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Extracorporeal cardiac shock wave therapy improves
left ventricular remodeling after acute myocardial infarction
in pigs
Toyokazu Uwatokua, Kenta Itob, Kohtaro Abea, Keiji Oia, Takatoshi Hizumea,
Kenji Sunagawaa and Hiroaki Shimokawaa,b
Objective We have recently demonstrated that low-energy
extracorporeal shock wave therapy improves chronic
myocardial ischemia in pigs and humans. In this study, we
examined whether our shock wave therapy is also effective
at improving left ventricular remodeling after acute
myocardial infarction in pigs.
Methods Acute myocardial infarction was created by
surgically excising the proximal segment of the left
circumflex coronary artery (n = 20). In the early treatment
protocol, the shock wave therapy was started 3 days
after acute myocardial infarction, whereas in the late
treatment protocol, the therapy was started 4 weeks
after acute myocardial infarction (n = 5 each).
The remaining animals were treated in the same manner,
but without the shock wave treatment in each protocol
(n = 5 each).
Results In the early treatment protocol, left ventricular
ejection fraction was higher (42 ± 1 vs. 32 ± 1%, P < 0.001)
and left ventricular end-diastolic volume was smaller
(95 ± 1 vs. 99 ± 2 ml, P < 0.05) in the shock wave group
compared with the control group. Furthermore, wall
thickening fraction (32 ± 1 vs. 28 ± 1%, P < 0.01), regional
myocardial blood flow (1.7 ± 0.2 vs. 1.0 ± 0.1 ml/min/g,
P < 0.01), and number of capillaries in the border zone

Introduction
Ischemic heart disease is the leading cause of death in
Western countries and the number of patients with endstage coronary artery disease without an indication of
percutaneous coronary intervention or coronary artery
bypass grafting is increasing. The prognosis of such
patients remains poor because medication is the only
therapy to treat the disorder. Acute myocardial infarction
(AMI) is associated with a loss of cardiomyocytes
and subsequent development of left ventricular (LV)
remodeling, both of which lead to heart failure, sudden
cardiac death, and poor prognosis [1]. If sufficient
angiogenesis can be induced in the border zone of
infarcted myocardium, the progression of LV remodeling
could be suppressed, with resultant improved prognosis.
Although gene therapy and cell-based therapy for endstage coronary artery disease are under development
[2–4], these therapies are invasive in nature and their
safety has not been established yet.
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(1348 ± 15 vs. 938 ± 34 mm2, P < 0.0001) were all
significantly improved in the shock wave group compared
with the control group. By contrast, in the late treatment
group, no such beneficial effects of the shock wave therapy
were noted.
Conclusion These results suggest that our extracorporeal
cardiac shock wave therapy is also an effective and
noninvasive therapy for improving left ventricular
remodeling after acute myocardial infarction when started
in the early phase of the disorder. Coron Artery Dis
18:397–404 c 2007 Lippincott Williams & Wilkins.
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We have recently demonstrated that low-energy extracorporeal cardiac shock wave (SW) therapy effectively
induces angiogenesis and improves myocardial perfusion
and cardiac function in a porcine model of chronic
myocardial ischemia [5] and in patients with end-stage
coronary artery disease [6] without any major adverse
effects. However, it remains to be examined whether our
SW therapy also is effective at improving LV remodeling
after AMI. In this study, we thus examined, in a porcine
model of AMI, whether our SW therapy improves LV
remodeling by inducing angiogenesis in the border zone
of infarcted myocardium and, if so, whether there is an
appropriate timing for the therapy after AMI.

Methods
All procedures were approved by the Institutional Animal
Care and Use Committee and were conducted in
conformity with the institutional guidelines.
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Porcine model of myocardial infarction

Extracorporeal cardiac shock wave therapy

A total of 20 domestic male pigs (20–25 kg in body
weight) were used in this study. They were anesthetized
with ketamine (15 mg/kg, intramuscular) and were
maintained under general anesthesia with an inhalation
of 1.5% isoflurane for coronary ligation, SW treatment,
and euthanization [5]. After the chest was opened, the
pericardium and the left atrial appendage were suspended. Then, the proximal segment (approximately
15 mm in length) of the left circumflex coronary artery
(LCx) was ligated and was stripped to create AMI. In our
preliminary study, we confirmed that this stripping
method was more effective at preventing the development of intracoronary collaterals at the chronic stage
(4 weeks after AMI) than a simple ligation of the coronary
artery.

