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REGENERATIVE THERAPIES HAVE

emerged as a promising novel
approach to improve heart
function and prevent the de-

velopment of end-stage heart failure.1

Application of various cell types in-
cluding bone marrow–, heart tissue–,
or adipose tissue–derived cell popula-
tions were shown to improve cardiac
functional recovery.2-4 In patients with
acute myocardial infarction, recent
meta-analyses suggested a moderate but
sustained enhancement of left ventricu-
lar function and improved clinical out-
come following administration of bone
marrow–derived mononuclear cells
(BMCs).5 In contrast, in patients with
chronic postinfarction heart failure,
BMC therapy has demonstrated hetero-
geneous results so far.6-8 One possible
reason for the impaired efficacy of cell
therapy in the chronic setting is that cell
retention in the heart is substantially re-
duced in comparison to acute myocar-
dial infarction.9 BMCs are attracted to
the target tissue by cytokines such as
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Importance The modest effects of clinical studies using intracoronary administration
of autologous bone marrow–derived mononuclear cells (BMCs) in patients with chronic
postinfarction heart failure may be attributed to impaired homing of BMCs to the target
area. Extracorporeal shock wave treatment has been experimentally shown to increase
homing factors in the target tissue, resulting in enhanced retention of applied BMCs.

Objective To test the hypothesis that targeted cardiac shock wave pretreatment with
subsequent application of BMCs improves recovery of left ventricular ejection frac-
tion (LVEF) in patients with chronic heart failure.

Design, Setting, and Participants The CELLWAVE double-blind, randomized, pla-
cebo-controlled trial conducted among patients with chronic heart failure treated at
Goethe University Frankfurt, Germany, between 2006 and 2011.

Interventions Single-blind low-dose (n=42), high-dose (n=40), or placebo (n=21)
shock wave pretreatment targeted to the left ventricular anterior wall. Twenty-four
hours later, patients receiving shock wave pretreatment were randomized to receive
double-blind intracoronary infusion of BMCs or placebo, and patients receiving pla-
cebo shock wave received intracoronary infusion of BMCs.

Main Outcomes and Measures Primary end point was change in LVEF from base-
line to 4 months in the pooled groups shock wave�placebo infusion vs shock
wave�BMCs; secondary end points included regional left ventricular function as-
sessed by magnetic resonance imaging and clinical events.

Results The primary end point was significantly improved in the shock wave�BMCs
group (absolute change in LVEF, 3.2% [95% CI, 2.0% to 4.4%]), compared with the
shock wave�placebo infusion group (1.0% [95% CI, �0.3% to 2.2%]) (P=.02). Re-
gional wall thickening improved significantly in the shock wave�BMCs group (3.6%
[95% CI, 2.0% to 5.2%]) but not in the shock wave�placebo infusion group (0.5%
[95% CI, �1.2% to 2.1%]) (P=.01). Overall occurrence of major adverse cardiac events
was significantly less frequent in the shock wave�BMCs group (n=32 events) com-
pared with the placebo shock wave�BMCs (n=18) and shock wave�placebo infu-
sion (n=61) groups (hazard ratio, 0.58 [95% CI, 0.40-0.85]; P=.02).

Conclusions and Relevance Among patients with postinfarction chronic heart fail-
ure, shock wave–facilitated intracoronary administration of BMCs vs shock wave treat-
ment alone resulted in a significant, albeit modest, improvement in LVEF at 4 months.
Determining whether the increase in contractile function will translate into improved
clinical outcomes requires confirmation in larger clinical end point trials.

Trial Registration clinicaltrials.gov Identifier: NCT00326989
JAMA. 2013;309(15):1622-1631 www.jama.com
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stromal cell–derived factor 1 (SDF-1)
and vascular endothelial growth fac-
tor.10 The chemokine SDF-1 is only
transiently expressed following acute
myocardial infarction,11 and in chronic
ischemic models, expression of these
chemoattractants is profoundly re-
duced, resulting in insufficient cell re-
cruitment to the target area.12 We have
recently shown that extracorporeal ap-
plication of focused low-energy shock
waves increases the tissue expression
of chemoattractants such as SDF-1 and
vascular endothelial growth factor in the
target tissues.13 Our preclinical stud-
ies demonstrated that shock wave–
induced local up-regulation of these
chemoattractants resulted in signifi-
cantly enhanced homing of applied
cells, which translated into improved
neovascularization of chronically is-
chemic tissue.

Thus, we hypothesized that shock
wave–facilitated cell therapy improves
the efficacy of intracoronary applica-
tion of autologous BMCs in patients with
chronic postinfarction heart failure.

METHODS
The study was a randomized, placebo-
controlled, clinical phase 1/2 trial ap-
proved by the ethics committee and the
Paul-Ehrlich-Institut, Langen, Ger-
many (ID 183/01) and registered with
clinicaltrials.gov. All patients pro-
vided written informed consent.

