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SEVERAL RANDOMIZED TRIALS

have demonstrated that admin-
istration of autologous bone
marrow mononuclear cells

(BMCs) following acute myocardial in-
farction (MI) may result in improve-
ment in left ventricular ejection frac-
tion (LVEF)1-3 or regional LV function,4

and may be associated with decreased
clinical adverse events.5 However, the
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Context Clinical trial results suggest that intracoronary delivery of autologous
bone marrow mononuclear cells (BMCs) may improve left ventricular (LV) function
when administered within the first week following myocardial infarction (MI). How-
ever, because a substantial number of patients may not present for early cell deliv-
ery, the efficacy of autologous BMC delivery 2 to 3 weeks post-MI warrants inves-
tigation.

Objective To determine if intracoronary delivery of autologous BMCs improves global
and regional LV function when delivered 2 to 3 weeks following first MI.

Design, Setting, and Patients A randomized, double-blind, placebo-controlled
trial (LateTIME) of the National Heart, Lung, and Blood Institute–sponsored Cardio-
vascular Cell Therapy Research Network of 87 patients with significant LV dysfunc-
tion (LV ejection fraction [LVEF] �45%) following successful primary percutaneous
coronary intervention (PCI) between July 8, 2008, and February 28, 2011.

Interventions Intracoronary infusion of 150�106 autologous BMCs (total nucle-
ated cells) or placebo (BMC:placebo, 2:1) was performed within 12 hours of bone mar-
row aspiration after local automated cell processing.

Main Outcome Measures Changes in global (LVEF) and regional (wall motion)
LV function in the infarct and border zone between baseline and 6 months, measured
by cardiac magnetic resonance imaging. Secondary end points included changes in
LV volumes and infarct size.

Results A total of 87 patients were randomized (mean [SD] age, 57 [11] years;
83% men). Harvesting, processing, and intracoronary delivery of BMCs in this
setting was feasible. Change between baseline and 6 months in the BMC group vs
placebo for mean LVEF (48.7% to 49.2% vs 45.3% to 48.8%; between-group
mean difference, −3.00; 95% CI, −7.05 to 0.95), wall motion in the infarct
zone (6.2 to 6.5 mm vs 4.9 to 5.9 mm; between-group mean difference, −0.70;
95% CI, −2.78 to 1.34), and wall motion in the border zone (16.0 to 16.6 mm vs
16.1 to 19.3 mm; between-group mean difference, −2.60; 95% CI, −6.03 to 0.77)
were not statistically significant. No significant change in LV volumes and infarct
volumes was observed; both groups decreased by a similar amount at 6 months vs
baseline.

Conclusion Among patients with MI and LV dysfunction following reperfusion with
PCI, intracoronary infusion of autologous BMCs vs intracoronary placebo infusion, 2
to 3 weeks after PCI, did not improve global or regional function at 6 months.

Trial Registration clinicaltrials.gov Identifier: NCT00684060.
JAMA. 2011;306(19):doi:10.1001/jama.2011.1670 www.jama.com
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majority of trials1-4,6-11 have adminis-
tered BMCs within the first week fol-
lowing primary percutaneous coro-
nary intervention (PCI). Because the
optimal time to administer BMCs has
not been determined, the National
Heart, Lung, and Blood Institute
(NHLBI)–sponsored Cardiovascular
Cell Therapy Research Network
(CCTRN) developed 2 prospective
clinical trials, TIME12 and Late-
TIME.13 The TIME trial was designed
to compare the effects of BMC deliv-
ery in patients with predominantly ST-
segment elevation MIs at 3 vs 7 days
post-MI, and the LateTIME trial was de-
signed to explore whether delayed BMC
delivery 2 to 3 weeks following MI
could improve global and regional LV
function.

The time frame of 2 to 3 weeks
post-MI may be particularly impor-
tant for those patients who present to
centers that lack expertise in cell
therapy or those patients initially too
sick as a result of cardiogenic shock or
other medical issues. These patients
may particularly benefit from cell
therapy given that several trials1,6,14 have
demonstrated that those patients with
the most depressed LV function ap-
pear to derive the most improvement
from BMC delivery.

LateTIME is a novel, randomized,
double-blind, placebo-controlled trial
designed to investigate the use and
therapeutic efficacy of intracoronary au-
tologous BMC delivery 2 to 3 weeks fol-
lowing MI using rigorous methods of
cell isolation in conjunction with lo-
cal cell processing.15 It is the first BMC
trial to our knowledge to deliver a stan-
dardized dose of cells following stent-
ing of the infarct vessel during pri-
mary PCI.

