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Original Article

Nitroglycerin-mediated vasodilatation of the brachial artery may
predict long-term cardiovascular events irrespective of the

presence of atherosclerotic disease

Daijirou Akamatsu, Akira Sato, Hitoshi Goto, Tetsuo Watanabe, Munetaka Hashimoto, Takuya Shimizu,
Hirofumi Sugawara, Hiroko Sato, Yoshiyuki Nakano, Teiji Miura, Tsutomu Zukeran, Fukashi Serizawa,
Yow Hamada, Ken Tsuchida, Ichiro Tsuji, and Susumu Satomi

Division of Advanced Surgical Science and Technology, Graduate School of Medicine, Tohoku University, Sendai, Japan

Aim: Nitroglycerin-mediated vasodilatation (NMD) provides insight into the NTG-induced bioac-
tivity of smooth muscle. It is plausible that in dysfunctional smooth muscle cells, the response to ni-
troglycerin may become blunted. The relationship between impaired brachial artery NMD and sub-
sequent cardiovascular events is not well established.

Methods: We examined brachial artery flow-mediated dilatation (FMD) and NMD using ultrasound
in 93 subjects (71 %7 years, including 26 with peripheral artery disease (PAD), 37 with aortic aneu-
rysms, 10 with PAD complicated with aneurysms, and 20 without evident arterial disease). Brachial
artery responses to hyperemia and nitroglycerin were measured every minute after cuff deflation and
nitroglycerin administration. Time courses of vasodilatation were assessed and maximal FMD and
NMD were measured.

Results: The time courses in response to NTG were sigmoidal and maximal diameter reached 7.2+ 1.6
minutes after NTG was administered sublingually. The mean FMD was 2.3+2.0% and the mean
NMD was 17.6 £ 7.1%. Subjects were prospectively followed for an average of 47+ 13 months. Eigh-
teen subjects had an event during follow-up; events included myocardial infarction (five), unstable
angina pectoris (four), stroke (two), aortic dissection (one), ruptured aortic aneurysm (three), symp-
tomatic abdominal aortic aneurysm (two), and lower limb ischemia requiring revascularization (one).
NMD and FMD were significantly lower in subjects with events than in those without an event. In a
Cox proportional-hazards model, lower FMD as well as lower NMD independently predicted future
cardiovascular events.

Conclusion: Brachial artery nitroglycerin-mediated vasodilatation may add information to conven-
tional risk stratification.

J Atheroscler Thromb, 2010; 17:1266-1274,

Key words; nitroglycerin-mediated vasodilatation, flow-mediated vasodilatation, endothelial dysfunction,
smooth muscle dysfunction

Introduction

Atherosclerosis is a progressive disease that ini-
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tially involves endothelial dysfunction, the accumula-
tion and peroxidation of intimal lipids, and the release
of inflammatory cytokines and growth factors, result-
ing in vascular smooth muscle cell proliferation and
collagen matrix production. Intensified inflammatory
activity may lead to local proteolysis, plaque rupture,
and thrombus formation, resulting in ischemia and
infarction™ ?. There is currently increasing interest
into a new method for predicting cardiovascular
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events. Some researchers have reported that endotheli-
al dysfunction predicts cardiovascular events**. Endo-
thelial function is non-invasively assessed by using
flow-mediated vasodilatation (FMD), to determine
the endothelium-dependent vasodilatory response in
the brachial artery” '*'?. Impaired FMD has been
suggested as a prognostic tool to predict future cardio-
vascular events®> ', and so FMD may be a marker of
cardiovascular atherosclerosis.

The brachial ultrasound test to determine vascu-
lar function also assesses the artery’s vasodilatory re-
sponse to nitroglycerin (NTG), which has direct of-
fects upon the smooth muscle producing a endotheli-
um-independent vasodilatation'”. Weaker responses
to nitroglycerin-mediated vasodilatation (NMD) have
been observed in patients with coronary heart disease
(CHD)" '9 and in subjects with CHD risk factors'”.
Recently, a weaker response to NMD, not FMD, has
been associated with the presence and quantity of cal-
cium within the coronary artery in asymptomatic
adules. This suggests NMD to be a marker of coro-
nary anatomical abnormality'®.

The power of brachial NMD to be used as a clin-
ical marker of cardiovascular disease is unclear. Our
previous study showed that brachial responses to NTG
reached a maximal limit approximately 7 minutes af-
ter the administration, and that NMD correlated with
atherosclerotic risk factors in patients displaying evi-
dence of atherosclerosis'®. The current study was un-
dertaken to investigate whether NMD can provide
prognostic information on cardiovascular disease.

Methods

Study population

A total of 93 subjects including 73 patients with
justifiable evidence of atherosclerosis and 20 without
evidence of peripheral artery disease (PAD) or aneu-
rysm were studied using brachial ultrasound tests. The
73 patients comprised 26 with PAD, 37 displaying on
abdominal or thoracic aortic aneurysm and the re-
maining 10 exhibiting complicated PAD with an aor-
tic aneurysm (Table 1). The subjects with atheroscle-
rosis were all ambularory, and all agreed to be enrolled
in this study. All PAD patients displayed symptoms
and voluntarily checked in to our hospital to receive
the appropriate treatment. PAD was diagnosed by du-
plex scanning or computed tomography (CT) based
on an ABI <0.9. An ancurysm was diagnosed when
localized dilatation of the aorta was at least 50% larger
than an adjacent normal portion detected by either ul-
trasonography or CT. At the time of vascular evalua-
tion, none of the subjects displayed decompensated

Table 1. Baseline Characterisitics

Age 71£7
Sex, female/male 7186

Aortic Aneurysm 37 (40)
PAD 26 (28)
PAD complicated with aneurysm 10 (11)
Hypertension 59 (63)
Dyslipidemia 20 (22)
Diabetes mellitus 25 (27)
Smoking history 70 (75)
Previous history of CAD 18 (19)
Previous history of stroke 14 (15)
Atrial fibrillation 5 (5.4)

Medications at entry

ACE inhibitors 26 (28)
Calcium antagonists 49 (53)
ARBs 20 (22)
Statins 13 (14)
[nsulin 7(7.5)
Oral hypoglycemic agents 5 (5.4)
NO donors 13 (14)

The numbers in parentheses represent percentages.
ACE: angiotensin-converting enzyme
ARB: angjotensin 2 recepror blocker

heart failure, glaucoma, ischemic gangerene, malig-
nant neoplasma, or evidence of hepatic, renal or in-
flammatory disease. The 20 adults without evidence
of arterial disease were chosen from the general physi-
cal examination list and all agreed to be enrolled in
this study. They all had an ABI >0.9, normal electro-
cardiogram, normal chest X-ray, and normal ultraso-
nographic results from the abdominal aorta to the ili-
ac artery, as well as no history of previous cardiovascu-
lar events, or the taking of vasoactive medications.
This investigation was approved by the Tohoku
University ethics committee, with all participants giv-
ing written consent.