Patients were eligible for inclusion
if they were aged 18 to 80 years with
an anterior myocardial infarction oc-
curring 3 months or more prior to in-
clusion and stable chronic postinfarc-
tion heart failure, defined as left
ventricular ejection fraction (LVEF) less
than 50% or symptoms of New York
Heart Association (NYHA) class II or
greater. Patients were also required to
have a patent vessel supplying the tar-
get region. Major exclusion criteria were
the presence of a ventricular throm-
bus and a baseline serum creatinine
level greater than 2 mg/dL (176.8
�mol/L) in addition to poor ultra-
sound access to the heart. Detailed in-
clusion and exclusion criteria are listed
in the eMethods at www.jama.com.

Randomization was performed in 2
steps for the entire study cohort at the
cell processing center (German Red
Cross Blood Service, Frankfurt) by a
simple random allocation with known
N (N=100) using a computer list. Be-
cause of dropout after the first random-
ization step, 3 patients were added to
the randomization list. Included pa-
tients were first randomized (2:2:1;
single-blind) to receive echocardio-
graphically guided low-dose, high-
dose, or placebo shock wave targeted
to the left ventricular anterior wall 24
hours prior to cell administration. Pa-
tients receiving shock wave pretreat-
ment were then randomized in a sec-
ond step (1:1; double-blind) to receive
intracoronary infusion of either BMCs
or cell-free medium (placebo), whereas
patients receiving placebo shock wave
received intracoronary infusion of
BMCs (FIGURE 1). There was no block-
wise randomization.

The primary efficacy end point was
improvement of global LVEF on quan-
titative left ventricular angiography7,14 at
4 months’ follow-up. The absolute
change in LVEF was compared be-
tween the pooled groups receiving shock
wave � placebo infusion vs shock
wave�BMCs.

Secondary end points included
changes in global left ventricular vol-
umes and in NYHA class as well as re-
gional left ventricular function and late
enhancement volume assessed by mag-
netic resonance imaging (MRI).15 The
clinical events death and mode of death,
rehospitalization for worsening heart
failure, recurrent myocardial infarc-
tion, ventricular tachycardia, revascu-
larization, and stroke (major adverse
cardiac events [MACEs]) were pro-
spectively collected by study nurses.

Safety end points comprised the tol-
erance of shock wave application, oc-
currence of ventricular arrhythmias,
and increases in troponin T levels af-
ter shock wave application, as well as
in-hospital MACEs.

Shock Wave Application

Patients randomized to receive shock
wave treatment received single-blind

low-energy shock wave under continu-
ous electrocardiographic trigger at either
high dose (0.051 mJ/mm2) or low dose
(0.014 mJ/mm2) to 4 separate spots in the
target region (750 shots per spot; total,
3000 shots) under 2-dimensional echo-
cardiographic guidance by a custom-
built shock wave generator (Biotripter,
Dornier Med Tech Systems). The shock
waves were focused to the anterior, lat-
eral, and apical left ventricular seg-
ments demonstrating severe wall mo-
tion impairment attributable to the
previous myocardial infarction using
modified parasternal long-axis and api-
cal 4-chamber echocardiographic views.
eFigure 1 illustrates the setup and prin-
ciples of shock wave delivery. Placebo
shock wave treatment was adminis-
tered by placing an airfoam cushion be-
tween the shock wave applicator and the
patient’s chest wall, thus preventing
shock wave penetration.

Cell and Placebo Preparation
and Administration

Preparation of BMC and placebo infu-
sions, and administration protocols
were ident ica l to those of the
REPAIR-AMI trial.4 Details are re-
ported in the eMethods.

Statistics

Distributionsofcategoricalvariableswere
tested by �2 test or Fisher exact test. Con-
tinuous variables are reported as means
and 95% CIs, if not stated otherwise. All
variables were tested for homogeneity of
variance by Levènes test. Groups were
compared using analysis of variance.
Paired variables were analyzed using t
test. The primary statistical plan called
for comparing absolute change in LVEF
at 4 months between the shock
wave�BMCs and shock wave�placebo
infusion groups with a paired t test and
�=5%. The absolute improvement of 3%
on the left ventricular function measure-
ment scale at 4 months with an SD of 3
was the assumed effect size for our
sample size calculation. Power analysis
was conducted in STATA 11.2. A total
of 20 patients ensured a statistical power
of 80% based on our assumption, when
comparing the treatment groups.
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Preliminary data analyses sug-
gested that patients with missing left
ventricular angiography assessments
tended to have a more severe disease
course. We did not find any indica-
tion that the likelihood of missing data
depends on unknown or unobserved
variables. The exclusion of patients with
no data on left ventricular angiogra-

phy may result in biased effect esti-
mates by a possible selection bias. We
applied multivariate multiple imputa-
tion by an iterative Markov chain Monte
Carlo approach16 for estimating the
missing data in left ventricular angiog-
raphy. Predictor variables for missing
values in LVEF, end-diastolic volume
index, end-systolic volume index, and

stroke volume index were any avail-
able left ventricular angiography as-
sessment, age, sex, NYHA class, levels
of creatinine and the N-terminal frag-
ment of the precursor to B-type natri-
uretic peptide (NT-proBNP), and the
Seattle Heart Failure Model score.