METHODS
Organizational Structure
and Oversight

The CCTRN was established by the
NHLBI to develop, coordinate, and si-
multaneously conduct multiple collab-
orative trials testing the effects of cell
therapy on cardiovascular disease. The
CCTRN consists of 5 clinical research

centers (Cleveland Clinic Founda-
tion, Cleveland, Ohio; University of
Florida, Gainesville; Minneapolis Heart
Institute Foundation, Minneapolis,
Minnesota; Texas Heart Institute, Hous-
ton; and Vanderbilt University, Nash-
ville, Tennessee) and their satellite sites,
a data coordinating center at the Uni-
versity of Texas School of Public Health,
which provides trial management and
data analysis, a cell processing quality
control center, and 6 core laborato-
ries.16 All clinical centers participate in
the selection and design of network pro-
tocols, which are also reviewed by an
independent protocol review commit-
tee and a gene therapy/cell therapy data
and safety monitoring board under the
aegis of the NHLBI. Each clinical cen-
ter and the data coordinating center
have independent institutional review
board approvals and oversight.

Study Design

The LateTIME trial is a phase 2, ran-
domized, double-blinded, placebo-
controlled trial developed to determine
if delayed (2-3 weeks) intracoronary ad-
ministration of 150�106 total nucle-
ated cells to patients with predomi-
nantly anterior MIs can safely produce
a measurable improvement in global and
regional LV function as determined by
cardiac magnetic resonance imaging
(MRI) at 6 months compared with base-
line. Patients with an LVEF of 45% or less
by echocardiography post-PCI were ran-
domized in a 2:1 ratio of BMC to pla-
cebo following successful stenting of the
infarct-related coronary artery. All pa-
tients will be followed up for 2 years to
assess clinical events.

Study Protocol

All patients provided written in-
formed consent following broad dis-
cussions of the risks, benefits of the trial,
and alternatives explained by the in-
vestigative team. Race/ethnicity was
documented as self-described by par-
ticipants. Demographic and clinical
variables were determined by inter-
view and the patient’s medical record.
Patients were randomized in a 2:1 ra-
tio to cell therapy or placebo. All pa-

tients underwent bone marrow aspira-
tion and intracoronary infusion of
BMCs or cell-free solution (placebo).
All caregivers and patients were blinded
to treatment. Approximately 80 to 90
mL of bone marrow were aspirated from
the iliac crest using standard tech-
niques. The aspirate was processed at
all sites with a closed, automated cell
processing system (Sepax, Biosafe SA)15

to ensure a uniform cellular product.
After BMC enrichment, cells were
washed 3 times and suspended in 5%
human serum albumin/saline solu-
tion. The composition of CD34 and
CD133 cells was determined by fluo-
rescent activated cell sorting. After the
cells passed stipulated lot release cri-
teria, including viability (�70%) and
sterility, randomization was per-
formed by the data coordinating cen-
ter. Treatment assignment was masked
to all but 1 designated cell processing
team member at each of the 5 centers
who was not involved in patient care.
The target dose for the treatment group
was 150�106 total nucleated cells. Pa-
tients randomized to placebo received
5% human serum albumin/saline solu-
tion to which 100 µL of autologous
blood was added to ensure that the color
and consistency of the solution matched
that of the BMC product.

Within 12 hours of aspiration, the
BMCs or cell-free product was deliv-
ered to the infarct-related artery via a
percutaneous transluminal coronary an-
gioplasty catheter (Maverick, Boston
Scientific Corporation) using the stop-
flow technique in 6 aliquots of 5 mL
each, administered over 2 minutes with
balloon inflation at low pressures within
the previously placed stent. Each infu-
sion cycle was separated by balloon de-
flation and 2 minutes of reperfusion. All
patients were treated with aspirin and
75 mg of clopidogrel, in addition to
guideline-recommended post-MI medi-
cations.

Study End Points

Wall Motion Imaging. All imaging was
performed by using 1.5T MRI scan-
ners with imaging protocols devel-
oped by the MRI core laboratory (Uni-
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versity of Florida) certified before the
study began. The MRI core laboratory
was blind to study group assignment.
Both global and segmental LV func-
tion measurements were obtained using
a steady state free precession or fast gra-
dient Echo technique. Long-axis cine
images in the 2-chamber and 4-cham-
ber projections were acquired. In ad-
dition, a set of contiguous short-axis
slices (8-10 mm thick) were obtained
from the mitral valve annulus through
the apex of the LV throughout the car-
diac cycle.

Data were analyzed using the Car-
diovascular Angiography Analysis
System/Magnetic Resonance Ventricu-
lar analysis software (PIE Medical
Imaging BV). Global LV parameters
assessed included end-diastolic vol-
ume, end-systolic volume, stroke
volume, ejection fraction, and LV mass.
Volumetric measurements were per-
formed by direct planimetry on the con-
tiguous short-axis images at both end
systole and end diastole. Regional mea-
surements include wall thickening and
wall motion and were calculated using
100 chords spaced every 3.6 degrees
originating from the centroid of the left
ventricle for each short-axis image.
Regional data were reported using
the American Heart Association 17-
segment model. The minimum spatial
and temporal resolution requirements
of the steady state free precession se-
quence are 2.5�2.5 mm voxels and 40
milliseconds, respectively.