Brachial ultrasound tests

After an overnight fast (14 hours), FMD and
NMD were measured using an ultrasound (Aplio
SSA-700A 5-12-MHz linear array transducer, Toshi-
ba) as described previously'® '". Briefly, the brachial
artery was scanned in longitudinal sections 2-10 c¢m
above the elbow (control scan) after 15 min of rest in
the supine position. The depth and gain settings were
optimized to identify the anterior and posterior inti-
mal interfaces between the lumen and vessel wall. Hy-
peremia was induced by inflating a forearm blood
pressure cuff 50 mmHg above the systolic pressure for
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5 minutes before deflating it. The vasodilator response
to hyperemia was recorded for 5 minutes after defla-
tion. Following at least 10 minutes’ rest, a further con-
trol scan was performed and recorded. A single 300-pg
dose of NTG was administered sublingually. Upon the
NTG administration, a drop of warter was poured over
the rablet and the drug solution checked, as dissolu-
tion was found to be delayed in older patients due to
dentures or dryness of the mouth?”. Thereafter, the
vasodilator response to NTG was recorded for 15
minutes.

Measurements were recorded at end-diastole, co-
inciding with the R-wave viewed on ECG. Mean di-
ameter measurements were calculated from three dif-
ferent cardiac cycles. FMD and NMD were expressed
- as a percent change relative to the diameter before cuff
inflation and before drug administration, respectively.
Brachial artery responses to reactive hyperemia and
NTG were measured every minute after cuff deflation
and NTG administration. Maximal diameter respond-
ed to hyperemia and NTG was used to calculate FMD
and NMD. Brachial diameter from three minutes af-
ter NTG administration was used for NMD3. The in-
tra-observer variability for repeated measurements of
resting arterial diameter was 0.02+0.01 mm, variabil-
ity in FMD was 0.49%0.27 (%), and variability for
NMD was 0.44%0.34 (%). Brachial intima-media
thickness (brachial IMT) was also measured as de-
scribed’”. The same segment of the brachial artery
used to analyze vasodilatory response was measured
for brachial IMT. The scan was focused on the poste-
rior wall, and eight measurements were taken at end-
diastole, coinciding with the R-wave, at even intervals.
The average of these measurements was used as the
mean brachial IMT for comparative analysis. Before
the brachial ultrasound test commenced, a venous
blood sample was taken, and the plasma was separated
from the blood cells by centrifugation. The total plas-
ma homocysteine level was determined using high-
pressure liquid chromatography (SRL, Tokyo, Japan).
The serum concentration of advanced glycation end
products (AGEs) was measured with an enzyme-
linked immunosorbent assay (SRL, Tokyo, Japan). Se-
rum triglyceride, and total cholesterol levels were also
measured using commercially available kits.

Follow-up and cardiovascular events

The majority of patients visited the outpatient
clinic periodically. To improve long-term follow-up, a
questionnaire was mailed to primary physicians and
telephone interviews were undertaken to assess the in-
cidence of cardiovascular events. All information re-
garding cardiovascular events was validated by obtain-

ing source dara, including hospital records, death cer-
tificates, and any other original documents available.

The following cardiovascular events were assessed
during long-term follow-up. Sudden cardiac death, fa-
tal and nonfatal myocardial infarction, fatal and non-
fatal stroke, unstable angina, coronary revasculariza-
tion procedures, symptomatic or ruptured aortic an-
curysm, and newly developed aortic dissection or
symptomatic aortoiliac occlusive disease were defined
as cardiovascular events. Myocardial infarction was de-
fined as an increase in creatine kinase and ST eleva-
tion and coronary angiography. Unstable angina was
defined as chest pain associated with ischemic ECG
changes and coronary angiography. Ischemic stroke
was defined as evidence of a stroke without intracrani-
al hemorrhage determined by brain imaging scans. Pe-
ripheral bypass revascularization was defined as the
need for surgical revascularization of a de novo steno-
sis or occlusion of peripheral arteries. In patients with
aortic aneurysm, the aneurysm diameter was assessed
by ultrasonography every 3 months and by CT every
6- 12 months. A symptomatic or ruptured aneurysm
and/or an aneurysm more than 5 cm in diameter were
recommended for surgery.

Statistical analysis

Data are expressed as the mean =SD. Compari-
sons were made using the Student’s t test if data were
normally distributed; otherwise, they were analyzed
using a nonparametric, Mann-Whitney U-test. Cate-
gorical variables were compared with the x? test or
Fisher’s exact probability test. Univariate associations
between variables were analyzed by calculating the
Pearson’s correlation coefficient. Cumulative event
numbers were estimated using Kaplan Meier survival
curves for categorical variables. Each measured value
was altered to a categorical value based on the median.
Probability values were determined by the use of the
log-rank statistic. A Cox proportional-hazards model
was used to examine whether FMD, NMD and
NMD3 were each separately predictive of cardiovascu-
lar events. Data was first assessed using the Kaplan
Meier survival curves for variables, the variables were
then entered into the model based on the selection cri-
teriaun of a log-rank probability value =0.10. Based
on this, the following variables were tested: age, bra-
chial diameter, suffering PAD and/or aneurysm, bra-
chial IMT, plasma total homocysteine, serum levels of
AGEs, triglyceride, total cholesterol, medications at
entry (angiotensin-converting enzyme inhibitors, an-
giotensin 2 receptor blockers, calcium antagonists,
Statins, NO donor) as well as a previous history of

CAD, stroke, hypcrtcnsion, atrial fibrillation, hyper-
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lipidemia and diabetes mellitus. A p value of <0.05
was considered significant. All statistical analysis was
performed using SAS software.

Results

The mean age of participants was 71 %7 (range
51-86) years and the mean follow-up period was 47 =
13 (range, 6-63; median, 49.8) months. A total of 59
(63.4%) participants were hypertensive and 14
(15.1%) had previously suffered a stroke. Eighteen
(19.4%) participants had a previous history of CAD;
among these, 13 subjects received percutaneous coro-
nary intervention (PCI) for angina pectoris (AP), one
subject received coronary artery bypass grafting
(CABG) for AP, two subjects received PCI for acute
myocardial infarction (AMI) and two subjects received
CABG for AMI. Five subjects suffered atrial fibrilla-
tion and three subjects received anticoagulant therapy.

