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Table. Clinical Characteristics and Outcome of the Study Population
Rural area Urban area
P value P value
1998-2001 2002-2005 2006-2009 . prengq 1998-2001 2002-2005 2006-2009 ¢, trend
(n=2,145) (n=2,699) (n=2,807) (n=1,529) (n=1,508) (n=1,682)
Male
Age (years) 66.2+12.4* 67.0+12.9* 66.7+127 0.373 65.0+12.7 652+129 65.9+12.9 0.046
Age-adjusted incidence of AMI
(/105 persons/year)
All 42.3+3.8* 47.2+3.2 47.3+2.5 0.274 55.1x4.7 49.3x10.9 479141 0.163
<45 years old 49+0.9 5.8+0.7 6.9+1.2 0.018 5.1£0.7 5.7+0.5 6.0+2.7 0.460
45-84 years old 66.6+6.3* 83.2+5.5 88.9+149 0.016 91.2+4.9 85.9+21.0 83.7+8.2 0.402
65-74 years old 170.2+32.9 186.3+39.2 179.3¢178 0679 228.2:x18.1 208.1+56.3 180.1x15.6 0.065
275 years old 253.5+47.0* 261.1£¢62.9 250.8+334 0937 355.0x48.0 277.8+73.4 308.0+x19.7 0.207
Hypertension (%) 46.1 59.5* 60.9 <0.001 482 54.3 63.0 <0.001
Diabetes mellitus (%) 27.5 329 29.5* 0.265 3086 318 34.1 0.070
Dyslipidemia (%) 22.4* 34.1* 41.4 <0.001 322 39.0 42.0 <0.001
Smoking (%) 40.6 421 40.6 0.956 440 418 38.6 0.008
In-hospital mortality (%) 7.6 6.8 7.8 0.832 8.8 57 8.7 0.997
Female
Age (years) 74.1+9.7 7611121 - .75:3+111:4 = 0.0.17: 74.4+104 74.6x120 753x114 0.224
Age-adjusted incidence of AMI
{/10° persons/year)
All 11.5+2.4* 13.6x1.1 13.2+1.0 0.202 15.1x1.2 11.9+2.0 12.412.4 0.077
<45 years old 0.2+0.4 0.4+0.2 0.7+0.5 0.114 0.2+0.2 0.5+0.3 0.5+£0.7 0.297
45-64 years old 10.5+4.2 13.7+3.1 18.1x4.1 0.102 10.1£1.6 11.0£2.2 16.127.1 0.102
65-74 years old 545+1.8* 65.0:8.4 56.414.4 0.602 84.5+5.8 55.3+6.5 48.9+9.1 <0.001
275 years old 100.8+17.4* 1357149 120.8+7.9 0.076 165.9+13.9 131.4x19.4 1298x17.2 0.016
Hypertension (%) 55.8 69.3 67.5 <0.001 60.2 63.5 65.0 0.137
Diabetes mellitus (%) 29.3 36.1 35.1 0.032 325 332 34.5 0.510
Dyslipidemia (%) 258 30.9 38.6 <0.001 310 371 37.7 0.039
Smoking (%) 8.9 6.6* 10.6 0.163 121 13.4 14.1 0.383
In-hospital mortality (%) 12.3 11.1 14.5 0.254 14.4 153 14.1 0.892

Values are mean+SD orn (%). *P<0.05 for the difference between rural and urban areas. AMI, acute myocardial infarction.
Study population was divided into 2 groups according to the residence: inside (urban area) and outside Sendai City (rural area).

tion form gradually over the last 30 years. Thus, although the
incidence of AMI and related data (time of onset, age and sex)
are available for the last 30 years, the date on the pre-hospital
management, infarction site, coronary risk factors, reperfusion
therapies, duration of hospitalization and in-hospital outcome
are only available for the last 10-20 years, which were ana-
lyzed in the present study.

Data Analysis

In the present study, we have registered a total of 19,921
patients with AMI (male/female 14,290/5,631) over the last
20 years after the municipal merger in 1988. In particular, we
have focused on the patients registered between 1998 and
2009 (total, 12,491; male/female, 8,969/3,522), who were di-
vided into 2 groups according to their residences; inside (urban
area, n=4,719) and outside Sendai City (rural area, n=7,651),
after excluding the patients whose residences were unknown
(n=159). We also divided the total observational period of 12
years into the 3 periods: 1998-2001, 2002-2005 and 2006—
2009. To calculate the sex- and age-adjusted incidence of AMI
(/100,000 person/years), we applied the direct standardization
method using the age distribution of the Japanese population
from the 2000 census,’ as the standard population. In addition,
in order to clarify the age-specific trend, we categorized the
age at AMI onset into the 4 groups: <44 (young), 45-64
(middle-aged), 65-74 (0ld) and 275 years old (high-old).1s

Results are expressed as meantSD. Linear trends were
examined for continuous variables by using analysis of vari-
ance (ANOVA) with repeated measures or the Jonckheere-
Terpstra trend test as appropriate, and for categorical variables
by using the chi-square test for trend. Differences in mean
values were examined with a t-test, Mann-Whitney test or chi-
square test as appropriate. Multiple logistic regression analysis
was used to examine determinants of risk factor prevalence in
AMI patients. Variables used for analysis included: sex, age
at onset of AMI (per 10 years), study periods (1998-2001,
2002-2005 and 2006-2009), residence (rural vs. urban), and
other risk factors. The odds ratios (ORs) and 95% confidence
intervals (95%CI) were calculated. A P-value less than 0.05
were considered to be statistically significant. All statistical
analyses were performed using the statistical software SPSS
version 18 for Windows.