Viability Imaging. Fifteen to 20
minutes following administration of a
gadolinium-chelate contrast agent
(0.05 mmol/kg intravenous), delayed-
enhancement imaging was performed
with a T1-weighted inversion-recovery
prepared gradient-echo sequence
(delayed-enhancement MRI). The
inversion delay time was iteratively
adjusted for optimal nulling of normal
myocardium. Contrast-enhanced
viability imaging was performed using
the standard 2D technique in the
short-axis projections, which acquires
a single slice each breath hold using
the same plane prescription as the
functional short-axis cine series.

Regions of irreversible myocardial
damage are manifested by “hyperen-
hancement” (bright white areas) on
the images, and normal and/or viable
tissue is “nulled” (black) on the
acquired images. The presence, loca-
tion, and extent of irreversibly dam-
aged tissue was assessed and reported
using the American Heart Association
17-segment model, in order to permit
direct correlation with regional func-
tional measurements. Pretherapy and
posttherapy imaging, both cine wall
motion and delayed-enhancement
MRI, were carefully matched using
internal landmarks including the
insertion sites of the right ventricular
free-wall and the papillary muscle
insertions.

Safety Monitoring

All participants were closely moni-
tored for adverse events and this infor-
mation was transmitted to the US Food
and Drug Administration, the NHLBI

gene and cell therapy data and safety
monitoring board, and institutional re-
view boards of each center. A set of
stopping rules was developed in con-
sultation with the Food and Drug Ad-
ministration. The data coordinating
center was responsible for coordina-
tion of collection, standardization, in-
tegration, and analysis of study data
from the various study components (en-
rolling sites and core facilities) and the
preparation and distribution of the re-
quired reports to each of the safety over-
sight entities.

Statistical Analyses

The statistical methods used in the
LateTIME trial have been reported pre-
viously.13 The primary end points were
(1) change in global LV function over
time and (2) change in regional func-
tion over time as assessed by change in
wall motion in the infarct and border
zones. The prespecified analyses for the
primary end point compared the change

Figure 1. Flow Diagram of Patients

58 Randomized to receive active intervention 
57 Received active intervention as randomized
1 Did not receive active intervention (new 90%

stenosis in left main artery before cell infusion)

29 Randomized to receive placebo intervention
29 Received placebo intervention as randomized

1 Did not attend 6 mo end point visit
1 Unable to collect MRI end point

1 Died
2 MRI contraindicated at 6 mo due

to receipt of new ICD

55 Included in primary analysis
2 Excluded from analysis (did not attend 6 mo end

point visit and unable to collect MRI end point)

26 Included in primary analysis
3 Excluded from analysis (death and MRI

contraindicated at 6 mo)

87 Randomized

1349 Had acute MI with LVEF ≤45% and
reperfusion by PCI

2201 Patients with acute MI treated with
PCI were assessed for eligibility

1262 Excluded
1020 Did not meet eligibility criteria

203 Refused to participate
39 Other reasons

291 No stent
156 Previous MI
242 Other cardiac
254 Other noncardiac medical
77 Other criteria

852 Excluded due to LVEF >45%

MI indicates myocardial infarction; PCI, percutaneous coronary intervention; LVEF, left ventricular ejection frac-
tion; MRI, magnetic resonance imaging; ICD, implantable cardioverter defibrillator.
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over 6 months in the end point for the
BMC group with the same change over
time in the placebo group.

Sample Size Consideration

The sample size was calculated using
a 2-sample t-test statistic. During the
design phase of the LateTIME trial,
the literature1,3 suggested that the pla-
cebo adjusted change in the global
LVEF (change in global LVEF in the
BMC group minus change in global
LVEF in the placebo group) was 4%
and common group standard devia-
tion of the difference of LVEF over
time was expected to be ��=6. Antici-
pating that 5% of patients would be
lost to follow-up, and a 2:1 (BMC:
placebo) ratio, a trial size of 86 was
required. For the regional function
wall motion evaluation, we assumed a
placebo-adjusted change of 6.7 with
��=9.5 from the Boost trial3; again
assuming 5% loss to follow-up and
2:1 randomization, the study sample
s ize was 77 pat ients . To have
adequate power for both end points, a
final sample size of 87 patients was
selected (58 patients in the BMC
group and 29 patients in the placebo
group), providing 83% power for the
global and 87% power for the regional
measures of LV function.

The regional LV function end point
was defined as change in wall motion
over time in the infarct and border zone
of the infarct. The infarct zone was de-
fined as the segments with the largest
2 signal intensity enhancement mea-
sures with gadolinium (using a 17-
segment model). The border zone was
defined as those regions adjacent to the
infarct zone in which the signal inten-
sity enhancement were in the 10% to
75% range.