The mean FMD was 2.3%2.0% (range —1.2-
8.7%), mean NMD was 17.6+7.1% (range 2.6-37.1%),
and mean NMD3 was 8.4%5.7% (range —0.6-24.8%).
FMD was directly correlated with NMD (r=0.459, P
<0.001) and NMD3 (r=0.351, p<0.001).

Maximal diameter was reached at 7.2+ 1.6 (range
4-12) minutes after 0.3 mg of NTG was administered
sublingually. The time courses in response to NTG
were sigmoidal (Fig. 1), displaying a gradual increase
from 0- 2 minutes, then rapidly increasing to approxi-
mately 5 minutes, again followed by a gradual in-
crease.

FMD (2.121.9% versus 3.1%2.4%, p=0.06)
and NMD3 (7.9 £5.3% versus 10.5%6.6%, p=0.07)
were lower but not significantly different when com-
paring subjects with established arterial disease to
those without arterial disease at entry. NMD was sim-
ilar between the two groups (17.4=7.3% versus 18 =
6.3%, p=0.73).

During the follow-up, there were 18 new cardio-
vascular events including five participants suffering
MI (three of which died), four with unstable angina
pectoris (all four underwent coronary revasculariza-
tion), one operated on for ruptured abdominal aortic
aneurysm (AAA), two operated on for symptomatic
AAA, two with a ruptured thoracic aortic aneurysm
(both of when died), one thoracic aortic dissection
(Stanford A, fatal), two non-fatal strokes, and one dis-
playing new onset lower limb ischemia that under-
went revascularization. Among these, the one nonfatal
unstable angina pectoris patient and the one patient
that developed lower limb ischemia developed these
events despite no sign of vascular disease at the begin-
ning of the study. In addition, three participants died

Dilatory ratio to maximal response

0 1 2 3 4 5 6 T 8 9 10 1n 12

Time after NTG administration (minutes)

Fig. 1.

Time course of brachial artery responses to NTG. The time cours-
es are sigmoidal curves.

of gastric cancer (23, 25 and 14 months after brachial
tests), and two died of pneumonia (6 and 48 months
after tests).

FMD, NMD and NMD3 were all significantly
lower in the Event (+) group than Event (=) group.
Tortal levels of homocysteine, AGEs, and highly sensi-
tive CRP did not differ significantly between the two
groups (Table 2).

Multivariate analysis

In the univariate analysis using Kaplan-Meier
curves, a previous history of coronary artery disease
(p=0.006) was found to be significantly associated
with the occurrence of cardiovascular events. Although
not significant, a history of stroke (p=0.07) had a
tendency to be associated with occurrence of the
events. A history of smoking (»=0.877), hypertension
(=0.678), hyperlipidemia (p=0.492), diabetes mel-
litus (»p=0.818), or atrial fibrillation (p=0.11), suffer-
ing from an arterial disease including PAD and/or aor-
tic aneurysm (p=0.216), and having a larger brachial
diameter (>4.3 mm, p=0.20), larger brachial IMT
(>0.45 mm, p=0.942), higher total homocysteine
levels (>11.75 nmol/ml, p=0.951), or higher serum
levels of AGEs (>2.8 mU/ml, p=0.430), higher lev-
els of hs-CRP (>0.98 mg/L, p=0.121), higher levels
of total cholesterol (>220 mg/dl, p=0.253), and high-
er levels of TG (>150 mg/dl, p=0.818) were not as-
sociated with a poor outcome. Regarding medications
at entry, using NO donors was associated with occur-
rence of the events (»=0.039) but such a relationship
was not observed for other drugs. Participants with
lower levels of NMD (<18.6%, p<0.001) differed
significantly from those with higher levels of NMD
(>18.6%) (Fig.2). Participants with lower levels of
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Table 2. Clinical characterisitics of subjects with cardiovascular events and those without event

Event (+) (n=18) Event (=) (n=75) p-value
Age 7374 71+6.9 0.09
Sex, female/male 18/0 6817 0.18
Smoking history 14 56 0.78
Body mass index (kg/m?) 229+33 242+3.3 0.21
Without evidenr arterial disease 2 18 0.23
Aneurysm 8 29 0.65
PAD 6 20 0.57
PAD complicated with aneurysm 2 8 0.95
Hypertension 12 47 0.75
Dyslipidemia 5 15 0.47
Diabetes mellitus 4 21 0.61
Previous history of CAD 7 11 0.02
Previous history of stroke 5 9 0.09
Aurial fibrillation 2 3 0.25
Brachial diameter (mm) 4.5+0.6 4307 0.12
FMD (%) 1415 25%2.0 0.04
NMD (%) 12+£6.4 18.9+6.6 0.0006
NMD3 (%) 4144 9.5%5.5 0.0001
Brachial IMT (mm) 0.46 £ 0.07 0.45%0.08 0.53
Total cholesterol (mg/dL) 200 %35 194 = 36 0.52
Triglycerides (mg/dL) 122+59 118 %64 0.73
hs-CRP (mg/L) 2.51+2.06 2.31+3.89 0.16
Tortal homocysteine (nmol/mL) 125+£3.3 12.2£3.8 0.59
AGEs (mU/ml) 2.9+0.66 2.8%0.63 0.31
Medications at entry
ACE inhibitors 5 21 0.98
ARBs 3 17 0.58
Calcium antagonists 11 38 0.42
Statins 4 9 0.26
NO donors 5 8 0.06
Dara are expressed as the mean =$.D.
ACE : angiotensin-converting enzyme; ARB : angiotensin 2 receptor blocker

(%)
. o =
4 --.‘_‘L T < FMD median
o LMD < median Tbeeaee
40 - P=0.0008 P=0.012
20
o 2;0 500 7;0 10.00 1250 15.00 17‘50 2000 (days) 0 250 55” 760 1000 1260 1600 1760 2000 (days)
Fig. 2.

