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ABSTRACT

Background Most cell therapy trials failed to show
an improvement in global left ventricular (LV) function
measures after myocardial infarction (MI). Myocardial
segments are heterogeneously impacted by MI. Global LV
function indices are not able to detect the small treatment
effects on segmental myocardial function which may have
prognostic implications for cardiac events. We aimed to
test the efficacy of allogeneic cardiosphere-derived cells
(CDCs) for improving regional myocardial function and
contractility.
Methods In this exploratory analysis of a randomised
clinical trial, 142 patients with post-MI with LVEF <45%
and 15% or greater LV scar size were randomised in 2:1
ratio to receive intracoronary infusion of allogenic CDCs
or placebo, respectively. Change in segmental myocardial
circumferential strain (Ecc) by MRI from baseline to 6
months was compared between CDCs and placebo groups.
Results In total, 124 patients completed the 6-month
follow-up (mean (SD) age 54.3 (10.8) and 108 (87.1%)
men). Segmental Ecc improvement was significantly
greater in patients receiving CDC (−0.5% (4.0)) compared
with placebo (0.2% (3.7), p=0.05). The greatest benefit for
improvement in segmental Ecc was observed in segments
containing scar tissue (change in segmental Ecc of −0.7%
(3.5) in patients receiving CDC vs 0.04% (3.7) in the
placebo group, p=0.04).
Conclusions In patients with post-MI LV dysfunction,
CDC administration resulted in improved segmental
myocardial function. Our findings highlight the importance
of segmental myocardial function indices as an endpoint in
future clinical trials of patients with post-MI.
Trial registration number NCT01458405.

INTRODUCTION
Cell therapy has been proposed as a potential
strategy to partly reverse myocardial damage
and enhance myocardial function after
myocardial infarction (MI).1–4 While preclinical and some clinical studies have suggested

Key questions
What is already known about this subject?
►► Most cell therapy trials failed to show an improve-

ment in global left ventricular function measures
after myocardial infarction (MI).

What does this study add?
►► Administration of allogeneic cardiosphere-
derived

cells (CDCs) in patients with post-MI improves regional myocardial function.

How might this impact on clinical practice?
►► Improvement in regional myocardial function with

administration of CDCs may provide survival benefit
for these patients.

a benefit in enhancing left ventricular
(LV) function,2 5 6 myocardial perfusion7 or
reducing infarct size,2 significant controversy
persists on the value of cell therapy, given that
several clinical trials have failed to improve
LV ejection fraction (LVEF).1 3 4 8
The ALLogeneic Heart STem Cells
to
Achieve
Myocardial
Regeneration
(ALLSTAR) study was designed to test the
hypothesis that administration of allogeneic
cardiosphere-derived cells (CDC) to patients
with large MI would produce a reduction in
infarct size 12 months after cell administration. Based on an interim analysis performed
after all enrolees had completed 6 months of
follow-up, the study was interrupted on the
premise that its continuation would be futile
given failure to impact the predesignated
primary endpoint (infarct size).9 Despite
this disappointment regarding infarct size,
primary analysis of ALLSTAR study revealed
favourable changes in secondary measures
including LV dilatation, and reductions in
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NT-pro-BNP in CDC-treated patients.9 Global LV function by LVEF did not improve by CDCs. However, LVEF
do not consider the effect of CDCs on different segments
of the myocardium, which may be heterogeneous across
different myocardial regions (given the spatially localised
nature of ischaemic injury in MI).
Detection of heterogeneous treatment effects at the
segmental level requires highly sensitive and reproducible tools. LV strain is a sensitive and accurate index of
myocardial deformation that directly reflects LV myocardial contractility at the segmental as well as global
ventricular levels, and has prognostic value superior to
LVEF in predicting myocardial functional deterioration
in different types of disease,10 as well as in asymptomatic
individuals.11 In patients with MI, LV strain is a strong
predictor of mortality and heart failure admissions over
and above LVEF and traditional risk factors.12 Multimodality feature tracking has enabled quantification of
myocardial strain from cine images which also allow for
quantification of LV volumes and LVEF routinely in clinical cardiac MRI protocols.13
In this exploratory study, circumferential LV strain in
ALLSTAR study participants was quantified using MRI
cine images at baseline and follow-up visit to: (1) test the
efficacy of CDCs for improving segmental postinfarct
myocardial contractility; (2) investigate the differential
effect of CDCs in infarcted versus remote segments; (3)
test whether the improvement in myocardial contractility
relates to changes in infarct size; (4) identify the determinants of beneficial responses to cells.
METHODS
The design of the ALLSTAR phase II trial has been
described previously.9 14 The ALLSTAR phase II trial
assessed safety and efficacy of intracoronary delivery of
allogeneic CDCs (CAP-1002) in patients with recent or
2