Exact testing for categorical vari-
ables and Student t testing for continu-
ous variables assessed the comparabil-
ity of baseline variables between
treatment groups. All hypotheses test-
ing and all effect sizes with their 95%
CIs were evaluated using the general
mixed linear model (adjusted for heart
rate) and unadjusted comparisons of
treatment effects. The primary and sec-

Table 1. Baseline Characteristics of BMC and Placebo Groupsa

Characteristics
BMC

(n = 58)
Placebo
(n = 29)

Age, mean (SD), y 57.6 (11) 54.6 (11)

Female sex 12 (21) 3 (10)

Race/ethnicity
White 51 (88) 24 (83)
Nonwhite 7 (12) 5 (17)

History
Diabetes 11 (19) 7 (24)
High blood pressure 32 (55) 14 (48)
Hyperlipidemia 43 (74) 20 (69)
Angina 15 (26) 4 (14)
Smoking 36 (62) 15 (52)

Preinfarction angina 14 (24) 9 (31)

Height, mean (SD), in 68 (4) 70 (3)

Weight, mean (SD), lbs 183 (37) 194 (33)

BMI, mean (SD) 27.7 (5.5) 28.0 (4.3)

BP at initial discharge, mean (SD), mm Hg
Systolic 111.1 (13.9) 110.1 (11.7)
Diastolic 68.0 (10.1) 68.4 (9.0)

Heart rate
Initial at ED

Mean (SD) 77.5 (18) 90.3 (26)b

Median (range) 74 (50-124) 85 (54-170)c

Initial discharge
Mean (SD) 73.2 (12) 77.2 (9)
Median (range) 73 (52-100) 77 (57-99)

Qualifying LVEF (echocardiogram), mean (SD)d 36.4 (6.5) 35.0 (7.6)

Hemoglobin, mean (SD), gm/dL 13.5 (0.2) 13.1 (1.8)

hsCRP, mean (SD), mg/L 20.1 (6) 14.2 (4)

BNP, mean (SD) 273.9 (210) 528.8 (1291)

Peak creatine kinase MB, mean (SD) 234.0 (212) 318.2 (203)

Peak troponin, mean (SD)
Troponin T 6.8 (6.3) 10.3 (5.9)
Troponin I 163.3 (197.6) 144.2 (129.5)

Time from chest pain to ED, median (IQR), h 1.95 (1.0-10.7) 2.01 (0.8-5.3)

Time from chest pain to PCI, median (IQR), h 3.4 (2.3-14.3) 3.3 (2.2-7.5)

Door-to-balloon time, median (IQR), h 1.73 (0.9-3.4) 1.52 (0.8-2.3)

Transferred from outside hospital after PCI 10 (17) 6 (21)

Time from bone marrow aspiration to infusion, median (IQR), h 8.5 (7.95-9.25) 8.6 (7.8-9.8)

Time from PCI to infusion, median (IQR), d 17.4 (15.5-20.0) 16.8 (15.8-17.8)

Drug-eluting stent 45 (78) 20 (69)

Stent region
LAD 53 (91) 27 (93)

LAD only 49 (92) 24 (89)
LAD � LCX 1 (2) 2 (7)
LAD � RCA 3 (6) 1 (4)

LCX (only) 1 (2) 1 (3)
RCA (only) 4 (7) 1 (3)

Abbreviations: BMC, bone marrow mononuclear cell, BMI, body mass index (calculated as weight in kilograms divided by
height in meters squared); BNP, brain natriuretic peptide; BP, blood pressure; ED, emergency department; hsCRP, high-
sensitivity C-reactive protein; IQR, interquartile range; LAD, left anterior descending coronary artery; LCX, left circumflex
coronary artery; LVEF, left ventricular ejection fraction; PCI, percutaneous coronary intervention; RCA, right coronary
artery.

aData are presented as No. (%) unless otherwise specified. BMC vs placebo group comparisons are not statistically sig-
nificant unless otherwise noted. For preinfarction angina, n=57 for BMC. For heart rate at initial presentation in ED, n=54
for BMC and n=28 for placebo; and for initial discharge, n=55 for BMC and n=27 for placebo. For hsCRP, n=51 for
BMC and n=25 for placebo. For BNP, n=52 for BMC and n=24 for placebo. For peak creatine kinase MB, n=38 for
BMC and n=23 for placebo. For peak troponin T, n=23 for BMC and n=10 for placebo; and for peak troponin I, n=15
for BMC and n=14 for placebo. For time from chest pain to ED, n=53 for BMC and n=28 for placebo. For door-to-
balloon time, n=28 for placebo. For transferred from outside hospital after PCI, time from bone marrow aspiration to
infusion, and time from PCI to infusion, n=57 for BMC.

bFor mean heart rate at initial presentation in ED, P=.01 (Wilcoxon rank sum).
cFor median heart rate at initial presentation in ED, P=.02 (Wilcoxon rank sum).
dQualifying was defined as an LVEF of 45% or less from myocardial infarction through consent (at any point during this 2-3

week period).
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ondary evaluations compared the ran-
domized study groups using an inten-
tion-to-treat analysis. No adjustments
for multiple comparisons were made,
and P� .05 was used to assess statisti-
cal significance. An imputation analy-
sis of the primary end points was also
performed by including all patients with
incomplete follow-up data by last ob-
servation carried forward method.