The results from the 5 imputed data
sets were combined by the Rubin

Figure 1. Trial Design of CELLWAVE

103 Randomized

493 Patients screened

for eligibility

40 Randomized to receive

high-dose shock wave

pretreatment

40 Received pretreatment 

42 Randomized to receive

low-dose shock wave

pretreatment

41 Received pretreatment 

1 Shock wave generator

malfunction

21 Randomized to receive

placebo shock wave

pretreatment

21 Received pretreatment 

41 Rerandomized 40 Rerandomized
21 Scheduled to also

receive BMCs

20 Completed 4-mo

follow-up

21 Completed 4-mo

follow-up

19 Completed 4-mo

follow-up

21 Completed 4-mo

follow-up

21 Completed 4-mo

follow-up

1 Lost to follow-up (TIA)

20 Randomized to receive

placebo infusion

20 Received low-dose

shock wave + placebo

infusion

20 Received placebo shock

wave + BMCs

1 Refused bone marrow

aspiration and invasive

study procedures

19 Randomized to receive

placebo infusion

19 Received high-dose

shock wave + placebo

infusion

21 Randomized to receive

BMCs

21 Received high-dose

shock wave + BMCs

21 Randomized to receive

BMCs

20 Received low-dose

shock wave + BMCs

1 TIA after shock wave

19 Included in LV function

analysis c

1 Excluded (telephone

follow-up only)

21 Included in LV function

analysis f
19 Included in LV function

analysis e
20 Included in LV function

analysis d

1 Excluded (atrial fibrillation

at baseline, pacemaker

rhythm at follow-up)

21 Included in LV function

analysis b

1 Excluded (no invasive

follow-up after TIA)

390 Excluded

279 Met exclusion criterion

137 Poor ultrasound

access

96 Refused to participate

15 Other

65 Impaired kidney

function

28 Previous

(<3 mo) MI

9 Unknown LV

thrombus

40 Othera

BMCs indicates bone marrow–derived mononuclear cells; LV, left ventricular; MI, myocardial infarction; TIA, transient ischemic attack.
aSee eMethods for reasons.
bMultiple imputations were applied for missing LV functional data in 3 cases: lost to follow-up at 4 months, new LV thrombus, and refusal of catheter.
cMultiple imputations were applied for missing LV functional data in 3 cases: non–ST-segment MI on follow-up, poor-quality LV angiography, and psychiatric disease.
dMultiple imputations were applied for missing LV functional data in 1 case: atrial fibrillation at baseline with pacemaker rhythm at follow-up.
eMultiple imputations were applied for missing LV functional data in 3 cases: 2 with poor-quality LV angiography and 1 with atrial tachycardia at baseline and sinus

rhythm at follow-up.
fMultiple imputations were applied for missing LV functional data in 3 cases: 2 with poor-quality LV angiography and 1 refusal of invasive study procedures.
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method17 to obtain the overall esti-
mates, their standard errors, and 95%
CIs. A total of 100 patients were in-
cluded in the multiple-imputation ap-
proach. Left ventricular angiography
was not performed in 3 patients at the
2 occasions because of transient ische-
mic attack after shock wave treat-
ment, refusal of left ventricular angi-
ography, and poor quality of the
angiography on both occasions. Sensi-
tivity analyses included the intention-
to-treat approach. Prospective analy-
ses included time to multiple and
recurrent clinical events. Because more
than 1 event may occur in the same pa-
tient, resulting in correlated failure
times, the clinical events were or-
dered. The hazard ratios for ordered in-
dividual and combined clinical MACEs
were estimated with the Anderson and
Gill model18 for recurrent time-to-
event data.

The response pattern of change in
LVEF between baseline and 4-month
follow-up was investigated by a 2-step
approach. A random-effects model19

was applied for modeling the change in
LVEF over time. An individual change
index was predicted for each patient af-
ter fitting the random-effects model and
categorized into the groups no change,
improvement, and worsening. The re-
sulting categorical variable was used as
an outcome in multinomial logistic re-
gression analyses testing for differ-
ences between the 5 treatment groups.
The more patients were classified to a
specific category, the more homoge-
neous was the change in LVEF.

P� .05 was considered significant,
and tests were performed 2-sided.
Analyses including the Anderson and
Gill and the random-effects models
were conducted in Stata version 11.2.
All other analyses were performed using
IBM SPSS Statistics version 20.

RESULTS
Patient Characteristics

A total of 103 patients were random-
ized to 5 different treatment groups
(Figure 1). Baseline characteristics of
these patients with chronic stable
postinfarction heart failure are shown

in TABLE 1. Mean time from the ante-
rior myocardial infarction was 6 years,
and mean NYHA class was II. Ten per-
cent of patients received cardiac resyn-
chronization therapy. All patients were
taking maximal heart failure medica-
tion for at least 3 months prior to in-
clusion.