Kaplan-Meier event-free survival curves for participants. The left panel displays event-free survival classified on the basis of median
NMD (=18.6%). Subjects with a value higher than the media differed significantly from those with a value lower than the median (p
<0.001). The right panel displays event free-survival classified on the basis of median FMD (1.9%). Subjects with a value higher than
the median differed significantly from those with a value lower than the median (p=0.012).
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Table 3. Univariate and multivariate analyses for cardiovascular events
Multivariate cox regression analysis
Model 1 Model 2 Model 3 Model 4
p-value of

variables log-rank test ~ RR (95%ClI) ? RR (95%CI) P RR (95%CI) P RR (95%CI) P
age - 1.0 (0.95-1.1)  0.458 1.1 (0.99-1.2)  0.097 1.0 (0.95-1.1) 0.45 1.1 (0.98-1.2) 0.16
previous CAD 0.006 0.3 (0.1-1.3) 0.112 0.2 (0.04-0.89) 0.035 0.7 (0.2-3.1) 0.63 0.18 (0.04-0.9) 0.03
previous stroke 0.07 0.4 (0.1-1.2) 0.1 0.7 (0.23-1.9)  0.441 0.6 (0.2-1.7) 0.3 0.57(0.2-1.7) 0.3
using NO donor ~~ 0.039 1.3(0.3-5.6) 0716 27(0.5-13) 0233 05(0.1-24) 041  28(0.6-14) 0.2
FMD 0.012 4.3(1.4-13.0)  0.009 - - - 2.1 (0.6-6.6) 0.23
NMD 0.001 > - - 10.4 (2.6-42) 0.001 - - 7.1 (1.6-32) 0.01
NMD3 0.003 - - 4.5 (1.4-14) 0.01 - -
A log-rank probability value =< 0.1 was used as the criterion for entry into the multivariate analysis.
FMD (<1.9%) and NMD3 (<8.2%) also differed O :Event()
significantly from those with higher levels of FMD o v
(>1.9%, p=0.012, Fig.2) and NMD3 (>8.2%,
»=0.003). o

A multivariate Cox regression analysis was used g
to examine whether FMD, NMD and NMD?3 were 2
each separately predictive of cardiovascular events. By = o
the selection criteriun of a log-rank probability value
=0.10, a previous history of coronary artery disease,
previous stroke, and using NO donors were entered
into the model in addition to FMD, NMD and ; 1'0

NMD3. As shown in Table 3, lower NMD, lower
NMD3 and lower FMD each separately predicted car-
diovascular events. When NMD and FMD were en-
tered into the same model (Table 3, model 4), NMD
significantly predicted events, but FMD was not asso-
ciated with events. The same results were obtained
when 20 subjects without evidence of PAD or aneu-
rysm were excluded.

A scatter graph of NMD v.s FMD is shown in
Fig. 3. Thirteen of 18 subjects with cardiovascular dis-
case were distributed under the line of median FMD
(n=48, 13/48, 27%). Fifteen were distributed under
the line of median NMD (n=47, 15/47, 32%).
Tiwelve cases of cardiovascular disease were framed by
median FMD and median NMD (»=31, 12/31,
39%).

When the subjects taking NO donors were ex-
cluded (7=80), 13 subjects had an event during fol-
low-up. NMD (19.4%6.5 versus 11.7+6.6%,
£=0.001) and NMD3 (9.9£5.5 versus 3.9+4.6%, p
<0.001) were significantly lower in subjects with an
event than in those without an event. However, FMD
was not significantly lower in subjects without an
event (2.5%2.1 versus 1.6%1.6%, p=0.20). A previ-
ous history of CAD (p<0.001), NMD (p=0.011)
and NMD3 (p=0.004) were significantly associated

Fig. 3.

Scatter graph of NMD v.s FMD. Twelve of 18 subjects suffering
cardiovascular events were distributed within the lower FMD (<
1.9%) and lower NMD (< 18.6%) group. Thirty-one out of 93
subjects were distributed within the lower FMD (< 1.9%) and
lower NMD (< 18.6%) group.

with an event in the univariate analysis, although, low-
er FMD did not significantly differ from higher FMD
(p=0.16). In the multivariate analysis, NMD
(p=0.003) and NMD3 (p=0.03) were each separate-
ly associated with cardiovascular events.

In addition, we excluded aortic diseases from the
endpoint analysis. Twelve subjects developed events.
In the univariate analysis, a previous history of CAD
(£=0.01), a previous history of CVD (p=0.04), using
NO donors (p=0.002), FMD (p=0.02), NMD
(2=0.007), and NMD3 (p=0.02) were associated
with cardiovascular events. In the multivariate analy-
sis, NMD (p=0.002) predicted the events, but EMD
(£=0.07) and NMD3 (p=0.05) were not significant-
ly associated with the events.
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Discussion

In this small, prospective study, nitroglycerin-
mediated vasodilatation was found to predict cardio-
vascular events, in subjects with a mean age of 71
years including patients with atherosclerosis and
healthy participants displaying no evidence of athero-
sclerotic disease. Impaired FMD was also associated
with an increased risk of cardiovascular events; howev-
er, NMD was rather closely associated with such a
risk. FMD is a method used to measure brachial
smooth muscle dilation induced by endogenous nitric
oxide, while NMD is induced by stimulation with ex-
ogenous nitric oxide'?. Endothelial function is impor-
tant in FMD as shear stress stimulates NO synthesis,
dilating surrounding vascular smooth muscle'?, while
NMD provides insight into NTG-induced bioactivity
of the smooth muscle, inducing relaxation'?. Howev-
er, a comparison of FMD does not indicate true endo-
thelial function when downstream smooth muscle re-
activity differs between individuals. Hence, the rela-
tionship between FMD and NMD would be comple-
mentary. Although FMD and NMD are directly cor-
related, twelve of 18 subjects suffering cardiovascular
events distributed within the region framed by the
lower FMD(<1.9%) and lower NMD(< 18.6%) val-
ue in the scatter graph, so a parameter combining
FMD and NMD may serve as a more effective predic-
tor of cardiovascular events.

Previously published data concerning the associa-
tion between brachial ultrasound examinations and
cardiovascular events suggest that FMD, and not
NMD, was associated with incidents of cardiovascular
events® 7, while some studies either did not measure
NMD* % or did not provide sufficient statistical
data?. These discrepancies may due to technical dif-
ferences between research groups, and differences be-
tween test subjects. Some studies calculated NMD at
3 or 4 minutes after NTG administration®, or mea-
sured vessel diameter between the media and adventi-
tia. We measured the brachial diameter between the
lumen and vessel wall, and recorded the entire time
course following NTG administration. Over the time
course, the brachial artery responded with a sigmoidal
pattern, and reached maximal diameter at 7.2%1.6
minutes. NMD3 is suggested to underestimate the ex-
tent of vasodilatation induced by the sublingual appli-
cation of NTG; however, NMD3 was able to predict
cardiovascular events in the current study. Our previ-
ous report suggested that NMD was associated with
atherosclerotic risk factors, but that NMD3 displayed
no such association'”. NMD displays the dilative po-
tency of NTG, while NMD3 provides a measure of

the speed of response to NTG, or provides a limited
measure of dilatation. In our population, NMD3 or
NMD4 would be poorly reproducible as 3- 4 minutes
post-NTG treatment the brachial artery is only mid-
way through its increase in diameter as shown in
Fig. 1.