RESULTS
Screening and Enrollment

Screening commenced for the Late-
TIME trial on July 8, 2008, and the first
patient was randomized on Septem-
ber 30, 2008. Between July 8, 2008, and
February 28, 2011, 2201 patients were
screened, with the majority excluded
for having an LVEF of more than 45%
(FIGURE 1). No statistically significant
differences in baseline characteristics
were observed between the BMC and
placebo groups, except for heart rate on
initial presentation at the emergency de-
partment, which was higher in the pla-
cebo group (TABLE 1). The median time
from chest pain onset to PCI was 3.4
(interquartile range [IQR], 2.3-14.3)
hours in the BMC group and 3.3 (IQR,
2.2-7.5) hours in the placebo group.
The mean (SD) LVEF on the qualify-
ing echocardiogram performed follow-
ing PCI during the initial hospitaliza-
tion was 36.4% (6.5%) in the BMC
group and 35.0% (7.6%) in the pla-
cebo group. As expected, this was sig-
nificantly less than the baseline LVEF
obtained by cardiac MRI several weeks
later, in part due to resolution of myo-
cardial stunning.

Cell Processing

Bone marrow aspiration and intra-
coronary infusion were performed a
median of 17.4 (IQR, 15.5-20.0) days
in the BMC group and 16.8 (IQR,
15.8-17.8) days in the placebo group
following primary PCI (Table 1).
There were no complications associ-
ated with the bone marrow aspiration.
All patient products underwent auto-
mated cell processing with Ficoll
using the Sepax device.15

Intracoronary Infusion
The median time from bone marrow as-
piration to intracoronary infusionwas8.5
hours in the BMC group (Table 1). All
patients received 150�106 total nucle-
ated cells (mean 60%-70% BMCs; mean
[SD], 2.6% [1.0%] CD34 cells and 1.2%
[0.5%] CD133 cells), except 3 patients
who received a lower than target total
nucleated cell dose due to the low cell
numbers in the initial bone marrow
(TABLE 2). The mean (SD) viability of the
cell product was 98.5% (1.3%). One pa-
tient did not receive the BMC infusion
due to the presence of a severe left main
coronary stenosis, which was identified
before infusion. This patient was re-
ferred for coronary artery bypass graft
surgery. Two patients underwent addi-
tional stenting at the time of the intra-
coronary infusion (one for the discov-
ery of a distal stent edge dissection related
to the primary PCI procedure and an-
other for a possible dissection related to
the stop-flow procedure). One patient
who had a postpartum spontaneous
coronary dissection was found to have
diffuse thrombus throughout the stented
region of the left anterior descending ar-
tery. The patient successfully under-
went aspiration thrombectomy with ul-
trasound-guided stent expansion
followed by infusion of study product.
No patients experienced a postproce-
dural increase in cardiac enzymes and the
patients were routinely discharged the
following day.

Safety
Despite a high-risk cohort of patients
with moderate to severe LV dysfunc-
tion following predominantly large, an-
terior MIs, there were very few clinical
events (TABLE 3). In the placebo group,
1 death occurred due to recurrent pan-
creatitis 3 months following randomiza-
tion. Three patients underwent repeat re-
vascularization and 2 patients received
implantable cardiac defibrillators. The
BMC group had fewer events than the
placebo group did, with 1 reinfarction,
1 repeat revascularization, and 1 hospi-
talization for heart failure.

Analysis of Global
and Regional LV Function

A total of 55 patients in the BMC
group and 26 patients in the placebo

Table 2. Cell Characteristics of BMC and Placebo Groupsa

Characteristics
BMC

(n = 58)
Placebo
(n = 29)

Total nucleated cells/product (�106), mean (SD) 147 (17) NA

% Viability/product by trypan blue exclusion
Mean (SD) 98.5 (1.3) 98.6 (1.2)

Median (range) 99.0 (94.0-100.0) 99.0 (96.0-100.0)

% Viability/product by 7-AAD staining
Mean (SD) 95.2 (5.4) 95.7 (5.1)

Median (range) 97.4 (77.5-99.8) 97.0 (72.1-99.3)

% CD34 cells/product, mean (SD)b 2.6 (1.0) 2.7 (1.4)

% CD133 cells/product, mean (SD)b 1.2 (0.5) 1.2 (0.6)

Colony-forming units-Hill/product, mean (SD)b,c 139 (251) 194 (277)

Endothelial colony-forming cells/product, mean (SD)b,d 184 (250) 163 (218)
Abbreviations: BMC, bone marrow mononuclear cell; NA, not applicable.
aBMC vs placebo group comparisons are not statistically significant.
bSeven patients either declined participation or had insufficient product for the biorepository.
cn=45 for BMC and n=23 for placebo.
dn=38 for BMC and n=21 for placebo.