Safety of Shock Wave Application

Two-dimensional echocardiographi-
cally guided application of cardiac
shock wave pretreatment was well tol-
erated. Continuous 24-hour telemoni-
toring of all patients following shock
wave or placebo shock wave treat-
ment revealed 1 case of nonsustained
ventricular tachycardia, in a patient who
had received low-dose shock wave treat-
ment. Pacemaker and implantable car-
dioverter-defibrillator records did not
show any device abnormalities or
changes in programming after shock
wave application. Serial measurement
of troponin T levels detected no sub-
stantial increase in all but 1 patient, who
sustained a non–ST-segment eleva-
tion myocardial infarction 18 hours af-
ter shock wave application and was
treated successfully for a ruptured
plaque in the mid–left anterior descend-
ing artery prior to intracoronary appli-
cation of the study product. Other in-
hospital events included 1 placement
of an implantable cardioverter-
defibrillator in the formerly men-
tioned patient with an episode of non-
sustained ventricular tachycardia, 1
transient ischemic attack after low-
dose shock wave application, and 1 sur-
gical procedure of the groin to treat
bleeding and hematoma formation af-
ter cardiac catheterization in a patient
receiving low-dose shock wave therapy.

Effects on Left Ventricular
Function by Quantitative Left
Ventricular Angiography

Quantitative left ventricular angiogra-
phy was performed in all but 2 pa-
tients at baseline. At 4 months’ follow-
up, left ventricular angiography data
could not be obtained because of emer-
gency intervention for non–ST-
segment elevation myocardial infarc-

tion at follow-up (n=1), psychiatric
disease (n=1), different heart rhythms
at baseline and follow-up (n=2), un-
willingness to repeat cardiac catheter-
ization (n=3), and loss to follow-up
(n=1). In addition, in 13 patients, the
quality of the paired left ventricular an-
giography data was insufficient for
analysis. In 9 of these patients, paired
MRI data were available and used in-
stead. Thus, in patients with missing left
ventricular functional data at baseline
or follow-up, values were estimated
using multiple imputations. Thus, a
total of 100 paired data sets (97%) for
assessment of the primary and second-
ary end points were available (Figure 1).

As illustrated in TABLE 2, baseline
LVEF did not significantly differ be-
tween the 5 groups. In the low-dose and
high-dose shock wave�placebo infu-
sion groups, there was no change in
LVEF at 4 months. Likewise, there was
also no significant change in LVEF in
the placebo shock wave�BMCs group.
In contrast, patients receiving intra-
coronary infusion of BMCs 24 hours af-
ter targeted low-dose or high-dose
shock wave application demonstrated
a significant improvement in LVEF at
4 months (Table 2 and FIGURE 2A).

For assessment of the primary end
point, the high-dose and low-dose
shock wave groups for patients receiv-
ing either BMCs or placebo infusion
were combined. Analysis of the abso-
lute change in LVEF from baseline to
4 months revealed that treatment with
shock wave � BMCs was associated
with a significant improvement in
global LVEF (absolute change in LVEF,
3.2% [95% CI, 2.0% to 4.4%]; n=41)
compared with shock wave�placebo
infusion (absolute change in LVEF,
1.0% [95% CI, �0.3% to 2.2%]; n=38)
(P=.02). Using only data obtained from
quantitative angiography revealed iden-
tical results (absolute change in LVEF,
1.3% [95% CI, 0.03% to 2.5%]; n=31
for shock wave�placebo infusion vs
3.2% [95% CI, 2.1% to 4.3%]; n=33 for
shock wave�BMCs [P=.02]).

As illustrated in Figure 2B, changes
in LVEF in the prespecified subgroup
of patients with a baseline LVEF of 40%

INTRACORONARY CELL THERAPY AND LVEF

©2013 American Medical Association. All rights reserved. JAMA, April 17, 2013—Vol 309, No. 15 1625

Downloaded From: https://jamanetwork.com/ on 05/22/2023



or less revealed a dose-response effect
(P=.03 for trend) from low-dose to high-
dose shock wave pretreatment fol-
lowedbyBMCinfusion.Moreover,LVEF
improved in 27 of 29 patients receiving
shock wave�BMCs, compared with
only 18 of 28 patients in the shock
wave�placebo infusion group (P=.008)
and 9 of 14 patients in the placebo shock
wave�BMCs group (P=.02).

In line with the results for LVEF, left
ventricular stroke volumes demon-
strated a significant increase in the high-

dose shock wave�BMCs group but did
not show a significant increase in the
low-dose shock wave�BMCs group
(Table 2). There were no significant
changes in end-diastolic or end-
systolic volumes at 4 months.

Regional Left Ventricular Function
Assessed by MRI

Serial MRI analysis could be performed
in 38 patients without implanted de-
vices and free of claustrophobia. Over-
all analysis of left ventricular function

confirmed the results of quantitative an-
giography for the primary end point (ab-
solute change in LVEF from baseline to
4 months: �1.1% [95% CI, �5% to 3%];
n=12 for shock wave�placebo infu-
sion; 1.9% [95% CI, 0% to 4%]; n=15
for shock wave�BMCs [P=.13]).