Results

Over the last 20 years, the incidence of AMI (/100,000 per-
sons/year) significantly increased in both the rural and the
urban areas in the Miyagi prefecture (2.1- and 1.3-fold, respec-
tively, both P<0.001) (Figure 1A). Furthermore, the extent of
the increase in AMI incidence was greater in the rural area
than in the urban area, finally exceeding that in the urban area
after 2000. These changes were accompanied with rapid aging
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Figure 2. Age-distribution of acute myocardial infarction (AMI) patients. The percentage of high-old patients (275 years old) was
markedly higher in female patients than in the patients in the rural and urban areas and has been increasing significantly in male
patients in both areas and rural female patients. tP<0.05 for linear trend.
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Figure 3. Age-specific incidence of acute myocardial infarction (AMI) (/100,000 personsfyear). The significant increase in the
age-adjusted incidence of AMI was noted in <44 and 456-64 year old rural male patients, and the significant decrease was noted
in 65-74 and >75 year old urban female patients. Values are presented as mean+SE. *P<0.05 for the difference between rural
and urban areas. 1P<0.05 for linear trend.
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Figure 4. Time interval from the onset of symptoms to hospitalization. The percentage of patients with less than 2h of elapsing
time for hospitalization has significantly increased in rural male patients. The percentage was significantly lower in female patients

than in male patients in both areas in 2006-2009. *P<0.05 for the difference between rural and urban areas. 1P<0.05 for the dif-
ference between the sexes in the same rural or urban areas. TP<0.05 for a linear trend.
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Figure 5. Prevalence of reperfusion therapy for acute myocardial infarction (AMI). The prevalence of primary percutaneous coro-
nary intervention (PCI) steadily increased in the rural area in both sexes. Importantly, the prevalence of PCl was approximately

10% lower in female patients than in male patients in both rural and urban areas. *P<0.05 for the difference in male patients be-
tween rural and urban areas. tP<0.05 for linear trend.

Circufation Journal Vol.76, May 2012



Urbanization, Lifestyle Changes and AMI in Japan

1141

I Hypertension I Diabetes Mellitus
Male | (T8 [
Older age (per 10-years) -} |
Periods: 1998-2001 | )
2002-2005 | k| e+
2006-2009 | [Py} § Hod
Urbanresidence | kH \ Hd
Hypertension | ? led
Diabetes | o4 |
Dyslipidemia | 2 2] 3 FH
Smoking ‘ I‘){ " FA
0.5 1.0 20 4.0 0.5 1.0 2.0 4.0
[ Dyslipidemia
Male e , ‘ =
Older age (per 10-years) -] K ]
Periods: 1998-2001 | ) % ]
2002-2005 | o4 3
2006-2009 rod
Urbanresidence | ted ‘
Hypertension rot 1
Diabetes | o | e
Dyslipidemia \ } el
Smoking e
0.5 1.0 2.0 4.0 0.5 1.0 20 4.0
Figure 6. Multivariate analysis of coronary risk factors in acute myocardial infarction (AMI) patients. During the study periods, the
prevalence of hypertension and dyslipidemia significantly increased in AMI patients. Hypertension was associated with older age
but not with residence, whereas dyslipidemia was associated with younger age and urban residence. Smoking was associated
with male sex and younger age. The odds ratios and 95% confidence intervals for factors are shown with red circles for P<0.05.

inboth areas in the Miyagi prefecture (Figure 1B). Following
age adjustment (Figure 1C), the incidence of AMI in the rural
area increased significantly (P<0.001), whereas that in the
urban area decreased significantly (P<0.001) in the recent 10-
year period (between 1998 and 2009). In contrast, in-hospital
mortality significantly decreased in both areas (both P<0.001),
but to a greater extent in the rural area (0.5-fold in the rural
area and 0.9-fold in the urban area) (Figure 1D). In 1998—
2001, there was no significant difference in in-hospital mortal-
ity between the rural and urban male patients (P=0.263), and
in-hospital mortality remained low (~8%) from 1998-2001 to
2006-2009 in both the rural and urban male patients (rural:
P=0.832; urban: P=0.997) (Table). Importantly, in-hospital
mortality of the female patients in both the rural and the urban
areas remained doubled compared with the male patients dur-
ing the study period (Table).

The clinical characteristics of the AMI patients in the pres-
ent study are shown in Table. The female patients were ap-
proximately 10 years older than the male patients and ap-
proximately a half of them were 275 years-old in 1998-2001
in both areas, with a significant further increase in the rural
area (male, P<0.001; female, P<0.001) and such a trend in the
urban area (male, P=0.054; female, P=0.176) (Figure 2). In
1998-2001, the age-adjusted incidence of AMI was signifi-
cantly lower in the rural area than in the urban area for both
sexes (male, P=0.019; female, P=0.035) (Table). However,
the difference between the 2 areas became insignificant in
2006-2009 for both sexes (male, P=0.824; female, P=0.530).
When investigating the age-specific trend, the significant in-

crease in the age-adjusted incidence of AMI was noted in the
young (<44 years-old) and middle age (45-64 years-old) male
patients only in the rural area (young, P=0.018; middle age,
P=0.016), and the significant decrease was noted in the old
{65-74 years-old) and high-old (>75 years-old) female pa-
tients in the urban area (old, P<0.001; high-old, P=0.016)
(Table, Figure 3).

