+0.8, Figure 5A, B), this difference was not statistically significant (P=0.07).
The time-to-peak in remote zone was similar for EHM and control groups (Control 10.9+£0.5
vs. EHM 10.7+0.5, P=0.78, Figure 5C).

Ultrasound-based strain analysis failed to detect significant differences between control
and treatment groups
Cardiac ultrasound is the most common imaging modality in cardiology. We therefore
performed ultrasound-based strain analysis on the same animals that were used for MRI. We
measured both global and regional circumferential strains (£cc) from 2D ultrasound images
by using the speckle tracking method (Figure 6). Different from MRI, ultrasound-based

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Qinetal. Page 8

analysis of localized strain was not able to detect significant differences between EHM and
control group (Control —=8.9+1.9 vs. EHM -10.2+1.6, P=0.47 for scar Ecc, Control
-15.6+1.6 vs. EHM -15.2+1.9, P=0.73 for remote zone Ecc).

Reproducibility of strain analysis

Intra- and inter-observer variability was estimated for global and regional strain analysis
from MRI and ultrasound data (Figure 7). Bland-Altman plots showed small systemic offsets
for MRI and slightly larger ones for ultrasound. However, limits of agreement indicated that
ultrasound had larger intra- and inter-observer variability than MRI.

DISCUSSION

The growing interest in localized cardiac regenerative therapies requires more accurate
noninvasive methods to characterize functional benefits due to these interventions. We
therefore set out to compare the capability of MRI and ultrasound-based techniques for
regional assessment of cardiac function. Previous studies demonstrated the regenerative
potential of EHM transplantation that led to long-term cell survival, high engraftment rates,
and reduced disease progression.3: > Although these studies were able to detect functional
benefits based on the analysis of global systolic function, this required substantial group
sizes (n >14). With the smaller group sizes used for the current study, EF failed to detect
significant differences between EHM and control groups. This lack of successful detection
likely arises from primarily localized benefits following EHM transplantation, which are
difficult to detect on an organ level. Techniques that can measure contractile performance
locally should hence offer higher detection abilities compared to global measurement
techniques.

Strain imaging is expected to supply additional information for localized regenerative
therapies, because it can directly and locally assess contractile deformations of the treated
myocardium. Although some studies have utilized strain imaging from both tagged MRI and
cardiac ultrasound to assess therapeutic efficacy,2%-3! its detection limits and limits of
agreement for these localized regenerative therapies have not been evaluated. To fill this gap,
we validated strain analysis by using 3D tagged MRI and 2D ultrasound imaging data from
infarcted rat hearts before and after EHM transplantations or sham surgery (control).

As expected, global measures of systolic function failed to detect significant differences
between control and EHM groups due to smaller group sizes used in the current study. By
contrast, regional analysis detected the preservation of circumferential strain in the scar
region following EHM transplantation. This illustrates the higher detection ability of
localized strain analysis from tagged MRI data. Although EHM transplantation was
sufficient to prevent the deterioration of circumferential strain in the scar region, it did not
improve contractile performance. Fractional wall shortening is an estimate for 1D radial
strain that can be derived from cine MRI or B-mode ultrasound data. Similar to global
measures of cardiac function, it was unable to detect significant differences between control
and treatment groups. This might be due a higher wall thickness in the scar region following
ischemia reperfusion compared to permanent LAD occlusion used in a previous study.3
Diseases or therapeutic interventions that affect the timing of myocardial contractions
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differently across the heart can lead to cardiac dyssynchrony. Nonetheless, time-to-peak
estimates for different regions of the hearts were not significantly different between control
and EHM groups. One potential explanation for this may be that the human cells used to
make EHMSs were unable to contract at the rate of the host myocardium in this xenograft
model. However, human cardiomyocytes might still induce therapeutic effects via paracrine
mechansims.3 Additionally, we assessed the reproducibility of 3D strain from the unwrapped
phase technique by estimating the intra-observer variability. Strain analysis was performed
automatically following manual initialization and phase correction. This led to small
systematic biases of both global and regional strain as well as narrow limits of agreement,
which were in line with previously published data,19: 27. 32

Due to its popularity and high temporal resolution, we decided to include ultrasound-based
strain analysis in our study as well. Circumferential strain was calculated from 2D high-
frequency ultrasound images using speckle tracking. While general trends were similar
compared to MRI-based strain estimates, we were unable to detect any significant
differences between control and treatment groups. Although ultrasound-based strain imaging
has been validated for cardiac therapies in mice,32 ultrasound images acquired from rats had
a lower signal-to-noise-ratio (SNR) due to the poor ultrasound window in rats. Its detection
ability was also limited by the 2D image acquisition because EHMs grafts covered less than
half of the anterior free wall. Due to the small group sizes of the current study, these
problems led to large variations within the analyzed groups. Larger group sizes could help to
overcome this problem. In addition, we cannot definitely conclude that the localized strain
measured from ultrasound was significantly different from that of tagged MRI since we only
demonstrated that they fell on different sides of the critical test statistics.