On the basis of our previous study [5], we applied a low
energy of SW (0.09 mJ/mm2, approximately 10% of the
energy for the lithotripsy treatment, 200 shots/spot for
27 spots) to the border zone around the infarcted
myocardium under the guidance of an echocardiogram
located within the specially designed SW generator (Storz
Medical AG, Kreuzlingen, Switzerland). We observed LV
wall motion by echocardiography both before and after
creating AMI; the edge of the risk area where the LV wall
motion was severely depressed after creating AMI was
defined as the border zone (B5 mm in width in the outer
zone of the risk area). We were able to accurately focus
SW in any part of the heart under the guidance of
echocardiography with a focus of B2 mm [5,6].
We applied SW in R-wave-triggered manner to avoid
ventricular arrhythmias [5,6]. The extracorporeal cardiac
SW therapy in action in a pig or a patient was shown in
our previous reports [5,6].

Coronary angiography and left ventriculography

After systemic heparinization (10 000 U/body), we performed coronary angiography (CAG) and left ventriculography (LVG) in a left oblique view with the use of a
cineangiography system (Toshiba Medical, Tokyo, Japan)
[5]. The LV volume and ejection fraction were calculated
by Simpson’s method.

Protocols

We performed the following two study protocols.
Protocol 1: early treatment protocol

Echocardiography

We performed transthoracic echocardiographic studies
(Sonos 5500, Agilent Technology, Tokyo, Japan) [5]. The
LV volume and ejection fraction were calculated by
Teichholz’s method. We calculated wall thickening
fraction (WTF) by using the following formula:
WTF = 100 (end-systolic wall thickness – end-diastolic
wall thickness)/end-diastolic wall thickness). We measured WTF in the infarcted area, the border zone, and the
remote normal area when pigs were sedated.
Regional myocardial blood flow

We evaluated the regional myocardial blood flow (RMBF)
with colored microspheres (Dye-Trak, Triton Technology,
Nottinghamshire, UK) [5,7]. We injected microspheres
(diameter 15 mm; 6 000 000 spheres per animal) through
the left atrium and aspirated a reference arterial blood
sample from the descending aorta at a constant rate of
20 ml/min for 60 s using a withdrawal pump. We extracted
microspheres from the LV samples (B5  10  10 mm)
and blood samples by potassium hydroxide digestion,
extracted the dyes from the spheres with dimethylformamide (200 ml), and determined their concentrations by
spectrophotometry. We calculated the myocardial blood
flow (ml/min/g) of the LV wall in the infarcted area, the
border zone, and the remote normal area.

The SW therapy was started 3 days after AMI and
performed three times a week at days 3, 6, and 9, whereas
the control group received the same procedures three
times a week but without the SW treatment (n = 5 each).
In all animals, CAG, LVG, echocardiographic studies, and
measurement of RMBF were performed before (baseline)
and at 4 weeks after AMI.
Protocol 2: late treatment protocol

The SW therapy was started 4 weeks after AMI and
performed three times a week at days 28, 31, and 34,
whereas the control group received the same procedures
3 times a week but without the SW treatment (n = 5
each). In all animals, CAG, LVG, and echocardiographic
studies were performed before (baseline) and at 4 and 8
weeks after AMI.
Factor VIII staining

Tissue specimens were obtained from the border zone
and the remote area of each animal at the end of the
study. We treated paraffin-embedded sections with a
rabbit anti-factor VIII antibody (N1505, Dako, Copenhagen, Denmark) [5]. We counted the number of factor
VIII-positive cells in 10 fields of the border zone in each
heart at 400  magnification.

Cardiac enzymes

Statistical analysis

To estimate the size of infarcted regions, we measured
serum concentrations of creatinine kinase (CK) and its
cardiac isoform, CK-MB, by using chemiluminescence
immunoassay before and 12 and 24 h after creating AMI.