Regarding the time from the onset of AMI to admission, the
percentage of the patients with less than 2h of elapsing time
at admission was significantly lower in the rural area than in
the urban area for the male patients in 1998-2001 (P<0.001)
(Figure 4). However, the difference became insignificant
in 2006-2009 (P=0.051), accompanied with the significant
increase in the percentage in the rural area (rural, P<0.001;
urban, P=0.082). Importantly, in the rural female patients, the
percentage of patients with less than 2h of elapsing time at
admission remained at a low level (~20%), and the differ-
ence between the sexes in the rural area became greater from
1998-2001 (P=0.086) to 2006-2009 (P<0.001). In contrast,
the difference between the sexes in the urban area was sig-
nificant in 2006-2009 (P=0.04). Moreover, the prevalence of
primary PCI in the female patients was lower by ~10% com-
pared with the male patients in both areas (Figure 5). In the
male patients, the prevalence of primary PCI significantly in-
creased only in the rural area from 1998-2001 to 2006-2009
(rural, P<0.001; urban, P=0.054), and a similar trend was also
noted in the female patients (rural, P<0.001; urban, P=0.176).

Multivariate analysis of the coronary risk factors in AMI
patients showed that the prevalence of hypertension and dys-
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Figure 7. Prevalence of coronary risk factors in acute myocardial infarction (AMI) patients. The prevalence of hypertension and
dyslipidemia had a trend of increase in both rural and urban areas. In particular, the prevalence of dyslipidemia in rural male pa-
tients aged <64 years markedly increased. *P<0.05 for the difference between rural and urban areas. tP<0.05 for linear trend.
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lipidemia significantly increased and that of diabetes tended to
increase (Figure 6). Hypertension was associated with older
age but not with residence, whereas dyslipidemia was asso-
ciated with younger age and urban residence. Although the
prevalence of dyslipidemia in the male patients was signifi-
cantly lower in the rural area than in the urban area in 1998—
2001, it significantly increased in the rural area and the differ-
ence between the 2 areas became insignificant in 2006-2009
{Table). Moreover, the progressive increase in the prevalence
of dyslipidemia was noted in both areas for both sexes with a
more sharp increase in the rural area (Figure 7). Smoking was
associated with male sex and younger age, but not with resi-
dence (Figure 6), and the prevalence of smoking largely
remained unchanged in both areas for both sexes (Figure 7).

Discussion

The novel findings of the present study were that the incidence
of AMI increased more rapidly in the rural area than in the
urban area, with rapid aging in both areas. Moreover, the inci-
dence of AMI in the rural male patients <64 years-old was
increased along with the marked increase in the prevalence
of dyslipidemia in Japan. Although in-hospital mortality from
AMI markedly decreased in both areas over the last 20 years,
it remained relatively high in female patients than in male
patients in both areas. To the best of our knowledge, this is the
first study that demonstrates the association between urbaniza-

tion, life-style changes and the incidence and mortality of
AMI in the largest number of patients in Japan.

Comparison of the Incidence of AMI Between Rural and
Urban Areas

Although in the United States and European countries, the
incidence of CAD has been declining in the last decades,24
the present study demonstrates that the incidence of AMI has
been rapidly increasing in both the rural and urban areas over
the last 20 years, with a more noted increase in the former than
in the latter. However, this tendency has disappeared follow-
ing age adjustment in recent years only in the urban area,
which implied that the increased tendency in the incidence of
AMI in the rural area might be not be associated with rapid
aging alone in recent years.

There were few studies that addressed the difference in the
incidence of CAD between rural and urban areas in Japan. The
Akita-Osaka study is the community-based survey, where the
residents of the Yao City, Osaka prefecture (an urban com-
munity with a total census population of 23,552 in 2000) and
those of Ikawa Town, Akita prefecture (a rural community
with a total census population of 6,116 in 2000) were com-
pared during the period of 1964-2003.12 In this study, signifi-
cant increases in the age-adjusted incidence of AMI and sud-
den cardiac death were noted in Yao City (in male patients
from 1980 to 2003) but not in Ikawa City in both sexes.!? The
present study confirmed the results of the Akita-Osaka study
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in the rural and urban areas of the same Miyagi prefecture.
The Yamagata AMI Registry study provided more recent data
and an age-specific trend in the period of 1993-2007.17 The
population density of the Yamagata prefecture was 133/km?
in 2000, which was comparable with that of the rural area in
the present study.’ In this study, the age-adjusted incidence
of AMI in the male but not that in the female patients sig-
nificantly increased. In particular, the male population who
were younger than 65 years old showed a marked increase in
AM]I, a consistent finding with the present results for the rural
area. These results indicate that the incidence of AMI has
been increasing in the younger male population in the rural
areas of Japan. Taken together, unlike the trend in Western
countries, it appears that the incidence of AMI has been in-
creasing in Japan to a greater extent in the rural area than in
the urban area over the last 20 years and has been associated
with rapid aging.