Wall thickening of infarcted seg-
ments improved significantly (P=.01 for
trend) in patients receiving shock
wave�BMCs (8.3% [95% CI, 5.7% to
10.9%] to 11.9% [95% CI, 8.9% to
14.9%]; P� .001) (FIGURE 3A) com-

Table 1. Baseline Characteristics

Characteristic

No. (%)

Low-Dose Shock
Wave � BMCs

(n = 21)

Low-Dose Shock
Wave � Placebo
Infusion (n = 20)

High-Dose Shock
Wave � BMCs

(n = 21)

High-Dose Shock
Wave � Placebo
Infusion (n = 19)

Placebo Shock
Wave � BMCs

(n = 21)
P

Value

Men 17 (77) 16 (80) 18 (86) 17 (90) 16 (76) .78

Age, mean (SD), y 65 (12) 60 (10) 58 (11) 63 (10) 60 (13) .20

Hypertension 17 (77) 12 (60) 16 (76) 13 (68) 15 (71) .75

Diabetes 11 (50) 2 (10) 9 (43) 7 (37) 6 (29) .07

Smoking 14 (64) 12 (60) 17 (81) 13 (68) 16 (76) .56

Hypercholesterolemia 17 (77) 17 (85) 17 (81) 16 (84) 17 (81) .97

Vessels with disease, No.
1 9 5 9 7 4

2 7 3 5 5 6 .43

3 6 12 7 7 11

Time from last myocardial infarction, median
(IQR), mo

31 (8-88) 69 (15-142) 11 (4-126) 60 (16-185) 38 (6-83) .22

Previous bypass surgery 4 (18) 7 (35) 6 (29) 5 (26) 8 (38) .64

NYHA functional class
I 1 (5) 4 (20) 2 (9) 2 (10) 2 (10)

II 13 (59) 11 (55) 10 (48) 11 (58) 12 (57) .87

III 8 (36) 5 (25) 9 (43) 6 (32) 7 (33)

NT-proBNP, median (IQR), pg/mL 786 (345-1355) 1098 (616-2583) 1218 (367-2676) 878 (291-1760) 657 (336-982) .22

Systolic blood pressure, mean (SD), mm Hg 118 (20) 110 (19) 113 (19) 108 (20) 114 (14) .51

Heart rate, mean (SD), beats/min 67 (12) 66 (9) 66 (13) 68 (8) 69 (14) .80

Left ventricular end-diastolic pressure, mean
(SD), mm Hg

13 (6) 15 (7) 18 (9) 16 (8) 18 (8) .20

Antiplatelet therapy 22 (100) 19 (95) 21 (100) 19 (100) 21 (100) .38

Angiotensin-converting enzyme
inhibitor/angiotensin II receptor blocker

20 (91) 20 (100) 21 (100) 16 (84) 21 (100) .06

�-Blocker 18 (82) 20 (100) 19 (91) 19 (100) 21 (100) .04

Statin 21 (96) 20 (100) 20 (95) 17 (90) 20 (95) .67

Aldosterone antagonist 12 (55) 15 (75) 15 (71) 12 (63) 15 (71) .62

Diuretics 17 (77) 19 (95) 19 (91) 16 (84) 16 (76) .38

Digitalis 6 (27) 8 (40) 7 (33) 7 (37) 8 (38) .92

Pacemaker/ICD 8 (36) 12 (60) 6 (29) 9 (47) 10 (48) .31

Cardiac resynchronization therapy 2 (9) 2 (10) 1 (5) 2 (11) 3 (14) .75

Applied number of BMCs, mean (SD), 	106 150 (77) NA 123 (69) NA 90 (39) .14

Applied number of cells giving rise to
colonies, mean (SD), 	103

32.6 (26.3) NA 24.8 (23.3) NA 22.1 (18.9) .32

Therapy target vessel, No.
Native coronary artery 18 16 18 16 16

.91
Bypass 3 4 3 3 5

Abbreviations: BMC, bone marrow–derived mononuclear cells; ICD, implantable cardioverter-defibrillator; IQR, interquartile range; NA, not applicable; NT-proBNP, N-terminal pro-
brain natriuretic peptide; NYHA, New York Heart Association.
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pared with those receiving shock
wave�placebo infusion (8.5% [95% CI,
5.8% to 11.1%] to 8.9% [95% CI, 6.1%
to 11.8%]; P=.55) and placebo shock
wave�BMCs (5.1% [95% CI, 1.2% to
9.0%] to 7.0% 95% CI, 3.0% to 11.1%];
P=.02). Changes in regional wall thick-
ening were paralleled by a significant
(P=.001 for trend) decrease in global
infarct size as measured by late en-
hancement volume (LEV) (5.1% [95%
CI, 0 .9% to 9.3%] for shock
wave�placebo infusion; 1.1% [95% CI,
�2.7% to 5.0%] for placebo shock
wave � BMCs; �3.4% [�5.6% to
�1.1%] for shock wave�BMCs) at 4
months. Even after exclusion of 1 pa-
tient experiencing a silent myocardial
infarction in a area different than that
treated in the left ventricle in the shock
wave�placebo infusion group, there
was a significant (P=.002 for trend) re-
duct ion in LEV in the shock
wave�BMCs group compared with the
shock wave�placebo infusion group
(Figure 3B, eFigure 2).