Results are expressed as mean ± SEM. We determined
the statistical significance by analysis of variance for
multiple comparisons. A value of P < 0.05 was considered
to be statistically significant.
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Results
Size of myocardial infarction

The size of myocardial infarction as evaluated by
serum concentrations of CK and CK-MB was comparable
between the control and the SW groups at 12 h after
(CK, 2572 ± 199 vs. 2461 ± 199 ng/ml and CK-MB,
219 ± 24 vs. 197 ± 17 ng/ml) and 24 h after AMI
(CK, 1219 ± 83 vs. 1161 ± 77 ng/ml, and CK-MB
116 ± 8 vs. 102 ± 13 ng/ml). The SW therapy was
started 3 days after AMI in the early treatment
protocol and 28 days after AMI in the late treatment
protocol.

Effect of the shock wave therapy on left ventricular
remodeling after acute myocardial infarction

In the early treatment protocol, 4 weeks after AMI,
CAG showed that the proximal segment of LCx
was lacking whereas the distal segment of LCx
was perfused through collateral flow. Figures 1 and 2
represent the results of LVG and echocardiography,
respectively. In the control group, LVG and echocardiography showed increased end-systolic and enddiastolic LV volume and decreased LV ejection
fraction compared with baseline values before AMI
(Figs 1 and 2). By contrast, in the SW group, LV
volume and LV ejection fraction were significantly
improved compared with the control group, when

evaluated either by LVG (end-systolic LV volume,
55 ± 1 vs. 67 ± 1 ml, P < 0.0001; end-diastolic LV
volume, 95 ± 1 vs. 99 ± 1 ml, P < 0.05; LV ejection
fraction 42 ± 1 vs. 32 ± 1%, P < 0.001) (Fig. 1) or
by echocardiography (end-systolic LV volume, 46 ± 1 vs.
56 ± 1 ml, P < 0.001; end-diastolic LV volume, 87 ± 1 vs.
97 ± 2 ml, P < 0.01; LV ejection fraction 52 ± 1 vs.
45 ± 1%, P < 0.005) (Fig. 2).

By contrast, in the late treatment protocol, when the SW
was started 4 weeks after AMI, no such improvement was
noted at 4 weeks after the SW therapy for LV volume or
the depressed cardiac performance, when evaluated
either by LVG (end-systolic LV volume, 73 ± 2 vs.
70 ± 1 ml, P = 0.21; end-diastolic LV volume, 109 ± 3
vs. 108 ± 3 ml, P = 0.84; LV ejection fraction 31 ± 1 vs.
32 ± 1%, P = 0.42) (Fig. 1) or by echocardiography
(end-systolic LV volume, 73 ± 3 vs. 67 ± 2 ml, P = 0.18;
end-diastolic LV volume, 105 ± 4 vs. 108 ± 4 ml,
P = 0.62; LV ejection fraction 45 ± 1 vs. 47 ± 2%,
P = 0.42) (Fig. 2).

Effects of the shock wave therapy on myocardial
function and blood flow (early treatment protocol)

As a significant improvement was noted in the early
treatment protocol for LV volumes and functions, we
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Results of left ventriculography for the inhibitory effects of the cardiac shock wave (SW) therapy on the development of left ventricular (LV)
remodeling after AMI. The inhibitory effects of the SW therapy were noted in the early treatment protocol (upper panel) but not in the late treatment
protocol (lower panel). Results are expressed as mean ± SEM (n = 5 each). AMI, acute myocardial infarction; Control, control group without the SW
therapy; LVEDV, LV end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume; SW, SW group.
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Fig. 2
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Results of echocardiography for the inhibitory effects of the cardiac shock wave (SW) therapy on the development of left ventricular (LV) remodeling
after AMI. The inhibitory effects of the SW therapy were noted in the early treatment protocol (upper panel) but not in the late treatment protocol
(lower panel). Results are expressed as mean ± SEM (n = 5 each). AMI, acute myocardial infarction; LVEDV, LV end-diastolic volume; LVEF, LV
ejection fraction; LVESV, LV end-systolic volume.
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further measured WTF of the infarcted region, the
border zone, and remote area by epicardiac echocardiography in this protocol. Four weeks after AMI, we
observed a significant reduction in WTF in the border
zone in the control group, which was maintained
in the SW group (28 ± 1 vs. 32 ± 1%; P < 0.01)
(Fig. 3). The WTF in infarcted area and remote