Decreasing In-Hospital Mortality and Improvement in
Critical Care

In the present study, the in-hospital mortality from AMI sig-
nificantly decreased in both the urban and the rural areas over
the last 20 years. The present study also demonstrates that
primary PCI was performed more frequently in the rural area
than in the urban area, along with the shortening in the elaps-
ing time from the onset to hospitalization. The recent progress
in critical care might have beneficial effects, overcoming the
rapid aging in AMI patients.

In the most recent 10 year period, the in-hospital mortality
remained at a low level in male patients, whereas in female
patients, the mortality remained doubled compared with the
male patients in both the rural and the urban areas. It was pre-
viously reported that the poorer outcome of the female AMI
patients could be caused by multiple factors, including higher
age, higher risk profiles, longer elapsing time from the onset
to hospitalization, higher incidence of Killip class >2, and less
frequent use of primary PCI.1%-20 Indeed, in the present study,
the female patients were approximately 10 years older than the
male patients and half of them were older than 75 years and
needed a longer time from the onset of AMI to hospitalization
in the both areas in 2006-2009. These points might have lim-
ited the use of primary PCI with a resultant poor outcome for
the female AMI patients in the present study.

Changes in the Prevalence of Coronary Risk Factors in AMI
Patients

The WHO-MONICA studies, as well as several Japanese co-
hort studies, demonstrated that the incidence of cardiovascular
diseases increased and were associated with the clustering of
risk factors.?!-2 In the present study, the prevalence of hyper-
tension and dyslipidemia in AMI patients significantly in-
creased in both the rural and urban areas. Importantly, there
was a significant difference in the prevalence of dyslipid-
emia between the rural and urban areas with a marked increase
noted in the rural area, especially in those male patients aged
<64 years. Indeed, previous studies demonstrated that dys-
lipidemia is an independent risk factor in male but not in fe-
male patients,'”?4 and in the Yamagata-AMI Registry study,
the increased prevalence of dyslipidemia in the younger male
patients with AMI was also associated with an increased inci-
dence of AML!7 In the Miyagi prefecture, the intake of ani-
mal fat was significantly higher in the rural than in the urban
area in 2000 (rural 20.7 g/day vs. urban 23.4 g/day, P<0.05).%
Moreover, in Japan, fat intake and serum levels of total cho-
lesterol were higher in the urban than in the rural areas in

1966; however, the difference in cholesterol levels between
the 2 areas became smaller in 1966-1985 along with the influ-
ence of Westernization of food habits in the rural area.® Taken
together, it might indicate that the increase in the incidence
of AMI in younger male patients in the rural area was likely
to be associated with the marked increase in the prevalence
of dyslipidemia.

The present study also demonstrates the increase in the
prevalence of hypertension in AMI patients. In the Tohoku
district, including the Miyagi prefecture, the prevalence of
hypertension was relatively higher compared with other parts
of Japan,'>26 and thus more careful and strict control of risk
factors is needed.

The prevalence of smoking remained high not only in the
urban areas but also in the rural areas. In particular, in the
younger male patients, the prevalence of smoking (~50%) was
higher compared with the general Japanese population (36.8%
in males and 9.1% in females in 2008).27 Importantly, in the
younger urban female patients, it remained more than 30%; 3
times higher than in the general Japanese population.

Study Limitations

Several limitations should be mentioned for the present study.
First, although in the Miyagi prefecture, almost all AMI pa-
tients are transferred to our participating hospitals via the
established emergency medical system, we cannot complete-
ly confirm that all patients have been registered in our regis-
try. Second, while the MIYAGI-AMI Registry Study has
been conducted over 20 years, the diagnosis of AMI has been
changing.? In the present study, the diagnosis was made on
the basis of the WHO-MONICA criteria with creatine kinase
(CK).1¢ Indeed, troponins are widely used in recent clinical
practice and are more sensitive and specific biomarkers of
myocyte necrosis than CK,* which might affect the results.
Third, this study is an observational study and cannot reach the
cause-effect relationship. Moreover, we did not examine the
prevalence of risk factors in control subjects and did not col-
lect the data of medical treatment for prevention, thus we were
unable to precisely estimate the influence of risk factors on the
incidence of AML Finally, in the present study, we did not
examine the long-term mortality but only examined in-hospital
mortality. The increasing incidence of decreasing in-hospital
mortality from AMI in the Japanese population has apparently
resulted in the recent increase in the number of patients with
ischemic heart failure, as recently demonstrated in our heart
failure cohort study, the CHART-1 and the CHART-2 stud-
ies.3031 Thus, a more effective strategy to improve the manage-
ment of post-infarction heart failure needs to be developed.