chronic MI aged 18 years or older enrolled across 30
US centres to receive either one dose of intracoronary
CAP-1002 or placebo. Participants had MI within the
prior 4 weeks to 12 months before enrolment, and had
undergone successful percutaneous coronary intervention with resultant thrombolysis in MI flow of 3 in the
infarct related artery, had postinfarct LVEF <45% by
any clinically accepted imaging method, and infarct size
(scar) of ≥15% of LV mass by MRI.9 14
Procedures
Intracoronary infusion of CAP-1002 or placebo was
performed on day 0, at least 4 weeks after the index MI.
CDCs were obtained from donor hearts at the time of
cardiac transplantation and manufactured according
to a comprehensive quality control programme as
described.14 The CAP-1002 (25 million human allogeneic
CDCs) and placebo were administered intracoronarily.14
Participants were hospitalised for 20–24 hours after infusion with continuous cardiac monitoring for potential
adverse events.
Randomisation, masking, follow-up protocol and endpoints
The randomisation for phase II trial was performed
with 2:1 ratio favouring the CAP-1002 group stratified by
recent (4 weeks to 90 days) and chronic (90 days to 12
months) index MI as well as presence of donor specific
antibodies against human leucocyte antigens. Investigators, participants, readers at the MRI Core Laboratory and
all sponsor staff were blinded to treatment assignment
until completion of the 6-month follow-up for the entire
cohort. The randomisation and allocation concealment
were monitored by Steering Committee and Data and
Safety Monitoring Board. The safety follow-up protocol
is described in online supplemental file. Following the
prespecified interim analysis on the 6-month follow-up
data, the sponsor decided to terminate the study given
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614
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Figure 1

Coronary artery disease

Placebo
(n=41)

CAP-1002
group (n=83)

P value

Age, mean (SD)

53.5 (10.2)

54.7 (11.1)

0.56

Male gender, n (%)

36 (87.8)

72 (86.7)

0.99

 Recent

17 (41.5)

37 (44.6)

0.85

 Chronic

24 (58.5)

46 (55.4)

Chronicity of MI, n (%)

Race, n (%)
 White

34 (82.9)

73 (87.9)

 Black or African-
American

6 (14.6)

7 (8.4)

 Asian

0

3 (3.6)

 American-Indian or
Alaska Native

1 (2.4)

0

Diabetes mellitus, n (%)

11 (26.8)

18 (21.7)

0.17

0.65

Hypertension, n (%)

27 (65.8)

48 (57.8)

0.70

ACE inhibitors or ARBs,
n (%)

35 (85.4)

76 (91.6)

0.35

Beta blockers, n (%)

40 (97.6)

79 (95.2)

0.99

Diuretics, n (%)

18 (43.9)

34 (41.0)

0.85

Aldosterone antagonists,
n (%)

12 (29.3)

28 (33.7)

0.69

Antithrombotic agents,
n (%)

41(100)

81 (97.6)

0.99

Lipid lowering agents,
n (%)

39 (95.1)

79 (95.2)

0.99

Aspirin, n (%)

41(100)

78 (93.4)

0.17

ARB, angiotensin receptor blocker; MI, myocardial infarction.

the low probability to achieve a statistically significant
difference at the end of the 12-month follow-up for the
primary endpoint of LV scar size reduction. At the time of
study termination, 124 and 67 participants had completed
6-month and 12-month follow-up, respectively.
Cardiac MRI: image acquisition and analysis
The details of the cardiac MRI protocol are described in
the online supplemental file. MRI using 1.5 or 3T scanmonth and
ners was performed at baseline, and at 6-
12-month follow-ups for efficacy assessment. MRI technologists reviewed and matched the slice positioning
and MRI parameters between baseline and follow-
up
MRIs in order to improve reproducibility of image acquistate free precession
sition. Cine images using steady-
with retrospective gating were used for quantification
of LV volumes, LVEF and myocardial strain. For assessment of myocardial scar, late gadolinium enhancement
(LGE) images were acquired using breath-hold inversion
recovery-prepared gated TurboFLASH sequence 15 min
after intravenous administration of 0.2 mmol/kg gadolinium contrast. In participants with cardiac implantable electrical devices (CIED) (n=16), cine images were
acquired using fast gradient echo pulse sequence and
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614

LGE images were acquired using a wideband sequence
to avoid device induced artefacts.15 This resulted in
adequate image quality for endpoint quantification in all
participants with a CIED.
De-identified MRI images were analysed by a single
experienced reader with over 10 years of experience
reading such images in the MRI Core Laboratory at Johns
Hopkins University. LV volumes and LVEF were quantified from contiguous short axis cine slices using Food
and Drug Administration approved software (QMass
7.4, Medis Medical Imaging Systems, The Netherlands).
Myocardial scar from LGE images was quantified using
the full width at half maximum method (QMass 7.4) as
described.16 The LV scar was presented as a percentage of
the total myocardial mass. Multimodality Tissue Tracking
software (MTT 6.1, Toshiba, Japan) was used to obtain
circumferential strain (Ecc) from short axis cine images
as described in online supplemental file and elsewhere.13
This method uses a pixel-to-pixel matching technique
by defining angle-
independent motion vectors from
multiple tracking points to find identical pixels in successive frames to generate strain curves.13 The mid-wall peak
systolic circumferential strain (Ecc) was determined
from strain curves, with lower Ecc values representing
greater systolic myocardial contraction. The segmental
myocardial scar and circumferential strain were mapped
according to the American Heart Association 16-segment
model.17
Statistical analysis
The current analysis included all infused participants
who completed the 6-month follow-up. Descriptive data
are presented as mean (SD), or number (%). We used
mixed-
effects linear regression models with the treatment group and visit number as fixed effects and the
patient as the random effect to compare the change in
peak Ecc from baseline to 6 months between CAP-1002
versus placebo groups. The resultant regression coefficients represent the relative difference in the slope of
baseline to 6-month changes between the CAP-1002 and
placebo groups.
As exploratory analyses in order to identify the determinants of response to CAP-1002, we plotted the change
in Ecc from baseline to 6 months against baseline LVEF,
LV end diastolic volume index (LVEDVi) and LV scar
percent. Subgroup efficacy analyses using mixed-effects
linear regression models were performed, to study the
treatment response across the baseline values of LVEF,
LVEDV, or infarct size.
The significance level was set at p<0.05.
RESULTS
Between January 2014 and September 2016, 245 patients
were screened for eligibility and 142 were randomised
and enrolled in the study (95 in the CAP-1002 group vs
47 in the placebo group, figure 1). Five subjects in the
CAP-1002 and three subjects in the placebo groups were
3
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Table 1 Demographics and baseline clinical characteristics