Table 3. Clinical/Safety Outcomes at
6-Month End Point Window

Outcomes
BMC

(n = 58)
Placebo
(n = 29)

Patients, No. (%) 3 (5) 5 (17)

No. of events
Death 0 1

Reinfarction 1 0

Repeat revascularization 1 3

Target vessel 1 2

Nontarget vessel 0 1

Heart failure
hospitalization

1 0

ICD placement 0 2

No. of total events 3 6
Abbreviations: BMC, bone marrow mononuclear cell; ICD,

implantable cardiac defibrillator.
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group had paired cardiac MRI data at
baseline and 6 months available for
analysis of global and regional LV
function. Six patients were excluded
from the global analysis (LVEF) due
to the following reasons: (1) death
(n=1), (2) withdrawal from study due
to presence of severe left main stenosis
beforecell infusion(n=1),(3)placement
of implantable cardiac defibrillators
(n=2), and (4) lost to follow-up (n=2).
Oneadditionalpatientwasexcludedfrom
the infarct zone regional analysis due to
incompletesignal intensityenhancement
data and 4 additional patients did not
undergo regional measurements in the
border zone because of lack of a signal
intensityenhancement signal in thebor-
der zone.

Baseline and follow-up end point
measures for the primary end points are
shown in TABLE 4 and FIGURE 2. The
mean (SD) difference in the change

from baseline to 6 months in the BMC
group compared with the placebo group
for LVEF was not different (48.7%
[12.0%] to 49.2% [13.0%] vs 45.3%
[9.9%] to 48.8% [7.8%]; between-
group difference, −3.00; 95% CI, −7.05
to 0.95; P=.14). The mean (SD) differ-
ence in the change in wall motion in
the infarct zone for the BMC group vs
the placebo group was also not differ-
ent (6.2 [6.5] to 6.5 [6.8] mm vs 4.9
[4.8] to 5.9 [5.7] mm; between-group
difference, −0.70; 95% CI, −2.78 to 1.34;
P=.49). Similarly, the mean (SD) dif-
ference in the change in wall motion in
the border zones between the BMC and
placebo groups was not different (16.0
[9.9] to 16.6 [9.6] mm vs 16.1 [10.0]
to 19.3 [10.9] mm; between-group dif-
ference, −2.60; 95% CI, −6.03 to 0.77;
P=.13). An analysis using a mixed lin-
ear model adjusted for heart rate did not
change these findings. Inclusion of pa-

tients lacking paired cardiac MRI data
by last observation carried forward im-
putation had no effect on the primary
results. Left ventricular ejection frac-
tion measured by echocardiography was
consistent with the cardiac MRI find-
ings in showing no treatment effect
(mean [SD], 44.3% [8.4%] to 47.6%
[11.0%] for BMC and 42.4% [6.5%] to
46.5% [8.0%] for placebo; P=.64).

Secondary end points of LV vol-
umes demonstrated a small but non-
significant increase in LV end dia-
stolic volume index and end systolic
volume index in the BMC group at 6
months (Table 4). Infarct volume uni-
formly decreased in both groups with-
out significant difference (mean [SD]
within-group change, −3.5 [19.0] mL
for BMC and −2.0 [14.4] mL for pla-
cebo; between-group difference in
6-month change, −1.50; 95% CI, −9.89
to 6.88; P=.73).

Table 4. End Point Analyses of Global and Regional LV Function Between Baseline and 6 Months

BMC Placebo Analysis

No. Mean (SD) No. Mean (SD)

Between-Group
Difference in

6-Month Change
(95% CI)

P
Value

Global LV Function
LVEF, %

Baseline 55 48.7 (12.0) 26 45.3 (9.9)

Follow-up 55 49.2 (13.0) 26 48.8 (7.8)

Within-group change 55 0.5 (8.2) 26 3.6 (9.3) −3.00 (−7.05 to 0.95) .14

Regional LV Function
Infarct zone wall motion, mm

Baseline 55 6.2 (6.5) 25 4.9 (4.8)

Follow-up 55 6.5 (6.8) 25 5.9 (5.7)

Within-group change 55 0.3 (4.3) 25 1.0 (4.5) −0.70 (−2.78 to 1.34) .49

Border zone wall motion, mm
Baseline 53 16.0 (9.9) 23 16.1 (10.0)

Follow-up 53 16.6 (9.6) 23 19.3 (10.9)

Within-group change 53 0.5 (7.2) 23 3.2 (6.3) −2.60 (−6.03 to 0.77) .13

Global LV Function
End diastolic volume index, mL/m2

Baseline 55 89.1 (23.9) 26 82.8 (26.4)

Follow-up 55 92.5 (32.7) 26 85.5 (22.7)

Within-group change 55 3.4 (23.4) 26 2.7 (18.1) 0.70 (−9.47 to 10.91) .89

End systolic volume index, mL/m2

Baseline 55 47.8 (21.4) 26 46.3 (20.4)

Follow-up 55 48.0 (25.1) 26 44.0 (14.8)

Within-group change 55 0.2 (14.0) 26 −2.3 (14.7) 2.50 (−4.11 to 9.15) .46

Infarct volume, mL
Baseline 55 34.2 (23.7) 25 33.3 (15.6)

Follow-up 55 30.7 (15.8) 25 31.4 (15.1)

Within-group change 55 −3.5 (19.0) 25 −2.0 (14.4) −1.50 (−9.89 to 6.88) .73
Abbreviations: BMC, bone marrow mononuclear cell; LV, left ventricular; LVEF, left ventricular ejection fraction.
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Several predetermined subgroup
analyses were performed in the treat-
ment group. In contrast with previous
studies,1,6,14 no observed improve-
ment was observed in recovery of LV
function in the group of patients with
the most depressed LVEF at baseline.
No difference was observed in global or
regional function in patients stratified
by ischemic time. Patients who were
older than 65 years demonstrated a
small but nonsignificant decrease in
LVEF at 6 months following cell
therapy (P=.11).