NMD was similar between those with and with-
out arterial disease. Long-term use of medication may
have an influence, as most patients with established
arterial disease were taking antihypertensives or anti-
platelet agents or receiving treatment for hyperlipid-
emia for long periods.

FMD and NMD were significantly lower in in-
dividuals that experienced cardiovascular events than
in the non-event group. The reason why NMD pre-
dicted cardiovascular events remains speculative. Some
studies have demonstrated NMD to be associated
with high blood pressure'?, diabetes mellitus'”, high
oxidized LDL expression®", and great carotid IMT?".
NMD reflects NTG-induced dilatation of the brachial
smooth muscle, not mechanical forces limiting the
ability of the vessel to relax, as confirmed by the ob-
servation that brachial IMT did not significantly cor-
relate with NMD'®. Smooth muscle cells play a pivot-
al role in atherosclerosis, and it is plausible that in dys-
functional smooth muscle cells, the response to nitro-
glycerin may become blunted. Recently, J. Kullo er
al.'¥ suggested the vasodilative response to nitroglyc-
erin, but not FMD, to be associated with the presence
and level of coronary atherosclerosis in 441 asymp-
tomatic adults. Although this study was in subjects
with subclinical atherosclerosis, an association be-
tween coronary atherosclerosis and impaired smooth
muscle relaxation in the brachial artery may be evi-
dent.

Yeboah er al.¥ studied the relationship between
impaired brachial FMD and clinical cardiovascular
events in 2791 elderly adults (mean age; 78.6+4.4,
range; 72 to 98 years). In this study, event-free surviv-
al rates for cardiovascular events were significantly
higher in subjects with FMD greater than the sex-spe-
cific medians than in subjects with FMD less than or
equal to the medians, but added only = 1% to the
prognostic accuracy of the best Cox model. Shimbo er
al.¥ also studied the relationship between FMD and
future cardiovascular events in 842 elderly participants
free of stroke or myocardial infarction, and concluded
that FMD predicts incidents of cardiovascular events,
though its predictive value was not independent of
cardiovascular risk factors. These studies suggest that
the clinical utility of brachial FMD is very limited in
the elderly with diminished FMD. Impaired smooth
muscle function may also be the underlying mecha-
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nism responsible for the diminished FMD in elderly
subjects. There is a need to evaluate the relationship
between brachial vascular function (both FMD and
NMD) and CVD risk prediction by age group.

NMD and NMD3 were cach separately associat-
ed with cardiovascular events but FMD was not, when
subjects taking NO donors were excluded from the
analysis. A previous study showed that GTN induces
tolerance to nitrate and endothelial dysfunction’”. In
the present study, long-term use of NO donors would
have affected NMD as well as FMD, and lessened the
predictive value of FMD when excluding subjects us-
ing NO donors.

Our study does have some limitations: it exam-
ined male subjects comprising asymptomatic partici-
pants drawn directly from the community, almost ex-
clusively. Although the sample group gathered does
represent a population of particular interest for the
purpose of primary prevention, risk identification and
reduction of cardiovascular disease, we cannot rule out
sub-clinical coronary atherosclerosis, because not all
the subjects underwent coronary angiography at the
start of the study. The patients with PAD used in the
current study displayed mild atherosclerosis without
gangrene, ensuring that the effects of inflammation or
infection were excluded. However, this also resulted in
deselection of severe or uncontrolled diabetes mellitus.
Thus, the results reported here should not be extrapo-
lated to whole populations, or those with low risk or
severe atherosclerosis. Although it remains controver-
sial whether atherosclerosis is a causative factor of an-
eurysms, we included patients with aneurysms because
most exhibit risk factors for atherosclerosis. Our sam-
ple size is small, but larger study samples may enable
diabetes mellitus, hypertension, the presence of PAD
and/or aneurysm, dyslipidemia, and higher levels of
hsCRP to also become independent predictors of car-
diovascular events, as reported in earlier studies®® 2%
Although this study included only Asian subjects,
these findings might be applicable to subjects of other
ethnicities.

In summary, brachial FMD as well as NMD is
an independent predictor of long-term cardiovascular
events in subjects with a mean age of 71 years, includ-
ing patients with atherosclerosis and healthy partici-
pants displaying no evidence of atherosclerotic disease.
Further research is required to clarify the predictive
value of FMD and NMD over various levels of cardio-

vascular risk factors.
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KEYWORDS Abstract Objective: Lymphoedema is a common complication after cancer treatment. We
Shock wave therapy; have reported that low-energy extracorporeal shock wave (SW) therapy up-regulates vascular
Lymphangiogenesis; endothelial growth factor (VEGF) in ischaemic myocardium. As VEGF plays an important role in
Lymphoedema lymphangiogenesis, we investigated whether our low-energy SW therapy enhances lymphan-

giogenesis in rats.

Methods: We created a tail model of lymphoedema in rats. The tail was treated with or
without low-energy SW therapy (0.25 mJ mm 2, 500 impulses) four times (days 3, 5, 7, and
9). The tail volume and the fluorescence intensity of indocyanine green (ICG) were measured.
The expression of VEGF-C and basic fibroblast growth factor (bFGF) were evaluated by RT-PCR,
and the lymphatic vessel density was assessed histochemically.

Results: The tail volume increased significantly in the control group and was significantly
improved in the SW group. The lymphatic system function (evaluated with fluorescence inten-
sity of ICG), the lymphatic vessel density, and the expression of VEGF-C and bFGF were all
enhanced by the SW therapy (all P < 0.05).