Conclusions

Our MIYAGI-AMI Registry Study demonstrates that urban-
ization and life-style changes have been associated with the
incidence and mortality of AMI in Japan, although sex differ-
ences still remain to be improved.
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Abstract Ischemic heart disease is the leading cause of death and a major cause of hospital admissions, with the

number of affected patients increasing worldwide. The current management of ischemic heart disease has
three major therapeutic options: medication, percutaneous coronary intervention (PCI), and coronary
artery bypass grafting (CABG). However, the prognosis for patients with severe ischemic heart disease
without indications for PCI or CABG still remains poor due to the lack of effective treatments. It is therefore
crucial to develop alternative therapeutic strategies for severe ischemic heart disease. Extracorporeal shock
wave (SW) therapy was introduced clinically more than 20 years ago to fragment kidney stones, which has
markedly improved the treatment of urolithiasis. We found that a low-energy SW (about 10% of the energy
density used for urolithiasis) effectively increases the expression of vascular endothelial growth factor
(VEGF) in cultured endothelial cells. Based on this in vitro study, we initiated in vivo studies and have
demonstrated that extracorporeal cardiac SW therapy with a low-energy SW up-regulates the expression of
VEGF, induces neovascularization, and improves myocardial ischemia in a porcine model of chronic
myocardial ischemia, without any adverse effects in vivo. On the basis of promising results in animal studies,
we performed a series of clinical studies in patients with severe coronary artery disease without indication for
PCI or CABG, including, firstly, an open trial followed by a placebo-controlled, double-blind study. In both
studies, our extracorporeal cardiac SW therapy improved symptoms, exercise capacity, and myocardial
perfusion in patients with severe coronary artery disease. Importantly, no procedural complications or
adverse effects were noted. The SW therapy was also effective in ameliorating left ventricular remodeling
after acute myocardial infarction (MI) in pigs and in enhancing angiogenesis in hind-limb ischemia in
rabbits. Based on these animal studies, we are also conducting clinical studies in patients with acute M and
in those with peripheral artery disease. Thus, our extracorporeal cardiac SW therapy appears to be an
effective, safe, and non-invasive angiogenic approach in cardiovascular medicine and its indication could be
extended to a variety of ischemic diseases in the near future. In this article, we briefly summarize our work in
animals and humans, and discuss the advantages and perspectives of our extracorporeal SW therapy.
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1. Introduction

Ischemic heart disease is the leading cause of death and a
major cause of hospital admissions, with the number of affected
patients increasing worldwide.l'! The current management of
ischemic heart disease has three major therapeutic options:
medication, percutaneous coronary intervention (PCI), and
coronary artery bypass grafting (CABG). However, the prog-
nosis for patients with severe ischemic heart disease without
indications for PCI or CABG still remains poor due to the lack
of effective treatments. Therefore, it is crucial to develop al-
ternative therapeutic strategies for severe ischemic heart dis-
ease. During this decade, a variety of regenerative therapies,
such as gene and cell therapies, have been investigated.-12
However, most of these regenerative therapies are invasive in
nature. In addition, although many of these therapies have been
shown to be effective in animal models, their efficacy and safety
have not yet been fully established in clinical trials.[!3-20]

Extracorporeal shock wave (SW) therapy was introduced
clinically more than 20 years ago to fragment kidney stones,
and has markedly improved the treatment of urolithiasis. Ex-
tracorporeal SW lithotripsy with high-energy SW is also indi-
cated for gallstones and pancreatic and salivary stones. We have
previously reported that low-energy cardiac SW therapy ef-
fectively induces neovascularization and improves myocardial
ischemia in a porcine model of chronic myocardial ische-
mia.?122 Based on the promising results from animal studies,
we first reported that low-energy cardiac SW therapy signif-
icantly improved symptoms and myocardial perfusion and re-
duced the use of nitroglycerin.!®¥] In this article, we briefly
summarize our work in animals and humans, and discuss the
advantages and perspectives of our low-energy SW therapy for
ischemic diseases.

2. In vitro Study

SW is a longitudinal acoustic wave that propagates through
water or soft tissue as ultrasound does. In contrast to ultra-
sound, SW is a single pressure pulse with a short needle-like
positive spike <1 psec in duration and up to 100 MPa in am-
plitude, followed by a tensile wave of several psec with lower
amplitude. We and others demonstrated that low-energy SW
enhances nitric oxide (NO) production® and the expression of
vascular endothelial growth factor (VEGF) and its receptor,
fms-related tyrosine kinase 1 (Flt-1), in cultured human um-
bilical vein endothelial cells (HUVECs) in vitro (figure 1).[2!]

Importantly, we demonstrated that the expression of VEGF
peaked at 0.09mJ/mm? in cultured endothelial cells, at ap-
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proximately 10% of the energy used for lithotripsy treatment in
the clinical setting (figure 1).2!! Subsequently, Yip et al.l> re-
ported that low-energy SW applied to bone-marrow-derived
mononuclear cells (BMDMNCs) enhanced VEGF production
from BMDMNCs and their differentiation into endothelial
phenotype cells.?”) In addition, Nurzynska et al.2 reported
that low-energy SW activated proliferation and differentiation
in cardiac primitive cells. Tamma et al.l*7 also reported that
SW induced the proliferation and differentiation of osteoblasts
and reduced their secretion of pro-osteoclastogenic factors.