Open Heart

LVEDVi at baseline, mL/m

2

LVEDVi at 6 months, mL/m

2

CAP-1002 group (n=83)

Between-group p value

105.2 (25.9)

102.7 (20.4)

0.02

110.9 (26.5)

103.7 (23.4)

0.001

Within-group p value
Change in LVEDVi, mL/m

2

LVESVi at baseline, mL/m2
LVESVi at 6 months, mL/m

2

Change in LVESVi, mL/m

2

SVi at baseline, mL/m2
SVi at 6 months, mL/m

2

5.7 (10.3)

1.0 (11.3)
62.5 (18.0)

68.0 (22.9)

62.8 (20.2)

2

3.1 (7.7)

0.3 (9.4)
40.2 (6.2)

42.9 (7.2)

40.9 (6.9)

2.5 (5.7)

0.7 (5.7)

39.7 (7.8)

40.0 (6.7)

LVEF at 6 months, %

39.3 (8.1)

40.4 (7.1)

0.58

Change in LVEF, %

0.3 (3.4)

0.4 (4.4)

5.8 (1.2)

5.3 (1.1)

CO at 6 months, L/min

5.7 (1.2)

5.3 (1.2)

0.73
−0.05 (0.9)

−0.001 (0.8)

LVMi at baseline, g/m2

77.1 (13.6)

74.7 (13.5)

LVMi at 6 months, g/m2

76.5 (13.4)

74.3 (12.6)

Within-group p value

0.21

0.27

Change in LVMi, g/m2

0.6 (3.3)

0.4 (3.3)

Scar mass at baseline, g/m

37.7 (12.0)

34.2 (11.7)

Scar mass at 6 months, g/m2

36.4 (12.6)

32.3 (11.3)

Within-group p value

<0.001

<0.001

Change in scar mass, g/m2

−1.7 (2.8)

−1.8 (2.9)

Scar per cent at baseline, %

22.9 (5.5)

22.0 (5.5)

Scar per cent at 6 months, %

22.3 (6.3)

20.9 (5.4)

Within-group p value
Change in scar per cent, %

0.01
−0.8 (2.1)

0.92

0.98

Change in CO, L/min

2

0.93

0.38

CO at baseline, L/min
Within-group p value

0.04

0.24

LVEF at baseline, %
Within-group p value

0.08

0.78

40.3 (6.6)
0.007

Within-group p value

0.41

64.8 (22.8)
0.01

Within-group p value

Change in SVi, mL/m

Placebo (n=41)

0.72

0.7

0.43

<0.001
−1.1 (1.7)

Within-group p value refers to the changes from baseline to 6 months within CAP-1002 and placebo groups separately.
Between-group p value refers to the relative difference in the slope of change from baseline to 6 months between CAP-1002 and
placebo groups (ie, treatment effect in CAP-1002 vs placebo groups).
Bold font indicates statistical significance.
CO, cardiac output; LV, left ventricle; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi,
left ventricular end-systolic volume index; LVMi, left ventricular mass index; SVi, stroke volume index.

not treated due to clinical limitations. Ten participants
(seven in CAP-1002 and three in placebo) were lost to
follow-
up, leaving 83 and 41 participants at 6-
month
follow-up in the CAP-1002 and placebo groups, respectively. Baseline characteristics of participants are shown in
table 1. Thirty-seven and 17 participants in CAP-1002 and
placebo groups had recent MI, respectively. No primary
safety endpoint events were observed in the study. Primary
safety and efficacy analysis results were reported.9
As shown in table 2, LVEDVi remained stable from
102.7 mL/m2 (20.4) at baseline to 103.7 mL/m2 (23.4)
4

at 6-month follow-up in the CAP-1002 group, while it
increased from 105.2 mL/m2 (25.9) to 110.9 mL/m2
(26.5) in the placebo group (p=0.02). There was a similar
trend for 3.1 mL/m2 (7.7) increase in LV end-systolic
volume index (LVESVi) in the placebo group compared
with only 0.3 mL/m2 (9.4) increase in the CAP-1002 group
(p=0.08, table 2). Proportional to LVEDVi changes, the
stroke volume index increased by 2.5 mL/m2 (5.7) in the
placebo group compared with 0.7 mL/m2 (5.7) increase
in the CAP-1002 group (p=0.04, table 2). There were no
differences in 6-month change in LVEF, cardiac output
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614
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Table 2 Endpoint analysis of LV function and structure between baseline and 6 months in whole cohort

Coronary artery disease

Mean (SD)

Placebo

CAP-1002 group

Coefficient (between-group p value)