Conclusions: The low-energy SW therapy induces therapeutic lymphangiogenesis by up-regu-
lating VEGF-C and bFGF, and improves lymphoedema in a rat-tail model, suggesting that
low-energy SW therapy could be a non-invasive and effective strategy for lymphoedema in hu-
mans.
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Lymphoedema occurs as a result of animbalance between the
demand for lymphatic flow and the capacity of the lymphatic
circulation." It is characterised by the regional accumulation
of excess amounts of interstitial protein-rich fluid. Lymphoe-
dema is a slowly progressive, usually painless swelling of the
extremities. Primary lymphoedema is caused by develop-
mental abnormalities of the lymphatic vessels. Secondary
lymphoedema is the result of acquired obstruction of the
lymphatic vessels and lymph nodes. Secondary lymphoedema
is a major complication after surgery or radiation treatment
for cancer, and the number of patients affected is
increasing.?> The standard treatments for lymphoedema are
compression and manual drainage, which merely mitigate the
symptoms. Therefore, new and effective therapies remain to
be developed. Reconstructing the lymphatic circulation
system is one promising strategy for lymphoedema.

We have previously demonstrated that low-energy
extracorporeal shock wave (SW) therapy effectively induces
therapeutic angiogenesis and improves myocardial
ischaemia in pigs and humans as well as hindlimb ischaemia in
rabbits, through up-regulation of vascular endothelial
growth factor (VEGF).*® VEGF-C plays an important and
essential role in lymphangiogenesis.’'® Basic fibroblast
growth factor (bFGF) can also induce lymphangio-
genesis, "' 12 and its effect is mediated via VEGF-Cand -D."3 In
the present study, we examined whether low-energy SW
therapy improves lymphoedema in a rat model of tail lym-
phoedema and if so, whether VEGF and bFGF are involved.

Materials and Methods

Animals

Male Sprague-Dawley rats (CLEA Japan, Tokyo, Japan)
weighing 200—250 g were used (n = 90). The animals were
cared for in accordance with the principles and guidelines of
the Japanese Ministry of the Environment. The protocols of
the present study were approved by the ethics committee on
animal experiments of Tohoku University (no. 22-303).

Secondary lymphoedema model in the rat

On day 1, we performed surgery to cause secondary lym-
phoedema in rat tails. The rat-tail model of secondary
lymphoedema has been described previously.®'> Anaes-
thesia was induced with diethyl ether and maintained with
the intra-peritoneal injection of pentobarbital (30 mg kg™")
during surgery. Two parallel circumferential incisions were
made 5 mm apart through the dermis, close to the tail base.
The skin band and subcutaneous tissues, including
lymphatic vessels, were removed completely. Lymphatic
vessels were identified with the subcutaneous injection of
0.5% Evans blue dye. The major underlying blood vessels
and tendon were preserved to prevent the distal tail from
becoming necrotic. Both skin edges were cauterised with
a radio knife for haemostasis and to delay wound closure.
Postoperatively, the animals were randomly divided into
the control and the SW groups. First, we treated 30 rats to
measure tail volume; 15 for the control group and the
remaining 15 for the SW group. On day 25, all animals were
euthanised. Among them, 12 (six from each group) were

used for RT-PCR analysis and another 12 for histochemical
analysis; the remaining six were used for blood test.
Second, we treated 48 rats (24 in each group) and
euthanised 24 rats (12 from each group) on day 7 and 15,
respectively. Among them, 12 (six from each group) were
used for RT-PCR analysis and another 12 for histochemical
analysis. Third, we treated additional 12 (six from each
group) to evaluate lymphatic system function using indoc-
yanine green (ICG) and an infrared camera. Thus, we used
a total of 90 rats in this study.

Extracorporeal SW therapy

One SW treatment consisted of 0.25 mJ mm~2 (total energy
flux density), 500 impulses, using a SW generator (DUOLITH®
SD1; Storz Medical, Switzerland) based on our previous
studies, in which maximal up-regulation of VEGF expression
was achieved at ~0.1 mJ mm~2 (positive energy flux
density).*~® According to the manufacturer, 0.1 mJ mm™2
(positive energy flux density) is equivalent to 0.25 mJ mm—2
(total energy flux density). Animals in the SW group received
low-energy SW therapy to the surgical site four times (post-
operative days 3, 5, 7 and 9), whereas those in the control
group received the same procedures but without the SW
treatment.

Tail volume measurement

Tail volume was measured using water displacement volu-
metry every 3 days (n = 15 per group).'®

Evaluation of lymphatic system function

Lymphatic system function was evaluated by the ICG method
(n = 6 per group). Briefly, we injected 0.1 mg of ICG (Daiichi
Sankyo, Japan) subcutaneously in the end of the tail on day 1.
As the injected ICG was absorbed in the lymphatic ducts and
transported from the tail to the body, the fluorescence
intensity gradually decreased. We evaluated the drainage
function of lymphatic fluid by measuring the average fluo-
rescence intensity with an infrared camera (PDE System®
C9830; Hamamatsu Photonics, Japan) at the distal area of
the surgical site every 2 days. The camera was fixed at 20 cm
from the tail, and the measured area was 4.4 x 20 mm.

RT-PCR analysis

All tissues except bone were harvested from the surgical site
on days 7, 15 or 25 (n = 6 per group). The samples were
homogenised and used for total RNA extraction with a TRIzol®
Plus RNA purification kit (Life Technologies Japan, Japan). RNA
concentrations were determined using GeneQuant Pro® (Bio-
chrome, UK). Reverse transcriptase M-MLV® (2640A, Takara
Bio, Japan), three gene-specific primer pairs (Sigma—Aldrich
Japan), and a LightCycler 2.0° (Roche Diagnostics, Tokyo,
Japan) were used for PCR. The primers were as follows
(5 — 3'): for VEGF-C (286-bp fragment), GCCAATCACACT
TCCTGCCG (sense) and CTGGCAGGTGTCTTCATCCAAC (anti-
sense); for bFGF (225-bp fragment), CCAGTTGGTATGT
GGCACTG (sense) and CAGGGAAGGGTTTGACAAGA (anti-
sense); and for B-actin (612-bp fragment), ATATCGCTGC
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GCTCGTC (sense) and TTTCCCTCTCAGCTGTGGT (anti-sense).
The PCR conditions for VEGF-C were 40 cycles of 1 minat 94°C,
90 s at 55 °C, and 90 s at 72 °C. The PCR conditions for bFGF
were 40 cycles of 30sat 94°C, 60sat56°C,and 105sat72°C.
The expression levels of the two genes were compared
between the SWand control groups. Values are reported as the
quotientsof the copy number of the gene of interest relative to
that of b-actin, as a housekeeping gene (VEGF-C/b-actin or
bFGF/b-actin). The PCR reaction mixtures (20 pl) were sepa-
rated electrophoretically in 2% agarose gels containing
ethidium bromide, observed, and photographed under ultra-
violet light.