COMMENT
The CCTRN was created by the NHLBI
to accelerate development of cell-
based therapies in the United States,
using a network approach to facilitate
patient recruitment, standardization of
cell processing, and development of
core laboratories for outcome mea-
sures analysis. LateTIME is the first trial
to be completed from the CCTRN,13 and
it was developed to test the hypoth-
esis that delayed delivery of autolo-
gous BMCs following MI would im-
prove global and regional LV function
when measured 6 months later by car-
diac MRI. However, we observed that
BMC delivery 2 to 3 weeks following
MI resulted in no detectable improve-
ment in LV function over that ob-
served in the placebo group. The find-
ings were consistent in demonstrating
a lack of benefit in both global and re-
gional wall motion in the infarct and
border zone and stand in contrast with
several studies1-3 that demonstrated ben-
efit in LV function when BMCs were ad-
ministered within the first week fol-
lowing MI. Additionally, measurement
of infarct size, which may be a more
sensitive marker of cell therapy effi-
cacy, decreased by a similar amount in
both groups.

Patients recruited to the LateTIME
trial constituted a high-risk cohort with
depressed LV function that persisted
several weeks following successful re-
vascularization with stenting. Al-
though retrospective analyses suggest
that these patients may derive the most
benefit from cell therapy in this set-

Figure 2. Primary End Point Analysis of Global LV Function and Regional Infarct and Border
Zone Wall Motions
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ting,1,6,14 no improvement in LV func-
tion was noted, even in the subgroup
with the most depressed LVEF. The La-
teTIME trial is the first BMC trial in the
MI population to deliver a uniform
number of cells to its cohort in a dose
thought sufficient to modify LV func-
tion.17 However, our results suggest that
intracoronary BMC delivery at this later
period is not effective.

Timing of Cell Delivery
Following Acute MI

The majority of randomized cell therapy
trials using BMCs in the setting of MI
have delivered cells within the first 7
days following ST-segment elevation
MI.1-4,6-10 In a subgroup analysis, the
REPAIR-AMI trial1 observed that the
most favorable effects on LV function
were observed with BMC delivery on
days 5 to 7 post-MI. However, no trial
has been specifically designed to iden-
tify the optimum time of cell delivery.
The LateTIME trial was designed to de-
termine if delayed delivery of BMCs to
patients following MI would be safe and
effective in improving LV function.

It is likely that the timing of cell de-
livery post-MI may have a major influ-
ence on treatment effect and, ulti-
mately, may have contributed to our
negative findings. Following MI, sig-
nificant temporal changes occur in the
myocardium and bone marrow that
may affect engraftment and retention
of delivered cells.18-24 As a result, the
myocardial environment during later
treatment as in the LateTIME trial is
likely to be considerably different from
that present during the first week
post-MI when BMCs were delivered in
other trials. In the first few days fol-
lowing MI, there is an extensive inflam-
matory response triggered by infiltra-
tion of neutrophils and other cells that
may lead to an increase in cytokines,
such as tumor necrosis factor, inter-
leukin-1 (IL-1), and reactive oxygen
species that may adversely influence de-
livered cells.18,19,21 Microvascular ob-
struction in the infarct zone may im-
pair inflow of oxygen and nutrients to
support stem cell survival. This is coun-
tered by an increased expression of stro-

mal-derived factor-125 in the first few
days following MI that may increase
stem cell trafficking and engraftment.
During the next 1 to 2 weeks, there is
a transition from an inflammatory phase
to a proliferative phase in which extra-
cellular matrix is formed and neovas-
cularization is increased.18 The net ef-
fect of these changes may have
negatively influenced the potential ben-
eficial effects of BMC delivery.26

Changes in Circulating Progenitor
Cells Derived From Bone Marrow
Following Acute MI

Within hours of MI, a well-docu-
mented increase in circulating progeni-
tor cells released from bone marrow oc-
curs that may contribute to myocardial
repair.22-24,27 These include release of he-
matopoietic stem cells, endothelial pro-
genitor cells, mesenchymal stem cells,
and very small embryonic-like cells, a
novel progenitor cell with pluripotent
properties that express early markers
of cardiomyocyte differentiation.22

Many of these cells contain a variety of
cell surface markers, including CD34,
c-kit, c-met, vascular endothelial
growth factor-2R, and CXCR4 that
actively participate in ischemic tissue
repair, in part through homing in re-
sponse to gradients of vascular endo-
thelial growth factor-2R, hepatocyte
growth factor-1, and stromal-derived
factor-1. The peak release of these bone
marrow–derived cells has been mea-
sured in hours to days,22-24,27 but would
appear to be outside the window of
when cells were delivered in our study.
Thus, a possible synergistic effect be-
tween intracoronary delivered and cir-
culating progenitor cells may not have
been possible in our study.