Calculating global left ventricular
scar mass from LEV and total left ven-
tricular mass revealed that scar mass sig-

nificantly decreased by an absolute
�4.0 g (�6.6 to �1.3) in the shock
wave�BMCs group but remained es-
sentially unchanged in the shock
wave�placebo infusion group (4.5 g
[95% CI, �0.7 to 9.8]) and in the pla-
cebo shock wave�BMCs group (0.1 g
[�4.4 to 4.6]) (P=.006 for trend). The
alterations in scar mass were paral-
leled by reciprocal changes in left ven-
tricular viable mass (�5 g [95% CI,
�10 to 1] for shock wave�placebo in-
fusion, �3 g [95% CI, �5 to 0] for pla-
cebo shock wave�BMCs, and 2 g [95%
CI, �1 to 5] for shock wave�BMCs)
(P=.007 for trend).

The absolute 3.4% reduction in LEV
translated into a relative 10% smaller
infarct size at 4 months in patients re-
ceiving shock wave�BMCs. By mul-
tivariable linear regression analysis
(P� .001 from analysis of variance),
treatment with shock wave�BMCs was
a significant (P� .001) independent
predictor of improved wall thickening
of infarcted segments together with a
smaller baseline segmental late en-
hancement (P � .001), whereas the
transmurality of the scar (P=.09) or

baseline wall thickening (P=.61) did
not predict improvement in regional
contractility.

Assessment of Heart Failure Status

Symptomatic heart failure status as as-
sessed by NYHA classes remained un-
changed from baseline to 4 months’ fol-
low-up in patients receiving low-dose
or high-dose shock wave�placebo in-
fusion (absolute change in NYHA class,
0.1 [95% CI, 0.4 to 0.5] in both groups),
as well as in patients receiving pla-
cebo shock wave � BMCs (absolute
change in NYHA class, �0.2 [95% CI,
�0.6 to �0.1]). In contrast, patients re-
ceiving low-dose shock wave�BMCs
showed a modest improvement in
symptomatic status (absolute change in
NYHA class, �0.3 [95% CI, �0.6 to 0]),
and patients receiving high-dose shock
wave�BMCs demonstrated a signifi-
cant reduction in NYHA class (abso-
lute change, �0.4 [95% CI, �0.8 to
�0.1]) (FIGURE 4), driven by reduc-
tions in NYHA class III and correspond-
ing increases in NYHA class I.

Baseline levels of NT-proBNP did not
show statistically significant differ-

Table 2. Results From Quantitative Left Ventricular Angiography
Mean (95% CI)

Low-Dose Shock
Wave � BMCs

(n = 21)

Low-Dose Shock
Wave � Placebo
Infusion (n = 19)

High-Dose Shock
Wave � BMCs

(n = 20)

High-Dose Shock
Wave � Placebo
Infusion (n = 19)

Placebo Shock
Wave � BMCs

(n = 21)

P Value
From

ANOVA

LVEF, %

Baseline 37.2 (31.7 to 42.7) 29.9 (24.0 to 35.7) 32.4 (26.9 to 37.9) 32.3 (26.5 to 38.1) 33.4 (28.0 to 38.9) .47

4 mo 39.9 (34.1 to 45.7) 30.2 (24.1 to 36.3) 35.5 (29.7 to 41.3) 34.0 (28.0 to 40.1) 34.4 (28.6 to 40.2) .24

Absolute change 2.9 (1.2 to 4.6) 0.5 (�1.3 to 2.3) 3.5 (1.9 to 5.2) 1.5 (�0.4 to 3.3) 0.8 (�0.9 to 2.6) .06

P value, baseline vs 4 mo .001 .59 �.001 .12 .34

End-diastolic volume index, mL/m2

Baseline 93 (75 to 111) 123 (104 to 141) 105 (86 to 123) 111 (92 to 130) 92 (73 to 110) .11

4 mo 96 (80 to 112) 118 (101 to 134) 102 (86 to 117) 114 (98 to 131) 94 (78 to 110) .15

Absolute change 4 (�6 to 14) �6 (�16 to 4) �1 (�10 to 8) 6 (�4 to 15) 3 (�7 to 13) .48

P value, baseline vs 4 mo .40 .25 .78 .25 .56

End-systolic volume index, mL/m2

Baseline 59 (43 to 76) 91 (74 to 109) 73 (56 to 90) 79 (62 to 97) 63 (46 to 79) .07

4 mo 59 (44 to 74) 86 (70 to 101) 67 (52 to 83) 79 (63 to 95) 63 (48 to 79) .03

Absolute change 0 (�6 to 7) �6 (�13 to 1) �5 (�11 to 2) 2 (�5 to 9) 1 (�5 to 8) .33

P value, baseline vs 4 mo .92 .08 .16 .61 .70

Stroke volume index, mL/m2

Baseline 34 (29 to 38) 32 (26 to 37) 32 (27 to 36) 32 (27 to 37) 29 (24 to 34) .77

4 mo 37 (31 to 42) 32 (27 to 37) 35 (30 to 40) 35 (30 to 41) 31 (26 to 36) .45

Absolute change 4 (0 to 8) 1 (�4 to 5) 3 (0 to 7) 4 (0 to 8) 2 (�2 to 5) .68

P value, baseline vs 4 mo .06 .73 .04 .05 .44

Abbreviations: ANOVA, analysis of variance; BMC, bone marrow–derived mononuclear cells; LVEF, left ventricular ejection fraction.