Histochemical examination

The surgical site was excised, including 1 cm on each side on
days 7, 15 or 25 (n = 6 per group). The samples were fixed
with formalin, embedded in paraffin, and divided into two
parts for staining: one with haematoxylin and eosin (HE) and
the other with D2-40 (code: 413451, mouse monoclonal;
Nichirei, Japan), an antibody against a lymphatic-specific
marker."” We measured the thickness of the dermis and
subcutaneous tissue just distal to the surgical site in the HE-
stained samples (original magnification, x200), and used the
D2-40-stained samples to assess lymphatic vessel density
(original magnification, x400). The number of D2-40-positive
vessels was counted in randomly selected microscopic fields,
and the results are expressed as the number of D2-40-positive
vessels/field. The observer counting the lymphatic vessels
was blinded to treatment allocation of the rats. All histo-
chemical examinations were performed with a BX51%
microscope (Olympus, Japan).

Statistical analyses

Statistical analyses were performed with the unpaired
t-test using StatMate 4. The results are expressed as
means + standard deviations (SDs). Differences were
considered statistically significant at P < 0.05.

Control

Figure 1

Results

Tail volume

Until day 4, the tail volume increased similarly in both groups.
After day 4, the tail volume further increased in the control
group, whereas it decreased in the SW group (Figs. 1and 2). A
significant difference in the tail volume was observed
between the two groups from days 7—19 (day 10: 7.0 + 0.8 vs.
8.4+ 0.4ml;day 19:7.0 + 0.6 vs. 8.2+ 0.2 ml, both P < 0.05).

Lymphatic system function

The average fluorescence intensity value was significantly
lower in the SW group than in the control group (P < 0.05) on
days 7, 13, 23, and 25 (Fig. 3). These data indicate that the
drainage of lymphatic fluid was enhanced by the SW therapy.

RT-PCR analysis

VEGF-C expression was significantly up-regulated in the SW
group compared with the control group on days 7 and 15
(day 7: 1.52 + 0.47 vs. 0.83 + 0.14; day 15: 1.03 + 0.02 vs.
0.54 + 0.01, both P < 0.05), as was bFGF expression (day 7:
0.41 + 0.21 vs. 0.15 + 0.03; day 15: 1.01 + 0.27 vs.
0.59 + 0.05, both P < 0.05) (Fig. 4).

Histochemical examination

In the HE-stained histological specimens, the dermis and
subcutaneous tissue of the control group were significantly
swollen, as compared with the SW group, ondays 7 and 15 (day
7: 408 + 74 vs. 555 + 45 mm; day 15: 371 + 67 vs. 536 + 60 mm,
both P < 0.05) (Fig. 5). Upon immunostaining with D2-40,
a specific marker of lymphatic vessels, newly formed
lymphatic vessels were readily visualised in the subcutaneous
tissue in the SW group. On days 15 and 25, the number of
lymphatic vessels was significantly higher in the SW group than

Representative photographs of rat tails. On postoperative day 7, severe oedema and skin redness were observed in the
control group whereas the edema in the SW group was modest.
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Figure 2 Time course of tail volume. The SW therapy sup-
pressed lymphedema. Up to day 4, lymphedema developed to
a similar extent in both groups. On day 7, the tail volume had
further increased in the controls, whereas it had started to
decrease in the SW group. The difference in tail volume between
the two groups was statistically significant from days 7—19.

in the control group (day 15: 4.2 + 0.5 vs. 2.1 + 0.7 per field;
day 25:4.8 +0.7vs. 3.2 + 0.8 per field, both P < 0.05) (Fig. 6).

Biochemical analysis
No significant differences were observed between two

groups (total protein: 5.8 + 0.12 vs. 5.8 + 0.16; albumin
2.4+0.04 vs. 2.3 4 0.08). All results were shown in Table 1.

Discussion

The novel finding of the present study was that low-energy SW
therapy induced effective therapeutic lymphangiogenesis in
a rat model of secondary lymphoedema, and which was
accompanied by the up-regulation of VEGF-C and bFGF.

08
07

06

day X /day1

05

04

03

Figure 3

Beneficial effects of SW therapy on lymphoedema

In the present study, the increased tail volume decreased
significantly in the SW group with a significant increase in
the number of D2-40-positive vessels at the site of surgery
as compared with the control group. These results indicate
that low-energy SW therapy enhanced lymphangiogenesis,
thus reducing the lymphoedema. We also examined the
removal rate of injected ICG from the distal part of the
surgical site by measuring its fluorescence intensity with an
infrared camera. Until day 5, the fluorescence intensity
decreased similarly in both groups. The fluorescence
intensity was significantly lower in the SW group than in the
control group during the experimental period following SW
therapy. These results indicate that low-energy SW therapy
enhanced the drainage of lymphatic fluid. The fluorescence
intensity in the control group also decreased between days
3 and 5 without any treatment, even though most of the
superficial lymphatic system was removed by the surgery.
Thus, it is possible that some ICG drained through the deep
lymphatic vessels or diffused through deep tissues.

Mechanisms for the beneficial effects of SW therapy
on lymphoedema

VEGF-C and bFGF are important factors for lymphangio-
genesis.” "8 VEGF-C gene transfer reduces lymphoedema in
several animal models.”'®" In the present study, the
expression of VEGF-C and bFGF was enhanced significantly at
the surgical site, where low-energy SW therapy was applied,
suggesting that VEGF-C and bFGF were up-regulated by the
low-energy SW therapy with a resultant therapeutic lym-
phangiogenesis. Recently, Kubo et al. also reported that low-
energy SW therapy induced lymphangiogenesis and amelio-
rated secondary lymphoedema in rabbit-ear model.'® They

The fluorescence intensity

n=6 per group

N

day day day day day day day day day day day day
3

S 7 9 11 13 15 17 19 21 23 25

#p<0.05

=+—Control ~—#—~SW

Representative images of fluorescence intensity measurement (right) and the average fluorescence intensity (left). In

the SW group, the average fluorescence intensity was lower than in the controls. The red arrows indicate the SW therapy.