Unadjusted

Adjusted for LV
scar per cent

Adjusted for
LVEDVi

Adjusted for
LVEDVi and
scar per cent

−0.58 (0.05)

−0.62 (0.02)

−0.49 (0.11)

−0.51 (0.06)

−0.56 (0.22)

–

−0.52 (0.27)

–

−0.63 (0.04)

–

−0.53 (0.09)

–

−0.63 (0.15)

−0.65 (0.14)

−0.53 (0.25)

−0.57 (0.20)

All segments
 Segmental Ecc at baseline, −9.7 (5.1)
%
 Segmental Ecc at 6
months, %

−9.5 (5.0)

−9.9 (5.2)
−10.4 (5.3)

 Within-group p value

0.25

<0.001

 Change in segmental
Ecc, %

0.2 (3.7)

−0.5 (4.0)

 Segmental Ecc at baseline, −12.2 (5.1)
%

12.5 (5.0)

Remote segments

 Segmental Ecc at 6
months, %

−11.8 (5.2)

−12.7 (5.5)

 Within-group p value

0.11

 Change in segmental
Ecc, %

0.4 (3.8)

−0.2 (4.5)

 Segmental Ecc at baseline, −8.3 (4.5)
%

−8.1 (4.6)

 Segmental Ecc at 6
months, %

−8.8 (4.5)

0.22

Infarcted segments

−8.2 (4.4)

 Within-group p value

0.82

<0.001

 Change in segmental
Ecc, %

0.04 (3.7)

−0.7 (3.5)

Global Ecc at baseline, %

−8.4 (2.3)

−8.3 (2.9)

Global Ecc at 6 months, %

−8.3 (2.5)

−8.9 (3.0)

Within-group p value

0.65

Change in global Ecc, %

0.1 (1.9)

0.03
−0.6 (2.6)

The regression coefficients represent the relative difference in the slope of change from baseline to 6 months between CAP-1002 and
placebo groups.
Bold font indicates statistical significance.
Ecc, circumferential strain; LVEDVi, left ventricular end-diastolic volume index.

and LV mass index between the CAP-1002 and placebo
groups (table 2). LV scar per cent changes from baseline
to 6 months in the CAP-1002 (−1.1% (1.7)) and placebo
groups (−0.8% (2.1)) were similar (p=0.43).
Segmental Ecc (from 16 LV segments) improved
(became more negative) from −9.9% (5.2) at baseline to
−10.4% (5.3) at 6 months in participants who received
cell therapy compared with participants in the placebo
group in whom it worsened from −9.7% (5.1) at baseline to −9.5% (5.0) at 6 months (p=0.05 between groups,
table 3 and figure 2). When adjusted for LV scar size, the
regression coefficient for observed benefit in segmental
Ecc favouring the CAP-1002 group increased from −0.58
(p=0.05) to −0.62 (p=0.02). Similar signals for benefit in
segmental Ecc favouring the CAP-1002 group were noted
in participants with either recent or chronic MI, although
the differences did not reach statistical significance
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614

(online supplemental tables 1 and 2). The greatest
benefit for improvement in segmental Ecc was observed
in infarcted segments with segmental scar >5% (change
in segmental Ecc of −0.7% (3.5) in the CAP-1002 vs 0.04%
(3.7) in the placebo group, p=0.04 between groups)
compared with remote segments (change in segmental
Ecc of −0.2% (4.5) in the CAP-1002 vs 0.4% (3.8) in
the placebo group, p=0.22 between groups, table 3 and
figure 2). Importantly, as shown in figure 3, improvement
in segmental Ecc was proportional to LV scar size reduction at the segmental level (r=0.05, p=0.03).
Global Ecc changed from −8.3% (2.9) at baseline to
−8.9% (3.0) at 6 months in the CAP-1002 group, while
it slightly worsened in the placebo group from −8.4%
(2.3) to −8.3% (2.5) in the placebo group, although the
between group difference in trends did not reach statistical significance (p=0.15, table 3 and figure 2).
5
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Table 3 Endpoint analysis of global and segmental circumferential strain between baseline and 6 months in whole cohort

Open Heart

Figure 3 The association of baseline to 6-month changes in
segmental circumferential strain (Ecc±95% CI) with baseline
to 6-month changes in segmental left ventricular (LV) scar per
cent.

6

When changes in global Ecc were plotted against baseline LVEF and LV scar size, we observed that the Ecc
improvement for CAP-1002 group relative to those in the
placebo group were greater in participants with lower
LVEF, larger LVEDVi and greater LV scar size (figure 4).
Accordingly, we performed an efficacy analysis of Ecc
improvement in the subgroups of participants with baseline LVEF <50% of the population (LVEF cut-off=41%)
and in those with LV scar size and LVEDVi >50% of the
entire cohort (scar size and LVEDV cut offs=18.8% and
100 mL/m2, respectively). As shown in table 4, the regression coefficients for improvement in segmental Ecc in
these subgroups were 34%–110% greater than for the
entire cohort.
Twelve-
month follow-
up was completed only in a
minority of participants (see the Methods section) and
demonstrated no significant difference in global and
segmental Ecc between CAP-1002 and placebo groups
(n=22 in placebo vs n=44 in CAP-1002 groups, online
supplemental table 3).
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614
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Figure 2 Strain curves and colour-coded short axis images from circumferential strain analysis of baseline and 6-month MRI
studies for a participant in CAP-1002 group with anteroseptal myocardial infarction. Segmental circumferential strain (Ecc)
improved in several segments over 6-month period (top panel). Changes in segmental Ecc from baseline to 6-month in placebo
versus CAP-1002 groups. The regression coefficients represent the relative difference in the slope of change from baseline
to 6 months between CAP-1002 and placebo groups. (A) Segmental Ecc including all segments; (B) segmental Ecc in remote
segments; (C) segmental Ecc in infarcted segments (bottom panel).