area was comparable between the two groups. Four weeks
after AMI, RMBF in the border zone was decreased in the
control group, which was significantly improved in the SW
group (control group vs. SW group; 1.0 ± 0.1 vs.
1.7 ± 0.2 ml/min/g; P < 0.01) (Fig. 4). The RMBF in
infarcted and remote area was comparable between the
two groups.
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Fig. 4
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Effects of the shock wave therapy on capillary density
(early treatment protocol)

In the early treatment protocol, factor VIII staining
showed that the number of factor VIII-positive
capillaries in the border zone was higher in the SW group

than in the control group at 4 weeks after AMI
(1348 ± 15 vs. 938 ± 34/mm2, P < 0.0001), whereas
the capillary density in the infarcted and remote areas
was comparable between the two groups (Fig. 5).
The relationships between the capillary density in the
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Fig. 6

(a) 50

(b) 60
Control (n= 5)

LVEF(UCG) (%)

LVEF(LVG) (%)

SW (n= 5)
40

30

20
700

1000

1300

RMBF (ml/min/g)

W TF (%)

(d)

30

25

20
700

1000

1300

1600

Capillary density (/mm2)

40

30
700

1600

(c) 35

50

1000

1300

1600

1000

1300

1600

3

2

1

0
700

Capillary density (/mm2)

Relationship between capillary density in the border zone and left ventricular ejection fraction (LVEF) evaluated by left ventriculography (LVG) (a) and
echocardiography (UCG) (b), wall thickening fraction (WTF), and regional myocardial blood flow (RMBF) (d).

border zone and LVEF, WTF, or RMBF are shown in
Fig. 6.

The novel finding of this study is that our extracorporeal
cardiac SW therapy improves LV remodeling after AMI in
pigs when the therapy is started in the early phase, but
not in the chronic phase, of the disorder. No procedural
complications or adverse effects with the SW therapy
were noted in this study, which was consistent with our
previous studies for chronic myocardial ischemia in pigs
and humans [5,6].

decreases [10]. As the mobilized progenitor cells are
reported to be involved in the healing process after AMI
[2–4,8,11], SW-induced angiogenesis is expected to be
more effective when the SW therapy is started in the
earlier phase. As shown in the late treatment protocol in
this study, once LV remodeling is established after AMI,
our SW therapy may not be so effective at improving LV
remodeling. It remains to be examined whether the
beneficial effects of our SW therapy are more pronounced
when the therapy is started earlier than 3 days after AMI.
Further studies are needed to determine the best optimal
timing of SW therapy in AMI.

Optimal timing of the shock wave therapy in acute
myocardial infarction

Mechanisms for the inhibitory effects of the shock
wave therapy on left ventricular remodeling

In this study, the SW therapy improved LV remodeling
after AMI when the therapy was started at 3 days, but not
at 4 weeks after AMI. These results suggest that there is
a therapeutic window for the SW-induced angiogenesis
after AMI. In response to acute ischemia, the expression
of multiple angiogenic factors and the mobilization of
endothelial progenitor cells (EPCs) are enhanced [8,9].
For example, the number of circulating EPCs increases
after the onset of AMI, peaks on day 7, and then gradually

It is highly possible that multiple mechanisms are
involved in the inhibitory effects of our SW therapy on
LV remodeling after AMI. Enhanced expression of
multiple angiogenic factors, such as vascular endothelial
growth factor (VEGF) and stromal-derived factor 1 (SDF1), is crucial for the recruitment and incorporation of
EPCs [12–17]. VEGF is known to induce angiogenesis by
activating mobilization and homing of EPCs from the
bone marrow to ischemic tissue [12–15]. We have