INTRACORONARY CELL THERAPY AND LVEF

©2013 American Medical Association. All rights reserved. JAMA, April 17, 2013—Vol 309, No. 15 1627

Downloaded From: https://jamanetwork.com/ on 05/22/2023



ences between the 3 pooled groups. Se-
rial assessment of NT-proBNP serum
levels was confined to patients with
stable kidney function, defined as a cre-
atinine level at 4 months lower than
125% of the baseline level. In the 29 pa-

tients receiving shock wave�placebo
infusion, serum levels of NT-proBNP
remained unchanged at 4 months’ fol-
low-up (1368 [95% CI, 780 to 1956]
pg/mL at baseline vs 1174 [95% CI, 715
to 1633] pg/mL at 4 months) (P=.18).

Likewise, there was no change in NT-
proBNP level in the 18 patients receiv-
ing placebo shock wave�BMCs (669
[95% CI, 468 to 870] pg/mL at base-
line vs 646 [95% CI, 433 to 858] pg/mL
at 4 months) (P=.64). In contrast, in
the 34 patients receiving shock
wave�BMCs, NT-proBNP serum lev-
els were significantly reduced from
1384 (95% CI, 847 to 1920) pg/mL at
baseline to 1095 (95% CI, 662 to 1529)
pg/mL at 4 months’ follow-up (P=.04).

Clinical Outcome

As shown in the analysis of multiple and
recurrent clinical events (eFigure 3), the
overall frequency of MACEs was sig-
nificantly reduced in patients receiv-
ing placebo shock wave�BMCs (18
events) compared with patients receiv-
ing shock wave � placebo infusion
(61 events) or shock wave�BMCs (32
events) (hazard ratio, 0.58 [95% CI,
0.40-0.85]; P= .02). FIGURE 5 illus-
trates the hazard ratios for the indi-
vidual clinical end points and pre-
de f ined combined end poin t s
comparing the shock wave�placebo
infusion vs shock wave�BMCs groups.
These data illustrate that the observed
improvements in contractile left ven-
tricular function and heart failure symp-
toms are paralleled by a decrease in the
overall frequency of individual clini-
cal end points.

DISCUSSION
The present clinical trial investigated
the effects of combining target-tissue
preconditioning by extracorporeal
shock wave application with intracoro-
nary infusion of autologous BMCs on
left ventricular function in patients with
chronic postinfarction heart-failure. The
results demonstrate that shock wave–
facilitated infusion of BMCs benefi-
cially affects global and regional left
ventricular contractile function and may
reduce adverse clinical events in these
chronically ill patients.

Preconditioning the target tissue by
shock wave offers a novel approach to
redirect intra-arterially applied cells to
the region of interest by up-regulation
of chemoattractant cytokines.13 Local

Figure 2. Left Ventricular Function Assessment: Left Ventricular Ejection Fraction
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shock wave–induced up-regulation of
SDF-1 is expected to improve homing
and retention of C-X-C chemokine re-
ceptor type 4 (CXCR4)–expressing cells
in the hearts of patients when the cells
are delivered via the intracoronary route.
Recently, Wu et al20 demonstrated that
early recruitment and retention of in-
tramyocardially injected cardiac pro-
genitor cells did predict subsequent con-
tractile recovery in mouse models of
myocardial infarction. Thus, attempts to
increase recruitment and homing of ap-
plied cells should translate into im-
proved efficacy. Indeed, the results of our
study demonstrate that treatment with
shock wave�BMCs was associated with
a significant, albeit modest increase in
LVEF attributable to improved wall
thickening in the shock wave–treated re-
gion. Importantly, in the patients with
the most severely reduced LVEF, treat-
ment with shock wave � BMCs re-
sulted in a homogeneous response, with
improved LVEF observed in 93%, sug-
gesting that target-region precondition-
ing reduces the heterogeneity in indi-
vidual responses to intracoronary
infusion of BMCs observed in the pla-
cebo shock wave�BMCs group of the
present and in previous studies.7

CXCR4, the SDF-1 receptor, is ex-
pressed in subpopulations of BMCs,10,11,21

mesenchymal stem cells, very small em-
bryonic-like cells, adult cardiac stem
cells under hypoxic conditions, and in
adipose tissue–derived stem cells.22-24

Thus, preconditioning the target tissue
by noninvasive application of shock
waves may also improve the efficacy of
other cell therapeutic approaches.