Coronary artery disease
mortality after MI.34 Even though the mean difference between cell therapy and placebo groups in terms
6-month change in segmental Ecc in our study was small
(0.7%), but, it was shown that favourable changes as
small as 1% in strain are associated with at least 13%–23%
reduction in MACE rate.33 35 ALLSTAR participants are
being followed for occurrence of MACE and the prognostic value of improved segmental Ecc in this trial will
be published after completion of follow-up.
Fewer previous studies have examined the effects of cell
therapy on myocardial function at the segmental level
and most of those used subjective techniques such as the
wall motion by echocardiography.36 Conversely, myocardial circumferential strain is a quantitative parameter
that has been used to study the infarcted heart for several
decades, measured at first with mechanical gauges,37
then with sonomicrometers38 and more recently with
MRI tagging,39 MRI feature tracking40 or speckle-tracking
echocardiography.41 In the ASTAMI trial, bone marrow
cell therapy in acute patients with MI, did not result in
improvement of regional function by speckle-
tracking
echocardiography,41 but in the study by Herbots et al,42
it led to improved longitudinal strain rate by echocardiography. In the study by Williams et al,29 circumferential strain by MRI tagging revealed improved regional
function by stem cell therapy, but the sample size was
quite small (n=8). Our study is the largest cell therapy
trial to measure myocardial circumferential strain in
a comprehensive manner using MRI feature tracking,
demonstrating improvement in regional LV function by
CAP-1002 administration.
The ALLSTAR trial was not designed to address mechanism, which has been the subject of much speculation
in previous studies of cell therapy in patients with MI.
Although there was evidence for myocardial regeneration in experimental studies,43 it has become clear that
transplanted stem cells have poor engraftment and
direct differentiation to cardiomyocytes is not the underlying mechanism of action.44 Paracrine effects possibly
mediated by exosomes leading to reduced inflammation and apoptosis could mediate the improved contractility, reverse remodelling and reduced scar size shown
in this and previous studies.45–48 Moreover, our study
demonstrates that reduced scar size at the segmental

Figure 4 The changes in segmental circumferential strain (Ecc±95% CI) from baseline to 6 months versus baseline left
ventricular ejection fraction (LVEF), left ventricular volume index (LVEDVi) and LV scar per cent.
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614
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DISCUSSION
The ALLSTAR study is the largest clinical trial of allogeneic CDCs to date, and the only one to focus on post-MI
segmental LV dysfunction. Although ALLSTAR trial was
neutral for the primary endpoint of reduction in LV
infarct size, the present exploratory analysis demonstrated
that participants with MI who received CAP-1002 experienced improved regional myocardial function measured
as myocardial circumferential strain by MRI, 6 months
after cell therapy. Such improvement persisted after
adjusting for LVEDVi or LV scar per cent, was greater in
infarcted segments, and proportional to segmental scar
per cent. Finally, functional improvement was greater in
participants who had more advanced disease at baseline
reflected by greater LV scar size, dilated LV and lower
LVEF.
The data in the literature on efficacy of cell therapy for
LV function are controversial. Despite some preclinical18
and clinical studies19–21 that documented improvement of
LVEF secondary to cell therapy, most of the recent trials
have failed to demonstrate improvement in LVEF.2 4 8 22–24
LVEF is very load dependent and tends to remain stable
even in the presence of changes in LV volumes and remodelling.25–27 In our study, LVEF remained unchanged in
the CAP-1002 treated group, due to parallel changes
in LVEDVi and LVESVi.28 Furthermore, the extent of
LV dysfunction after MI varies segment by segment
depending on the involved culprit artery. Thus, global
LV function indices such as LVEF often fail to identify patients that respond to treatment particularly in
patients with ischaemic heart disease. Therefore, in these
patients, markers of segmental LV function may be more
likely to reflect the potential favourable outcomes of cell
therapy earlier than LVEF changes or reverse remodeling.29 Earlier changes in strain compared with cardiac
volumes and ejection fraction were similarly observed in
other cardiac pathologies such as chemotherapy-induced
cardiomyopathy and atrial fibrillation.30 31
The prognostic value of global strain for predicting
major cardiovascular events (MACE) in patients with
post-MI have been shown in multiple studies12 32 even in
the absence of association between LVEF and MACE.33
Furthermore, at regional level, number of segments
with abnormal strain has been associated with all-cause
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Mean (SD)

Placebo

CAP-1002
group

 Segmental Ecc at
baseline, %

−8.5 (4.4)

−8.3 (4.6)

 Segmental Ecc at 6
months, %

−8.4 (4.7)

−9.3 (5.1)

 

Coefficient (between-group p value)

Unadjusted

Adjusted for LV
scar per cent

Adjusted for
LVEDVi

Adjusted for
LVEDVi and scar
per cent

−0.92 (0.02)