In summary, this study demonstrates the feasibility of localized strain assessment for
regenerative therapies. MRI-based strain was able to detect preservation of localized
contractile function in rat hearts following EHM transplantation, a feat that could not be
accomplished by global measures of systolic function. In contrast to MRI, ultrasound-based
strain imaging failed to detect significant differences between control and treatment groups.
This was primarily due to the limited ultrasound window in rats. Therefore, MRI-based
strain may help illustrate the therapeutic mechanism of such therapies while simultaneously
reducing group size requirements compared to global functional assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Flowchart illustrating strain analysisin both scar and remote zone following EHM
transplantation

(A) Schematic illustrating an EHM loop after functional maturation, sutured over the scar
region with 8-12 stiches, and monitored noninvasively with different strain imaging
techniques. (B) Strain analysis from tagged MRI using a Strain from Unwrapped Phase
(SUP) method to calculate the localized strain throughout the heart and its conversion into
the 17-segment AHA model. (C) Scar volumes (yellow line) were estimated from late
gadolinium-enhanced images and converted into the AHA 17-segment model to define both
scar (red) and remote zone (dark blue) based on fraction of scar tissue present in different
segments. EHM: engineered heart muscle.
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Figure 2. Immunofluorescence showed viable human cardiomyocytes 4 weeks after
transplantation of engineered heart muscle

(A) Transplanted engineered heart muscle (EHM) led to the engraftment of human
cardiomyocytes on the host heart. Partially aligned sarcomeres could be detected in viable
human cardiomyocytes when staining for (B) alpha actinin (a-act), human cardiac troponin
T (hcTnT), and (C) human beta myosin heavy chain (hg-MyHc). Despite substantial
engraftment and survival of human cardiomyocytes, scar sizes between (D) EHM (n=4) and
(E) control groups (n=4) were similar (p=0.48) as assessed by Masson’ trichrome staining
(blue color).
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Figure 3. Global assessment of systolic function failed to show differences between EHM and
control groups

No significant differences between EHM and control groups were detected by analyzing
parameters of global function as well as their changes over time: (A) ejection fraction (EF),
(B) change in EF, (C) scar size (percentile of LV mass), (D) change in scar size, (E) global
strain, and (F) change in global strain. EHM: engineered heart muscle treated group. £,
negative peak of circumferential strain.
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Figure 4. Regional circumferential strain showed preservation of contractile performancein the

EHM group compared to control

Regional function assessed from cardiac MRI included (A) regional strain in the scar region,
(C) wall thickening in the scar region, and (E) regional strain in the remote zone. Significant
differences between both EHM and control groups were detected for (B) changes in regional
strain in the scar region, but not for changes in other parameters or regions such as (D)
change in wall thickening or (F) change in regional strain of the remote zone. £, negative

peak of circumferential strain. * P<0.05.
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Figure 5. Analysis of cardiac synchrony failed to detect differences between control and EHM
groups

(A) Time-to-peak was defined as the time delay between the starting frame and negative
peak of circumferential strain. (B) A non-significant increase in time-to-peak was found for
the control group compared to EHM. (C) Time-to-peak of the remote zone was similar for
EHM and control groups. EHM: engineered heart muscle treated group.
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Figure 6. Ultrasound-based strain analysisfailed to detect significant differences between

treatment and control groups

No significant differences between EHM and control groups were detected by ultrasound
imaging based strain analysis due to its greater variability. The analysis included the
following parameters: (A) global strain, (B) regional strain in the scar region, and (C)
regional strain in the remote zone. E.; negative peak of circumferential strain.
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Figure 7. Reproducibility of MRI and ultrasound based strain analysis
The reproducibility of global and regional strain analysis for cardiac MRI and ultrasound

were assessed by both intra- and inter-observer comparisons. Bland-Altman plots showed
that systematic biases for global strains (A, C) and regional strains (B, D) from cardiac MRI
were smaller than global strains (E, G) and regional strain biases (F, H) from ultrasound.
Moreover, the 95% limits of agreement for MRI based strain were narrower than those for
ultrasound. These results demonstrate a higher reproducibility of strain analysis from MRI
data compared to ultrasound. £, negative peak of circumferential strain.
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