Please cite this article in press as: Serizawa F, et al., Extracorporeal Shock Wave Therapy Induces Therapeutic Lymphangiogenesis in a Rat
Model of Secondary Lymphoedema, Eur J Vasc Endovasc Surg (2011), doi:10.1016/j.ejvs.2011.02.029




Extracorporeal Shock Wave Therapy for Lymphoedema

VEGF-C
250
2.00
£ N
=3
=3
®
© 150 R .
@ .
Q .
)
& 100 : i
g
> .
0.50 s
L
# » NS
0.00
Con swW Con sW Con SW
day 7 day 15 day 25

Figure 4

5
bFGF
140
120 ' . NS
—
c 100
£
5 F
®
& 080
] .
8 "
= 060 *
= H
O
b
£ 040 N L] +
1 ™ 11,
020 » E
11
000
Con sW Con sW Con SW
day7 day 15 day 25
n=6pergroup  #¢ P<0.05

Expression of VEGF-C and bFGF in a surgical site specimen. In the SW group, the expression of VEGF-C and bFGF was

significantly enhanced on days 7 and 15, as compared with the control group.

evaluated the effects of SW therapy on skin thickness,
expression of VEGF-C and VEGFR3, and lymphatic duct count.
In both their and our studies, SW therapy reduced the
increased skin thickness, up-regulated the expression of VEGF-
C, and increased the lymphatic duct count. These results
suggest that the SW therapy enhances up-regulation of VEGF-C
leading to lymphangiogenesis. It is possible that the mechan-
ical stress caused by the low-energy SW, such as cavitation (the
formation of vapour bubbles in a flowing liquid) and shear
stress,®?" induced VEGF-C and bFGF up-regulation. Further
investigation is needed to clarify the detailed mechanisms of
the beneficial effects of low-energy SW therapy.

Animal models of secondary lymphoedema

Several animal models of secondary lymphoedema have
been reported, including rabbit-ear- and rat- or mouse-tail
models.~¢1922.23 | the present study, we used the rat-
tail model because it allows precise measurements of the
compartment volume. Pathologically, secondary lymphoe-
dema results from a decreased transport capacity of the
lymphatic system due to acquired lymphatic vessel or

um Thickness of subcutaneous tissue
600

day7

day 15 day 28

~-Control -=-SW o P0.05

Figure 5 Time course of subcutaneous tissue thickness. The
SW therapy reduced the lymphedema compared with the
control group.

lymph node obstruction. The result of this condition is the
stagnation of lymphatic fluid in the affected compartment,
which is directly reflected in the compartment volume.
Therefore, tail volume measurement would be superior to
assessing skin thickness in evaluating the severity of lym-
phoedema. In fact, a heterogeneous distribution of lym-
phoedema in the same compartment is often observed in
humans.?

Limitations

Several limitations of the present study should be
mentioned. First, lymphoedema in the present rat-tail
model might be different from that in humans. Rats have
a powerful healing ability, and lymphoedema in the rat tail
heals almost completely even with no treatment. By
contrast, secondary lymphoedema in humans is always
slowly progressive and does not recover naturally. No
exact animal model of chronic secondary lymphoedema in
humans is available. Nevertheless, the results of this study
suggest that low-energy SW therapy may be effective, at
least, in the acute phase of secondary lymphoedema in
humans. Second, the optimal therapeutic condition is not
clear. Low-energy SW therapy has been used to treat
a variety of diseases, such as ischaemic heart disease,
hindlimb ischaemia, and orthopaedic disorders; however,
the doses and number of applications vary among studies
(0.037—0.62 mJ mm~2, 100—12 000 impulses).*%19:25-29
Regarding the SW level, we have previously demon-
strated that VEGF expression peaks at ~0.1 mJ mm~2
(positive energy flux density),*® and according to the
manufacturer, 0.1 mJ mm~? (positive energy flux density)
is equivalent to 0.25 mJ mm * (total energy flux density).
Thus, in the present study, we employed 0.25 mJ mm 2.
Regarding the number of SW impulses, the most effective
number of impulses is unknown for lymphoedema.
However, in the clinical trial of the SW therapy for severe
angina pectoris, satisfactory outcome was achieved with
40008000 impulses.>® As the human heart (200300 g) is
about 15 times as heavy as the rat tail (15-20 g), we
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Figure 6 Time course of lymphatic vessel density. The number of D2-40-positive vessels (red arrow) per field was increased
significantly in the SW group as compared with the control group on days 15 and 25. Bar, 50 pm.

expected that 500 impulses may be enough to induce
lymphangiogenesis. Regarding the number of treatment
series, when we started the present study, we were not
sure how many series of SW therapy were most effective.
However, on day 7 (after two series of SW therapy), the tail
volume began to decrease and the difference between the
SW and the control groups became significant. On day 10
(after four series of SW therapy), significant difference
became more clear. Thus, we considered that four series
of SW therapy are sufficient for the present study. Further
studies are required to find the optimal condition for each
disease. Third, the number of rats used in this study might
have been small for a well-grounded conclusion. Fourth,
we must consider the anti-inflammatory effects of low-
energy SW therapy. Because low-energy SW therapy
suppresses inflammation,* it is possible that low-energy
SW therapy could reduce lymphoedema through an anti-
inflammatory effect as well.

Clinical implications

Although patients with lymphoedema suffer from physical and
psychological impairments,®" the available treatment
options are limited. Traditional compression treatments with

Table 1 No significant differences were observed
between two groups.
Control (n = 3) SW group
(n =3)

Total protein (g/dl) 5.8 %+ 0.2 5.8 +0.16
Albumin (g/dl) 2.4 +0.04 2.3+0.08
AST (LU/1) 82 +10.6 84+9.2
ALT (LLU/1) 3134 28 +3.3
HGB (g/dl) 15.4 + 0.66 15.8 + 0.71
Ht (%) 44.2 1+ 1.00 44.4 + 1.06

a bandage or manual lymph drainage are not curative. Lym-
phatico-venous anastomosis is effective for lymphoe-
dema,**3* but is invasive and requires a surgeon skilled in
microsurgery. Thus, it is desirable to develop a safe, non-
invasive treatment for lymphoedema. In this study, we
demonstrated that low-energy SW therapy ameliorated lym-
phoedema by enhancing lymphangiogenesis in rats. Further-
more, no side effects were observed. Because of no need for
anaesthesia or invasive procedures, low-energy SW therapy
might be suitable even for patients with severe lymphoedema
that required repeated therapy. However, we need further
consideration before clinical use because the rat-tail model is
not exactly fit for the lymphoedema in humans.

Conclusions

We demonstrated that low-energy SW therapy enhanced
lymphangiogenesis and improved secondary lymphoedema
in rats, suggesting that the low-energy SW therapy may

have a potential to be a safe and non-invasive strategy for
treating lymphoedema in humans.
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