−0.96 (0.006)

−0.94 (0.02)

−0.89 (0.01)

−1.19 (0.02)

−1.23 (0.02)

−1.25 (0.02)

−1.18 (0.03)

−1.16 (0.004)

−1.22 (0.001)

−1.10 (0.009)

−1.07 (0.003)

−1.45 (0.009)

−1.5 (0.007)

−1.36 (0.02)

−1.37 (0.02)

−0.78 (0.03)

–

−0.63 (0.08)

–

−0.97 (0.05)

–

−0.81 (0.1)

–

LVEF <41%

 Within-group p value

0.8

<0.001

 Change in segmental
Ecc, %

0.04 (3.4)

−1.03 (3.2)

 Global Ecc at baseline, % −7.4 (1.6)

−6.7 (2.2)

 Global Ecc at 6 months, % −7.1 (1.8)

−7.9 (2.6)

 Within-g roup p value

0.6

<0.001

 Change in global Ecc, %

0.23 (2.1)

−1.2 (2.0)

LVEDVi >100
 Segmental Ecc at
baseline, %

−8.9 (4.6)

−9.0 (5.0)

 Segmental Ecc at 6
months, %

−8.6 (4.8)

−10.0 (5.1)

 Within-g roup p value

0.06

<0.001

 Change in segmental
Ecc, %

0.3 (3.2)

−1.0 (3.6)

 Global Ecc at baseline, % −7.9 (1.9)

−7.6 (2.6)

 Global Ecc at 6 months, % −7.4 (1.9)

−8.6 (2.8)
0.005

 Within-g roup p value

0.23

 Change in global Ecc, %

0.5 (1.9)

−1.0 (2.3)

 Segmental Ecc at
baseline, %

−9.6 (5.1)

−9.5 (5.1)

 Segmental Ecc at 6
months, %

−9.4 (5.1)

−10.1 (5.4)

LV scar per cent >18.8%

  Within-group p value

0.26

<0.001

  Change in segmental
Ecc, %
  Global Ecc at baseline, −8.3 (2.3)
%

−7.9 (2.9)

  Global Ecc at 6 months, −8.1 (2.6)
%

−8.7 (3.1)

  Within-group p value

0.4

  Change in global Ecc,
%

0.29 (2.0)

0.02
−0.73 (2.3)

The regression coefficients represent the relative difference in the slope of change from baseline to 6 months between CAP-1002 and
placebo groups.
Bold font indicates statistical significance.
Ecc, circumferential strain; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction.

level was associated with improved myocardial strain,
and similar to the REPAIR-AMI trial,5 partially infarcted
segments derived the greatest benefit from stem cell
administration. Previous studies have also documented
8

the presence of biopsy-
proven inflammation in the
LGE-
hyperenhanced myocardial tissue regions in
non-ischaemic cardiomyopathies.49 50 Animal studies
have also shown that inflammation is an important
Ostovaneh MR, et al. Open Heart 2021;8:e001614. doi:10.1136/openhrt-2021-001614
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Table 4 Subgroup endpoint analysis of global and segmental circumferential strain between baseline and 6 months in whole
cohort