SW exerts a ‘cavitation effect’ (a pm-sized violent collapse of
bubbles inside and outside the cells)?® and was shown to induce
localized stress on cell membranes that resembles shear stress,[?”!
due to the localized nature of the physical forces generated by
cavitation.’% Several biochemical effects of SW have been
reported including hyperpolarization, Ras activation, non-
enzymatic NO synthesis, and induction of stress fibers and inter-
cellular gaps.®1-33 However, detailed intracellular mechanisms
of SW action remain to be elucidated.

3. Extracorporeal Cardiac Shock Wave (SW) Therapy
for Angina Pectoris

3.1 Animal Studies

Based on our in vitro study, we examined whether low-
energy SW could ameliorate myocardial ischemia in a porcine
model in vivo. A porcine model of chronic myocardial ischemia
was made by placing an ameroid constrictor at the proximal
segment of the left circumflex (LCX) coronary artery. This
gradually induced a total occlusion of the artery with sustained
myocardial dysfunction but without myocardial infarction in
4 weeks.?J At 4 weeks after the implantation of the ameroid
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Fig. 1. Effects of shock wave (SW) therapy on mRNA expression in human
umbilical vein endothelial cells (HUVECS) in vitro. SW treatment up-regulated
mRNA expression as a proportion of glyceraldehyde dehydrogenase (GAPDH)
mRNA expression of (a) vascular endothelial growth factor (VEGF) and (b) VEGF
receptor, Flt-1, with a maximum effect noted at 0.09mJ/mm?, a level that is
approximately 10% of that used for urinary lithotripsy. Results are expressed as
mean+SEM (n=10 in each group). From Nishida et al.,?"! with permission.
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Fig. 2. Effects of shock wave (SW) therapy on left ventricular (LV) function
in pigs in vivo. The extracorporeal cardiac SW therapy improved ischemia-
induced myocardial dysfunction in vivo as evaluated by left ventriculography.
Four weeks after the implantation of an ameroid constrictor, LV wall motion of
the LCX (posterolateral) region was reduced in both (a) the control and (c) the
SW group (before SW therapy). Eight weeks after the implantation of an
ameroid constrictor, no significant change in LV wall motion was noted in the
control group (b), whereas marked recovery was noted in the SW group (d).
(e) SW therapy normalized LV ejection fraction in the SW group but not in the
control group. Results are expressed as mean+SEM (n=8 in each group).
From Nishida et al.,’*' with permission.

constrictor, we performed extracorporeal SW therapy to the
ischemic myocardium three times during the first week (n=38),
whereas animals in the control group (n=8) received the same
anesthesia procedures three times a week but without the SW
treatment. Based on our in vifro experiments, we applied low-
energy SW (0.09 mJ/mm?) to nine spots in the ischemic LCX
region (200 shots/spot) with the guidance of an echocardiogram
equipped with a specially designed SW generator (Storz Med-
ical AG, Tigerwilen, Switzerland). In order to treat the targeted
ischemic myocardium without inducing ventricular arrhythmia,
we applied SW at end-diastole during the cardiac cycle with an
R-wave-triggered system. We evaluated cardiac function before
(baseline) and at 4 and 8 weeks after the ameroid implantation.
Four weeks after the implantation of an ameroid constrictor,
wall motion of the posterolateral (LCX) region in the left ven-
tricle (LV) was reduced in both the control and the SW groups
to the same extent (figure 2a,c). However, 4 weeks after the SW
therapy, left ventriculography showed marked improvement of
LV wall motion only in the SW group (figure 2b,d). The SW
therapy normalized the LV ejection fraction in the SW group
but not in the control group (figure 2e). In this study, the SW
treatment normalized global and regional myocardial function
as well as regional myocardial blood flow in the chronic is-
chemic region, evaluated using colored microspheres (Dye-
Trak, Triton Technology) and spectrophotometry. In addition,
the SW therapy increased capillary density and up-regulated
VEGF expression in the ischemic myocardium in vivo (figure 3).
Importantly, no procedural complications or adverse effects,
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such as tissue injury, hemorrhage, or arrhythmia, were noted
during or after the SW therapy. These results suggest that the low-
energy cardiac SW therapy activates the endogenous angiogenic
system in pigs in vivo.?!1 This was the first report to demonstrate
the potential usefulness of extracorporeal cardiac SW therapy as
a non-invasive treatment for chronic myocardial ischemia.

3.2 Clinical Studies

Based on the promising results in animal studies, we per-
formed the first clinical trial of extracorporeal cardiac SW
therapy in an open-labeled manner.?*) We performed cardiac
SW therapy (200 shots/spot at 0.09 mJ/mm? for 20-40 spots,
three times a week/series) in nine patients with end-stage cor-
onary artery disease (CAD) with no indication for PCI or
CABG (55-82 years old, five men and four women). During the
therapy, the patients lay on the bed in a supine position without
any anesthesia (figure 4). Importantly, our SW therapy sig-
nificantly improved symptoms and reduced nitroglycerin use
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Fig. 3. Effects of shock wave (SW) therapy on capillary density and vascular
endothelial growth factor (VEGF) expression in the ischemic myocardium in
pigs in vivo. The extracorporeal cardiac SW therapy increased the density of
factor Vlll-positive capillaries and VEGF expression in the ischemic myo-
cardium. Capillary density was significantly greater in the SW group than in
the control group in both (a) the endocardium and (b) the epicardium. The
(e) mRNA expression and (d) protein levels of VEGF as proportions of
glyceraidehyde dehydrogenase (GAPDH) mRNA expression and B-actin,
respectively, were significantly higher in the SW group than in the control
group. Results are expressed as mean+SEM (n=6 in each group). From
Nishida et al.,?' with permission.
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Fig. 4. Extracorporeal cardiac shock wave (SW) therapy in action in a pa-
tient with severe coronary artery disease. The machine is equipped with a SW
generator and in-line echocardiography. The SW generator is attached to the
chest wall of the patient when used. The SW pulse is easily focused on the
ischemic myocardium under the guidance of echocardiography. There is no
need for anesthesia or sedatives.