Discussion
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previously demonstrated that our SW therapy upregulates
the expression of both VEGF and its receptor Flt-1, with a
resultant increase in the capillary density and RMBF in
ischemic myocardium [5]. In this study, we confirmed
that the SW therapy also increased capillary density and
RMBF in the border zone of the infarcted myocardium
and that the improved myocardial perfusion was associated with an improvement in LV function. These
results suggest that SW-induced angiogenesis effectively
contributes to salvaging myocardium in the border zone
and therefore improves LV remodeling characterized by
LV enlargement and dysfunction.
The VEGF/Flt-1 system is essential in initiating vasculogenesis and angiogenesis [12–15]; however, other
endogenous angiogenic systems, such as the endothelial
nitric oxide synthase (eNOS)/cGMP system and the
angiopoietin/tie-2 system, may also be involved in the
beneficial effects of our SW therapy. Indeed, it has been
reported that SW upregulates the expression of eNOS in
vascular endothelial cells in vitro [18] and that eNOS
gene delivery attenuates LV remodeling after AMI in rats
in vivo [19]. Therefore, it is conceivable that SW-induced
enhancement of endothelial nitric oxide production also
plays an important role in suppressing the development
of LV remodeling and functional deterioration after AMI.
Recently, it was reported that SDF-1 is essential for the
retention of proangiogenic stem cells in peripheral organs,
although the upregulation of VEGF is sufficient to
mobilize stem or progenitor cells from the bone marrow
to the systemic circulation [16,17]. Therefore, it is
possible that our SW therapy enhances the incorporation
of circulating EPCs by repeatedly pronouncing the
expression of SDF-1 in the border zone of the infarcted
heart. This notion has been supported by the recent
study by Aicher et al. [20] of SW therapy in conjunction
with cell therapy. Further studies are needed to elucidate
the molecular mechanisms involved in the beneficial
effects of SW in suppressing LV remodeling after AMI.

In summary, we were able to demonstrate that our lowenergy extracorporeal cardiac SW therapy effectively
induces angiogenesis, resulting in an increase in RMBF
and suppression of the development of LV remodeling
after AMI without any adverse effects. Thus, our
extracorporeal cardiac SW therapy may be an effective,
safe, and noninvasive therapeutic strategy for AMI in
humans.

Acknowledgements
We thank Dr Ernest H. Marlinghaus, Storz Medical AG,
Switzerland, for valuable comments on our study. This
study was supported in part by grants-in-aid from the
Japanese Ministry of Education, Culture, Sports, Science,
and Technology, Tokyo, Japan, and the Japanese Ministry
of Health, Labor, and Welfare, Tokyo, Japan.

References
1
2
3
4
5

6

7
8

9

10

11

Limitations of the study

Several limitations should be mentioned for this study.
First, although we were able to demonstrate that our SW
therapy enhances angiogenesis in the border zone, the
effects of the SW therapy on vascular smooth muscle
cells, cardiomyocytes, or extracellular matrix remain to be
examined in future studies. Second, the inhibitory effects
of our SW therapy on LV remodeling after AMI need to
be compared with those of drugs that are proven for the
effects (e.g. ACE inhibitors). In the clinical setting with
AMI, the use of ACE inhibitors, b-blockers, aspirin, and
statins is recommended [21], and some of them are
also reported to enhance the recruitment of EPCs
[22,23]. Additional experiments are needed to examine
whether our SW therapy is more effective at suppressing
LV remodeling after AMI when combined with those
drugs.