Coronary artery disease
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CONCLUSION
In this exploratory study, the administration of allogeneic CAP-1002 cells to patients with MI resulted
in improved segmental function, particularly within
infarcted segments. The segmental functional improvement induced by CAP-1002 was associated with reduced
segmental LV scar. CAP-1002 induced myocardial
functional improvement was greater in patients with
reduced LVEF, dilated LV indexed as greater LVEDVi
and greater infarct size. The utility of circumferential
strain in this study may have implication for endpoint
selection and design of future clinical trials in the field
of cardiovascular medicine. The prognostic value of
segmental Ecc improvement in occurrence of MACE
in ALLSTAR is yet to be published after completion of
MACE follow-up.
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mechanism leading to myocardial dysfunction after
MI and cell therapy improves myocardial function by
reducing the inflammation.51 52 It is plausible that, in
this trial, reduced inflammation and subsequent cell
preservation may have represented an important mechanism of CAP-1002 benefit, but that conjecture remains
untested clinically.
In this study, myocardial strain enhancement after
cell therapy was more prominent in patients with lower
LVEF, greater LVEDVi and larger areas of replacement fibrosis. These findings are in line with previous
studies such as CHART-1, and REPAIR-
AMI where
sicker patients achieved greater benefit from stem cell
therapy.3 5 This highlights the importance of patient-
tailored approaches in the management of post-
MI
myocardial dysfunction based on disease severity
markers and targeting well-defined patient populations
for development of effective novel therapies in future
clinical trials.53
Study limitations include the fact that the trial was interrupted before completion of the 12-month follow-up for
all participants, use of a single administration of CDCs as
opposed to repeated stem cell administrations and use
of stop-flow delivery into a sole coronary artery. We now
appreciate that multiple doses of cells can yield additive
benefits in preclinical models of post-MI dysfunction.54
Single administration of CDCs in addition to lack of
12-month data in ~50% of participants may have contributed to the absence of a beneficial treatment effect
between the CAP-1002 and placebo groups at 12-month
follow-
up. Stop-
flow intracoronary delivery, while standard at the time of designing ALLSTAR, is now known
to be inferior to multivessel non-occlusive intracoronary
delivery.55 In addition, focus on infarct size as the primary
endpoint may also have been limiting. However, the relationship between improved myocardial shortening with
reduced scar at the segmental level does suggest that
scar growth containment leading to reduced scar was at
the core of the beneficial effects of CAP-1002. ALLSTAR
included patients with post-MI with mild to moderate
LV dysfunction (LVEF <45%). Previous studies have
shown that patients with more severe MI benefit the most
from cell therapy56 and inclusion of patients with more
severe LV dysfunction in ALLSTAR could have yielded
on more robust efficacy. Finally, this is a post-hoc exploratory analysis within ALLSTAR and this needs to be taken
into consideration for interpretation of the results of the
study. Study strengths included the randomised double-
blinded design which allows for comparisons between
changes in parameters of myocardial structure and function over time. The population was highly uniform and
consisted exclusively of patients with large first MIs which,
although less common today than in the pre-reperfusion
era, remain the most feared consequence of coronary
artery disease. The implementation of rigorous, state of
the art MRI methods across a large number of recruiting
centres in the USA and Canada underscore the solidity of
findings reported in this study.
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SUPPLEMENTAL MATERIAL
Detailed Methods
Cell preparation and infusion
CAP-1002 consists of 25 million human allogeneic CDCs in 10 ml of a cryogenic cell preservation solution
(CryoStor® CS10; Biolife Solutions, Bothell, WA, USA), which contains 10% dimethyl sulfoxide (DMSO), with
heparin added. The placebo consisted of 11.5 ml of cryopreservation solution containing 10% DMSO, heparin
(1,800 U total), and nitroglycerin (450 µg total). CAP-1002 or placebo were administered inracoronarily using
over the wire balloon angioplasty catheter using stop flow technique in the culprit artery1.
Safety follow-up protocol
Participants were followed-up for the primary safety endpoint of the study which included the occurrence of any
of the following within 1 month after intracoronary infusion: myocarditis, ventricular tachycardia-related or
ventricular fibrillation-related sudden unexpected death or major cardiovascular events (composite of death,
non-fatal recurrent myocardial infarction, hospital admission or emergency room treatment for heart failure or
need for left ventricular assist device or heart transplant).
Cardiac MRI
Cine images using steady-state free precession (SSFP) with retrospective gating were utilized for quantification
of LV volumes, LVEF and myocardial strain and included 4-chamber, 2-chamber, and a stack of 12 short axis
slices covering the entire LV. For assessment of myocardial scar, high resolution late gadolinium enhancement
(LGE) images were acquired using breath-hold inversion recovery-prepared gated TurboFLASH sequence 15
minutes after IV administration of 0.2 mmol/kg gadolinium contrast. LGE images were also acquired as 4 and 2chamber views, in addition to a stack of 12 short axis slices from the same location as the cine images. MRI
image acquisition for patients who received implantable cardioverter defibrillators (ICD) due to clinical
indications over the course of the study was performed according to a stringent protocol to maintain safety 2, 3.
In these patients, cine images were acquired using fast gradient echo pulse sequence and LGE images were
acquired using wideband sequence to avoid device induced artifacts 4.
De-identified MRI images were analyzed by a single experienced reader in the MRI Core Laboratory at Johns
Hopkins Hospital. LV volumes and LVEF were quantified by manual delineation of endo- and epicardial LV
borders in contiguous cine slices using FDA approved software (QMass 7.4, Medis medical imaging systems, The
Netherlands). Sphericity volume index was calculated as LV volume/(LV length3 ×π/6)5. For myocardial scar
quantification from LGE images, the endo- and epicardial borders were contoured using QMass 7.4 and the
boundaries of the scar were determined using full width half maximum method as described elsewhere6. The LV
scar was presented as the percentage of the total myocardial mass. Multimodality Tissue Tracking software
(MTT 6.1, Toshiba, Japan) was used to obtain the circumferential strain (Ecc) from short axis cine images. This
method utilizes a pixel-to-pixel matching technique by defining angle-independent motion vectors from multiple
tracking points to find identical voxels in successive frame.7 LV endocardial and epicardial borders were
manually drawn at a reference frame in which the MTT software recorded a characteristic pixel pattern and
propagated that pixel pattern throughout the cardiac cycle to generate the strain curve. The mid-wall peak
systolic circumferential strain (Ecc) was determined from strain curves, with lower Ecc values representing
greater systolic myocardial contraction. The segmental myocardial scar and circumferential strain were obtained
according to the American Heart Association 16-segment model 8.
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Supplementary table 1. Endpoint analysis of global and segmental circumferential strain between baseline and 6-month in patients with recent index
myocardial infarction.
Mean (SD)
Coefficient (Between-group p value)
Adjusted for
Adjusted for
Adjusted for
LV scar
LVEDVi and scar
Placebo
CDC group
Unadjusted
LVEDVi
percent
percent
All segments
Segmental Ecc at baseline, %
-9.7(5.5)
-9.7(5.4)
Segmental Ecc at 6-month, %
-9.5(5.7)
-10.1(5.2)
-0.63(0.20)
-0.49(0.26)
-0.57(0.25)
-0.47(0.29)
Within-group p value
0.35
0.03
Change in segmental Ecc, %
0.2(4.4)
-0.4(4.1)
Remote segments
Segmental Ecc at baseline, %
-12.1(5.7)
-12.4(5.3)
Segmental Ecc at 6-month, %
-11.8(6.0)
-12.4(5.5)
-0.33(0.65)
-0.37(0.62)
Within-group p value
0.62
0.84
Change in segmental Ecc, %
0.2(4.5)
-0.05(4.7)
Infarcted segments
Segmental Ecc at baseline, %
-8.3(5.0)
-8.0(4.4)
Segmental Ecc at 6-month, %
-8.02(4.9)
-8.5(4.4)
-0.84(0.1)
-0.77(0.14)
Within-group p value
0.42
0.004
Change in segmental Ecc, %
0.3(4.4)
-0.5(3.7)
Global Ecc at baseline, %
-8.4(2.6)
-8.1(3.4)
Global Ecc at 6-month, %
-8.3(2.9)
-8.6(3.0)
-0.69(0.35)
-0.61(0.41)
-0.62(0.41)
-0.59(0.43)
Within-group p value
0.82
0.24
Change in global Ecc, %
0.1(2.3)
-0.5(2.7)
LVEDVi: Left ventricular end-diastolic volume index; Ecc: Circumferential strain
*The regression coefficients represent the relative difference in the slope of change from baseline to 6-month between CAP-1002 and placebo groups.
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Supplementary table 2. Endpoint analysis of global and segmental circumferential strain between baseline and 6-month in patients with chronic index
myocardial infarction.
Mean (SD)
Coefficient (Between-group p value)
Adjusted for
Adjusted for LV
Adjusted for
LVEDVi and scar
Placebo
CDC group
Unadjusted
scar percent
LVEDVi
percent
All segments
Segmental Ecc at baseline, %
-9.7(4.7)
-10.0(5.0)
Segmental Ecc at 6-month, %
-9.6(4.5)
-10.6(5.3)
-0.57(0.13)
-0.73(0.03)
-0.47(0.22)
-0.57(0.10)
Within-group p value
0.51
<0.001
Change in segmental Ecc, %
0.1(3.2)
-0.6(3.9)
Remote segments
Segmental Ecc at baseline, %
-12.3(4.6)
-12.5(4.7)
Segmental Ecc at 6-month, %
-11.8(4.6)
-12.9(5.5)
-0.73(0.21)
-0.77(0.20)
Within-group p value
0.07
0.13
Change in segmental Ecc, %
0.5(3.3)
-0.4(4.4)
Infarcted segments
Segmental Ecc at baseline, %
-8.3(4.1)
-8.2(4.3)
Segmental Ecc at 6-month, %
-8.4(3.9)
-9.0(4.6)
-0.51(0.19)
-0.38(0.35)
Within-group p value
0.55
<0.001
Change in segmental Ecc, %
-0.12(3.1)
-0.7(3.4)
Global Ecc at baseline, %
-8.4(2.2)
-8.4(2.4)
Global Ecc at 6-month, %
-8.3(2.3)
-9.1(3.0)
-0.61(0.26)
-0.72(0.19)
-0.5(0.37)
-0.59(0.28)
Within-group p value
0.66
0.07
Change in global Ecc, %
0.1(1.5)
-0.7(2.5)
LVEDVi: Left ventricular end-diastolic volume index; Ecc: Circumferential strain
*The regression coefficients represent the relative difference in the slope of change from baseline to 6-month between CAP-1002 and placebo groups.
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Supplementary table 3. Endpoint analysis of global and segmental circumferential strain between baseline and 12-month in whole cohort
Mean (SD)
Coefficient (Between-group p value)