b
3 q 8 =
T
6 -
e L R
2 2,
& s
© [
]
Q11 3
2..
x " X
0 0 s ——
0 3 6 12 0 3 6 12

Time (mo) Time (mo)

Fig. 5. Effects of extracorporeal cardiac shock wave (SW) therapy on
symptoms and the use of nitroglycerin. Extracorporeal cardiac SW therapy
significantly improved (a) the Canadian Cardiovascular Society (CCS) class
scores and (b) number of nitroglycerin (NG) uses per week in patients with
severe angina pectoris. Results are expressed as mean+SEM. *p<0.05,
tp<0.01 vs 0 month (statistically analyzed by a post hoc test after one-way
ANOVA). From Fukumoto et al.,[2® with permission.

(figure 5) and improved myocardial perfusion as assessed by
dipyridamole stress thallium scintigraphy only in the ischemic
area treated with the SW therapy (figure 6). These beneficial
effects of the SW therapy persisted for at least 12 months. No
procedural complications or adverse effects were noted. These
results indicated that our extracorporeal cardiac SW therapy
was a safe, effective, and non-invasive therapeutic strategy for
severe ischemic heart disease.[>*! Following our initial report,
several clinical studies with positive results were reported
worldwide.?+37 To confirm the usefulness and safety of our

© 2011 Adis Data Information BV. All rights reserved.

SW therapy, we performed a second clinical trial in a ran-
domized and placebo-controlled manner. In this second trial,
again we were able to demonstrate that the low-energy SW
therapy not only improved symptoms and reduced nitro-
glycerin use, but also improved LV function (figure 7), estab-
lishing cardiac SW therapy as an effective and safe angiogenic
strategy for severe ischemic heart disease.’®! As described
above, extracorporeal cardiac SW therapy improved the qual-
ity of life in patients with angina pectoris. However, it is still not
known whether our SW therapy improves the long-term
prognosis of those patients. Further studies are needed.

4. Extracorporeal Cardiac SW Therapy for
Acute Myocardial Infarction

The development of emergent reperfusion therapy has dra-
matically reduced the mortality of patients with acute myo-
cardial infarction (AMI). However, LV remodeling following
AMI, which leads to heart failure, sudden cardiac death, and
poor prognosis,*? still needs to be addressed. It was reported
that capillary density in the border zone is negatively correlated
with infarct size 1 month after AMI, suggesting the importance
of adequate growth of the capillary microvasculature.[l It
is highly expected that enhancing neovascularization in the

Before treatment After 1st treatment After 2nd treatment

~
o
"

. -

SPECT

Washout rate

Fig. 6. Effects of extracorporeal cardiac shock wave (SW) therapy on myo-
cardial perfusion in patients with severe angina pectoris. Dipyridamole stress
thallium-201 single photon emission computed tomography (SPECT) imag-
ing and polar map in a patient with severe three-vessel coronary artery dis-
ease before and after SW therapy. The results clearly demonstrated that SW
therapy ameliorated myocardial perfusion only where SW was applied; in the
anteroseptal wall after the first treatment and in the lateral wall after the
second treatment (arrows) in a step-wise manner after the staged SW
treatment. The areas treated with SW therapy are indicated with dotted lines.
From Fukumoto et al.,[?3 with permission.
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Fig. 7. Effects of extracorporeal cardiac shock wave (SW) therapy in patients with severe angina pectoris in the placebo-controlled and double-blind study.
BNP =brain natriuretic peptide; CCS = Canadian Cardiovascular Society; LVEDV =left ventricular (LV) end-diastolic volume; LVEF=LV ejection fraction;
LVSV=LV stroke volume; max. exercise=maximum exercise capacity in watts (W); NG=nitroglycerin; peak VO,=peak oxygen uptake. Results are

mean+SE (n=8 in each group). From Kikuchi et al.,[®8 with permission.

border zone adjacent to the infarcted myocardium could
ameliorate the progression of LV remodeling in patients with
AMI. Thus, we examined whether SW therapy is also effective
in ameliorating LV remodeling after AMI in pigs in vivo. AMI
was created by surgically excising the proximal segment of the
LCX.* Low-energy SW therapy (200 shots/spot at 0.09 mJ/mm?,
three times a week) was started 3 days after AMI. The remain-
ing animals were treated in the same manner but without the
SW treatment as a control group. Four weeks after the treat-
ment, LV ejection fraction, LV end-systolic volume, and LV
end-diastolic volume were significantly improved in the SW
group compared with the control group (figure 8). Further-
more, regional myocardial blood flow and number of capil-
laries in the border zone were significantly improved in the SW
group compared with the control group. Again, no procedural
complications or adverse effects were noted. These results sug-
gest that our extracorporeal cardiac SW therapy is an effective
and non-invasive therapy for ameliorating LV remodeling after
AMI. This is the first report to demonstrate the usefulness and
safety of extracorporeal cardiac SW therapy as a non-invasive
treatment of AMI. We were also able to confirm the beneficial
effects and safety of cardiac SW therapy in another porcine

© 2011 Adis Data Information BV. Al rights reserved.

model of myocardial ischemia/reperfusion (90-minute ische-
mia) to mimic the clinical setting.*%!