The 3.2% absolute improvement
in global LVEF with shock wave–
facilitated infusion of BMCs appears to
be rather modest. However, as summa-
rized in a recently published meta-
analysis quantitatively assessing the re-
lationship between short-term (4-6
months) therapy–induced changes in
left ventricular remodeling analyzed in
controlled trials and long-term out-
comes in patients with heart failure at-
tributable to left ventricular systolic dys-
function,25 mean placebo-subtracted
increases in LVEF range from 1.3% for

valsartan in the Val-Heft (Valsartan
Heart Failure Trial) including more
than 5000 patients,26 to 2.0% for aldo-
sterone blockade,27 2.7% for cardiac re-
synchronization therapy,25 and 2.9% for
carvedilol in patients with stable heart
failure and nonhibernating myocar-
dium28—yet all of these therapies are
well established to improve clinical out-
comes in patients with chronic heart
failure. These numbers compare favor-
ably with the results of the present study
showing a placebo-subtracted in-
crease in LVEF of 2.0% for the entire
study cohort and of 3.0% for the pa-

tients with LVEF less than 40%, which
occurred in addition to comprehen-
sive conventional pharmacological
therapy for heart failure. Moreover, MRI
revealed a selective increase in infarct
wall thickening and a measurable re-
duction in infarct size in the shock
wave�BMCs group. It is possible that,
with time, these improvements could
contribute to reversal of the adverse re-
modeling that commonly follows myo-
cardial infarction. Nevertheless, the ob-
served beneficial effects on MACEs
during follow-up require confirma-
tion in larger studies, because the

Figure 3. Left Ventricular Function Assessment: Wall Thickening and Late Enhancement Volume
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sample size of the present study was not
powered to demonstrate significant dif-
ferences in clinical outcome.

Whereas treatment with shock wave
�BMCswasassociatedwithan increase
in global and regional myocardial con-
tractility, there was no significant im-
provement with shock wave�placebo
infusion. Thus, in the setting of chronic
postinfarction heart failure without on-
going ischemia, shock wave–mediated
preconditioning alone does not appear
tomediatecontractilerecoverybyattract-
ing endogenously circulating progeni-
tor cells, which may be rationalized by
the profound functional impairment of
the cells in this patient cohort.29

Some limitations of our study merit
further discussion. First and most im-
portantly, the effects of BMC adminis-
tration in the placebo shock wave group
was considerably smaller than in the
BMCs group of our previously pub-
lished TOPCARE-CHD (Transplanta-
tion of Progenitor Cells and Regenera-
tion Enhancement in Coronary Heart
Disease) trial.7 Side-by-side compari-
son of the 2 patient cohorts revealed
that the patients in the present
CELLWAVE trial had significantly
more advanced heart failure and coro-
nary artery disease compared with the
TOPCARE-CHD patient cohort. In line
with more advanced cardiac disease, the

patients in the present study received
significantly lower numbers of BMCs,
and the administered cells had pro-
foundly impaired colony-forming unit
capacity, indicating severe functional
impairment. Our previous studies dem-
onstrated that the number of applied
BMCs giving rise to colony-forming
units is a major determinant of the ef-
ficacy of intracoronary infusion of
BMCs in patients with chronic heart
failure.30 Thus, we believe that the more
advanced cardiac disease has contrib-
uted to the lack of effect observed in the
placebo shock wave�BMCs group of
the present study.

Because the present study is to our
knowledge the first to clinically apply fo-
cused shock wave therapy to the hearts
of patients with postinfarction heart fail-
ure, it was designed to detect potential
dose-dependent unwanted effects of
shock wave application, such as minor
myocardial injury or destabilization of
coronary plaques, leading to acute
coronary syndromes. Therefore, we
purposely selected2dosesof shockwave,
corresponding to the medium and
high doses of our experimental
validation studies.13 However, the
prespecified analysis plan called for com-
paring the results of the combined low-
dose and high-dose shock wave�BMCs
vs shock wave�placebo infusion. The

trial design also precluded a definite an-
swer to the question of whether shock
waves alone affected left ventricular con-
tractile recovery, because we did not in-
clude a group of patients receiving both
placebo shock wave and placebo infu-
sion. Last, we used quantitative left ven-
tricular angiography for the assessment
of the primary end point of the study, al-
though MRI would be superior. How-
ever, MRI is impossible in patients with
implanted devices, so use of MRI would
have precluded left ventricular analysis
in almost half of our patient popula-
tion. Nevertheless, MRI of suitable pa-
tients corroborated the findings ob-
tained from left ventricular angiography
and also provided important mechanis-
tic insights.

In conc lus ion , shock wave–
mediated preconditioning of the tar-
get tissue prior to intracoronary ad-
ministration of autologous BMCs is
associated with significant, albeit mod-
est absolute improvements in global and
regional left ventricular contractile
function in patients with chronic
postinfarction heart failure. However,
the observed beneficial effects on clini-
cal outcome require confirmation in
larger clinical end point trials.
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sibility for the integrity of the data and the accuracy

Figure 5. Hazard Ratios for Individual Clinical End Points and Predefined Combined End Points Comparing Shock Wave�Placebo Infusion vs
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