12

13
14

15

16

17

Jessup M, Brozena S. Heart failure. N Engl J Med 2003; 348:2007–2018.
Dimmeler S, Zeiher AM, Schneider MD. Unchain my heart: the scientific
foundations of cardiac repair. J Clin Invest 2005; 115:572–583.
Forrester JS, Price MJ, Makkar RR. Stem cell repair of infarcted myocardium:
an overview for clinicians. Circulation 2003; 108:1139–1145.
Mathur A, Martin JF. Stem cells and repair of the heart. Lancet 2004;
364:183–192.
Nishida T, Shimokawa H, Oi K, Tatewaki H, Uwatoku T, Abe K, et al.
Extracorporeal cardiac shock wave therapy markedly ameliorates ischemiainduced myocardial dysfunction in pigs in vivo. Circulation 2004;
110:3055–3061.
Fukumoto Y, Ito A, Uwatoku T, Matoba T, Kishi T, Tanaka H, et al.
Extracorporeal cardiac shock wave therapy ameliorates myocardial ischemia
in patients with severe coronary artery disease. Coron Artery Dis 2006;
17:63–70.
Prinzen FW, Bassingthwaighte JB. Blood flow distributions by microsphere
deposition methods. Cardiovasc Res 2000; 45:13–21.
Vandervelde S, Van Luyn MJ, Tio RA, Harmsen MC. Signaling factors in stem
cell-mediated repair of infarcted myocardium. J Mol Cell Cardiol 2005;
39:363–376.
Massa M, Rosti V, Ferrario M, Campanelli R, Ramajoli I, Rosso R, et al.
Increased circulating hematopoietic and endothelial progenitor cells in the
early phase of acute myocardial infarction. Blood 2005; 105:199–206.
Shintani S, Murohara T, Ikeda H, Ueno T, Honma T, Katoh A, et al.
Mobilization of endothelial progenitor cells in patients with acute myocardial
infarction. Circulation 2001; 103:2776–2779.
Minatoguchi S, Takemura G, Chen XH, Wang N, Uno Y, Koda M, et al.
Acceleration of the healing process and myocardial regeneration may be
important as a mechanism of improvement of cardiac function and
remodeling by postinfarction granulocyte colony-stimulating factor
treatment. Circulation 2004; 109:2572–2580.
Asahara T, Murohara T, Sullivan A, Silver M, Van der Zee R, Li T, et al.
Isolation of putative progenitor endothelial cells for angiogenesis. Science
1997; 275:964–967.
Rafii S, Lyden D. Therapeutic stem and progenitor cell transplantation
for organ vascularization and regeneration. Nat Med 2003; 9:702–712.
Millauer B, Wizigmann-Voos S, Schnurch H, Martinez R, Moller NP, Risau W,
et al. High affinity VEGF binding and developmental expression suggest Flk1 as a major regulator of vasculogenesis and angiogenesis. Cell 1993;
72:835–846.
Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Yung S, et al.
VEGF-induced adult neovascularization: recruitment, retention, and role of
accessory cells. Cell 2006; 124:175–189.
Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman ME,
et al. Progenitor cell trafficking is regulated by hypoxic gradients through
HIF-1 induction of SDF-1. Nat Med 2004; 10:858–864.
Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski M,
et al. Effect of stromal-cell-derived factor 1 on stem-cell homing and
tissue regeneration in ischaemic cardiomyopathy. Lancet 2003; 362:
697–703.

404 Coronary Artery Disease 2007, Vol 18 No 5

18 Gutersohn A, Gaspari G. Shock waves upregulate vascular endothelial
growth factor m-RNA in human umbilical vascular endothelial cells.
Circulation 2000; 102 (Suppl I):1–18.
19 Smith RS Jr, Agata J, Xia CF, Chao L, Chao J. Human endothelial nitric
oxide synthase gene delivery protects against cardiac remodeling and
reduces oxidative stress after myocardial infarction. Life Sci 2005; 76:
2457–2471.
20 Aicher A, Heeschen C, Sasaki K, Urbich C, Zeiher AM, Dimmeler S. Lowenergy shock wave for enhancing recruitment of endothelial progenitor cells:
a new modality to increase efficacy of cell therapy in chronic hind limb
ischemia. Circulation 2006; 114: 2823–2830.
21 Antman EM, Anbe DT, Armstrong PW, Bates ER, Green LA, Hand M, et al.
American College of Cardiology; American Heart Association Task Force on
Practice Guidelines; Canadian Cardiovascular Society. ACC/AHA

22

23

guidelines for the management of patients with ST-elevation
myocardial infarction: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines
(Committee to Revise the 1999 Guidelines for the Management
of Patients with Acute Myocardial Infarction). Circulation 2004; 110:
e82–e292.
Bahlmann FH, De Groot K, Mueller O, Hertel B, Haller H, Fliser D.
Stimulation of endothelial progenitor cells: a new putative therapeutic
effect of angiotensin II receptor antagonists. Hypertension 2005; 45:
526–529.
Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann M,
et al. HMG-CoA reductase inhibitors (statins) increase endothelial
progenitor cells via the PI 3-kinase/Akt pathway. J Clin Invest 2001; 108:
391–397.