We are currently conducting the first clinical trial in AMI
patients who have been successfully treated with PCI, in order
to examine whether our cardiac SW therapy combined with
PCI ameliorates LV remodeling and dysfunction after AMI in
humans.
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Fig. 8. Effects of extracorporeal cardiac shock wave (SW) therapy on left
ventricular (LV) remodeling in pigs in vivo. SW therapy significantly amelio-
rated LV remodeling characterized by the increase in (a) LV end-systolic
volume (LVESV) and (b) end-diastolic volume (LVEDV) and (c) reduced LV
ejection fraction (LVEF) in a porcine model of AMI. From Uwatoku et al.,*']
with permission.
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5. SW Therapy for Other Ischemic Disorders

Peripheral arterial disease (PAD) is often associated with
cardiovascular diseases as a part of systemic atherosclerosis,
and its associated morbidity is rapidly increasing worldwide. 4343
Thus, we examined the effects of our SW therapy on hind-limb
ischemia in rabbits.”*®! Hind-limb ischemia was induced by
surgical excision of the entire unilateral femoral artery. One
week after the operation, we started the SW therapy (200
shots/spot at 0.09 mJ/mm?) to the ischemic region three times
a week for 3 weeks. Four weeks after the operation, blood flow,
blood pressure, and capillary density were all significantly in-
creased in the SW group compared with the control group.!

Based on favorable results in animal studies, we are con-
ducting a clinical study in patients with PAD with intermittent
claudication (Fontaine stage II) and those with critical limb
ischemia (Fontaine stage III and IV). During the therapeutic
procedure, patients lie in a prone position without any anes-
thesia. SWs are applied to the ischemic calf muscle three times
a week for 3 consecutive weeks (200 shots/spot at 0.05 mJ/mm?
for 40 spots). Walking ability and peripheral blood flow are
evaluated at 4, 8, 12, and 24 weeks after the SW therapy.

Recently, the beneficial effects of low-energy SW therapy
have also been reported in other ischemic disorders, including
the skin flap model in rodentsi*’#81 and in patients with
refractory chronic skin ulcers.[*>% Also, low to high energy
levels of SW are widely used for the treatment of certain or-
thopedic conditions, such as bone non-unions, tendinosis calc-
area, epicondylitis, and calcaneal spur.[3"52 In the orthopedic
field, SW therapy is reported to affect the expression of several
chemokines and matrix metalloproteinases with resultant anti-
inflammatory effects.?447-53.541 These findings suggest that
multiple signaling pathways are involved in mediating the
beneficial effects of the SW therapy.

6. Advantages of Extracorporeal Cardiac SW Therapy

A major advantage of our extracorporeal cardiac SW ther-
apy is its non-invasive nature without any adverse effects. If
necessary, we are able to repeatedly treat patients with SW
therapy as no surgery or anesthesia is required for the treat-
ment. This is an important factor in determining the clinical
usefulness of angiogenic therapies, especially in elderly patients.
The combination of cell therapy and SW therapy could be one
potential approach. Indeed, enhanced expression of multiple
angiogenic factors, such as VEGF and stromal-derived factor 1
(SDF-1), is crucial for the recruitment and incorporation of
endothelial progenitor cells (EPCs).’3¢1} Also, it was reported

© 2011 Adis Data Information BV. All rights reserved.

that the activation of the SDF-1/CXCR4 axis is essential for the
retention of pro-angiogenic stem cells in peripheral organs,
although the up-regulation of VEGF is sufficient to mobilize
stem or progenitor cells from the bone marrow to the systemic
circulation.566%) Thus, it is possible that SW therapy enhances
the incorporation of circulating EPCs by up-regulating the
expression of SDF-1 in ischemic myocardium. This notion has
been supported by a recent report showing that the addition of
SW therapy enhances the effectiveness of cell-based angiogenic
therapy.[? In this study, low-energy SW therapy was employed
to treat hind-limb ischemia in rats in combination with cell-
based therapy, where the expression of stromal-derived factor 1
(SDF-1) and recruitment of endothelial progenitor cells by SW
therapy were enhanced.l®? In addition, it has been recently re-
ported that the beneficial effects of cell therapy were enhanced
by pretreating BMDMNCs with SW before implantation into
the infarct area.l%%]

7. Conclusions

Extracorporeal low-energy SW therapy appears to be an ef-
fective, safe, and non-invasive approach to ischemic heart disease,
and its use could be extended to a variety of other ischemic dis-
orders in the near future. The beneficial effects of SW may be
mediated by the enhancement of several intrinsic angiogenic sys-
tems, although the precise mechanisms remain to be elucidated.
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