With the rapid egress of stem cells
shortly after MI, it is possible that the
bone marrow was relatively depleted of
progenitor cells when the bone mar-
row aspiration was performed in our
study. As a result, the reparative qual-
ity of the BMC product may be differ-
ent from cells delivered in the first week
post-MI. However, a recent preclini-
cal study in mice observed that BMCs
are significantly more potent at 21 days

compared with those obtained at 3 to
5 days following MI due to IL-1–
mediated inflammatory changes in the
bone marrow.19 These effects will be
studied by the CCTRN Biorepository
Core Laboratory,28 in the future through
analysis of peripheral blood and bone
marrow of patients enrolled in our study
and the ongoing TIME trial,12 that per-
formed bone marrow aspirations and
intracoronary infusions in patients
randomized to days 3 or 7 following
acute MI.

Are BMCs the Proper Cell Type to
Be Used in the Setting of Acute MI?

Our decision to use unselected BMCs
for this late post-MI therapy was based
on extensive preclinical data indicat-
ing that no specific cell type clearly ex-
ceeded another in regards to en-
hanced potency for altering ventricular
remodeling and function.29-31 Use of a
closed and standardized commercial de-
vice, with central quality control for cell
processing, facilitated provision of a
uniform cell product. Extensive pre-
clinical testing demonstrated a prod-
uct with similar composition but less
variability to that obtained by tradi-
tional manual separation methods with
Ficoll.15 Accordingly, autologous bone
marrow–derived stem and progenitor
cells could be produced at most hos-
pitals and would be more convenient
for transplantation by intracoronary in-
fusion, if this strategy were successful.
The CCTRN developed several satel-
lite centers of cell delivery, including
1 center located more than 100 miles
from the center where cell processing
occurred. The quality control, process-
ing metrics, and out of body times were
equivalent, even at this distance, sup-
porting the feasibility of this approach.

In addition to timing, an ongoing
concern is the ultimate effectiveness of
BMCs to improve LV function follow-
ing MI. The LateTIME trial was devel-
oped at a time when several studies
demonstrated significant improve-
ment in LV function with BMC
therapy,1,3 and meta-analyses con-
firmed a small but significant improve-
ment in LVEF and attenuation of LV re-
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modeling.17,32,33 Since these initial
publications, several studies have failed
to demonstrate that BMCs improve LV
function in this setting.6-11 Indeed a re-
cent analysis found that the improve-
ment in LVEF following BMCs was less
than 1% when cardiac MRI was used
for measurement of LVEF in nearly 700
patients.34 Although concerns of cell
processing were initially thought to
contribute to some of the negative find-
ings,35 these concerns have largely been
allayed.36 Furthermore, it is well un-
derstood that the reparative proper-
ties of autologous stem and progeni-
tor cells derived from bone marrow are
negatively influenced by a variety of fac-
tors, including advanced age, diabe-
tes, and other cardiovascular risk con-
ditions, all common to patients enrolled
in clinical trials. Whether newer cell
types under investigation, including
mesenchymal stem cells,37 mesenchy-
mal precursor cells,38 multipotent adult
progenitor cells (clinicaltrials.gov Iden-
tifier: NCT00677222), adipose-
derived cells (clinicaltrials.gov Identi-
fier: NCT00442806), or encompassing
allogeneic products obtained from
young healthy donors, can improve LV
function to a greater degree than BMCs
following MI remains to be deter-
mined.

Limitations

The LateTIME trial is the first cell
therapy trial in the MI population to use
a standardized, automated, closed sys-
tem of cell processing. Rigorous pre-
clinical testing determined that this sys-
tem produced a similar cell product
compared with manual Ficoll separa-
tion in regards to cell recovery, viabil-
ity, and colony-forming unit forma-
tion.17 However, because the cell
product was not tested in vivo, we can-
not discard that unknown modifica-
tions occurred in the cell product that
could have contributed to our nega-
tive findings. In addition, although
there are several different approaches
to measure myocardial strain (myocar-
dial tagging, DENSE [Displacement En-
coding with Stimulated Echo], etc),
these were not used in our study due

to the need for specialized expertise that
may not have been available at all of the
clinical sites that collected the MRI data.

CONCLUSION
Among patients with MI and LV dys-
function following reperfusion with
PCI, intracoronary infusion of autolo-
gous BMCs compared with intracoro-
nary placebo infusion 2 to 3 weeks af-
ter PCI did not improve global or
regional LV function at 6 months.
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Simari.
Critical revision of the manuscript for important in-
tellectual content: Traverse, Henry, Pepine, Willerson,
Zhao, Forder, Byrne, Hatzopoulos, Perin, Baran,
Chambers, Lambert, Raveendran, Simon, Vaughan,

Simpson, Gee, Taylor, Cogle, Thomas, Jorgenson,
Olson, Handberg, Baraniuk, Piller, Loghin, Aguilar,
Richman, Zierold, Bettencourt, Sayre, Vojvodic,
Gordon, Kwak, Moyé, Simari.
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