All segments
Segmental Ecc at baseline, %
Segmental Ecc at 12-month, %
Within-group p value
Change in segmental Ecc, %
Remote segments
Segmental Ecc at baseline, %
Segmental Ecc at 12-month, %
Within-group p value
Change in segmental Ecc, %
Infarcted segments
Segmental Ecc at baseline, %
Segmental Ecc at 12-month, %
Within-group p value
Change in segmental Ecc, %
Global Ecc at baseline, %
Global Ecc at 21-month, %
Within-group p value
Change in global Ecc, %

Placebo (n=22)

CAP-1002 group
(n=44)

Unadjusted

Adjusted for LV
scar percent

Adjusted for
LVEDVi

Adjusted for LVEDVi
and scar percent

-10.0(5.1)
-10.3(5.0)
0.32
-0.2(4.1)

-10.0(5.3)
-9.9(5.3)
0.70
0.05(3.9)

0.19(0.58)

0.31(0.40)

0.42(0.31)

0.36(0.35)

-12.3(5.1)
-12.0(5.4)
0.49
0.25(4.4)

-11.7(5.4)
-12.7(4.9)
<0.001
0.9(4.1)

0.68(0.19)

-

0.86(0.14)

-

-8.3(4.4)
-8.9(4.2)
0.03
-0.6(3.8)
-8.6(2.6)
-9.0(2.7)
0.47
-0.4(2.5)

-8.1(4.8)
-8.7(4.9)
<0.001
-0.6(3.7)
-8.3(3.2)
-8.4(3.3)
0.75
-0.1(2.3)

0.50

-

-0.04(0.94)

-

0.09(0.87)

0.42(0.45)

0.44(0.47)

0.44(0.45)

LVEDVi: Left ventricular end-diastolic volume index; Ecc: Circumferential strain
*The regression coefficients represent the relative difference in the slope of change from baseline to 12-month between CAP-1002 and placebo groups.
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