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Abstract Intermittent arm ischemia before percutaneous
coronary intervention induces remote ischemic precondi-
tioning (RIPC) and attenuates myocardial injury in patients
with myocardial infarction. Several studies have shown
that intermittent arm ischemia increases coronary flow and
is related to autonomic nerve system. The aim of this study
was to determine whether intermittent arm ischemia
induces vasodilatation of other arteries and to assess
changes in the autonomic nerve system during intermittent
arm ischemia in humans. We measured change in the
right brachial artery diameter during intermittent left
arm ischemia through three cycles of 5-min inflation
(200 mmHg) and 5-min deflation of a blood-pressure cuff
using a 10-MHz linear array transducer probe in 20 healthy
volunteers. We simultaneously performed power spectral
analysis of heart rate. Ischemia-reperfusion of the left arm
significantly dilated the right brachial artery time-depen-
dently, resulting in a 3.2 £ 0.4% increase after the 3rd
cycle. In the power spectral analysis of heart rate, the
high-frequency domain (HF), which is a marker of
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parasympathetic activity, was significantly higher after the
3rd cycle of ischemia-reperfusion than baseline HF
(P = 0.02). Intermittent arm ischemia was accompanied
by vasodilatation of another artery and enhancement of
parasympathetic activity. Those effects may play an
important role in the mechanism of RIPC.

Keywords Ischemic heart disease - Autonomic nervous
system - Ischemia-reperfusion

Introduction

Remote ischemic preconditioning (RIPC) is a powerful
innate mechanism by which brief ischemia in one region or
organ protects distant tissue or organs from a sustained
event of ischemia [1]. In 1993, Przyklenk et al. [2] reported
for the first time that brief circumflex artery occlusion
could reduce the size of myocardial infarct induced by
subsequent sustained occlusion of the left anterior
descending artery in dogs. This intramyocardial protection
was later extended to non-cardiac organs, with a report that
myocardial infarct size could be actually reduced in the
animal heart by inducing brief ischemia and reperfusion in
either the kidney [3, 4] or the small bowel [5]. In clinical
settings, several studies have shown that RIPC by inter-
mittent arm ischemia is useful in protection from myo-
cardial injury after percutaneous coronary intervention [6,
7] and is controversial in myocardial protection after cor-
onary artery bypass graft [8, 9].

Transient limb ischemia reduced coronary resistance
and increased coronary blood flow in a porcine model [10].
In human cases, coronary diastolic flow velocity was also
increased by 3 cycles of remote intermittent ische-
mia-reperfusion [11]. However, it is unclear whether
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intermittent arm ischemia accompanies vasodilatation of
distant tissue in human cases. Therefore, we examined
whether intermittent arm ischemia induces vasodilatation
of another artery, an artery of the contralateral upper limb.

There are several potential mechanisms underlying
RIPC in neural and hormonal pathways and systematic
response [1, 12]. Loukogeorgakis et al. [13] reported that
trimetaphan, an autonomic ganglion blocker, attenuated
RIPC by intermittent arm ischemia in humans. The auto-
nomic nerve system may be associated with RIPC by
intermittent arm ischemia in humans. Thus, we hypothe-
sized that RIPC by intermittent arm ischemia changes the
autonomic balance and induces vasodilatation of the distant
organ’s artery. The purpose of this study was to determine
the validity of this hypothesis. We evaluated changes in
autonomic nerve balance during intermittent arm ischemia
using power spectral analysis of the RR interval of the
electrocardiography (ECG) and whether vasodilatation
of the brachial artery occurred using 2D gray-scale
echography.

Methods
Subjects

This study was performed on 20 healthy volunteers (17
men and 3 women; mean age 34 £ 5 years, age range
2442 years; height 169 + 2 cm; weight 62 £ 3 kg; right
brachial artery diameter 3.78 & 0.1 mm). The diameter of
the brachial artery was measured 3—5 cm above the ante-
cubital space. All of the studies were approved by the
Ethics Committee of Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences, and
informed consent was obtained from all subjects before the
procedure. The investigation conformed to the principles
outlined in the Declaration of Helsinki.

Induction of intermittent ischemia

Studies were performed in a temperature-controlled labo-
ratory (24-26°C). Intermittent ischemia was induced by
inflating a 13.5-cm-wide blood pressure cuff placed around
the upper part of the left arm. The cuff was inflated to
200 mmHg for 5 min (ischemia) followed by 5-min
deflation. The inflation/deflation cycle was performed three
times, as described previously [13].

Assessment of artery response
Artery response was continuously assessed by measuring

change in the right brachial artery diameter through three
cycles of 5-min inflation (200 mmHg) and 5-min deflation of

@ Springer

the blood pressure cuff. Using high-resolution ultrasound
with a 10-MHz linear array transducer, the right brachial
artery diameter was measured as previously described [14].
Longitudinal images of the artery were recorded at baseline
and continuously from the first to third cycles of ischemia-
reperfusion. The diameter of the brachial artery was deter-
mined semi-automatically using an instrument equipped
with software for monitoring brachial artery diameter (Unex
Co., Ltd., Nagoya, Japan). Briefly, continuous recording of a
2D gray scale image and A-mode waves of the brachial artery
in the longitudinal plane was conducted with a novel ste-
reotactic probe-holding device. A segment with clear ante-
rior (media-adventitia) and posterior (intima-media)
interfaces was manually determined. Then these border
interfaces were identified automatically on the A-mode
waves. The diastolic per-beat diameter of the brachial artery
was synchronized with the electrocardiographic R-wave and
tracked automatically. The changes in diameter were con-
tinuously recorded. Then vasodilatation was examined as
percent change in the diameter over the baseline value at
maximal vasodilatation after every reperfusion. Both the
baseline values and each maximum vasodilatation value
came from a single beat. Three-millimeter-wide longitudinal
images of the artery in A-mode were obtained, and the
images were divided into 20 parts. Mean diameter of the 20
parts was calculated as the brachial artery’s diameter.

Power spectral analysis

To evaluate indices of sympathetic activity and parasym-
pathetic activity, we performed power spectral analysis.
ECG was recorded using a two-channel recorder during the
protocol (Fukuda Denshi: model Digital walk FM190,
Fukuda Denshi Co., Ltd., Tokyo, Japan). The power
spectra of the RR interval were calculated using the max-
imum entropy method with MemCalc software (Suwa
Trust Co., Ltd., Tokyo, Japan) [15] at 15-s intervals for
30-s periods. We performed measurements at two time
points, baseline and 3rd ischemia. The interpolation was
performed by using the linear supplement method after
cleaning noise. The interval of resampling is determined as
the difference between the mean and minimum values of
the RR interval. The high-frequency (HF 0.15-0.40 Hz)
domain was used as a marker of parasympathetic activity,
and the ratio of low-frequency (LF 0.04-0.15 Hz) domain
to HF (LF/HF) was used as an indicator of sympathetic
activity [16]. The averaged value during the 10-min period
before RIPC was defined as baseline.

Study protocols

After 10-min bed rest in the supine position, the diameter
of the right brachial artery was measured at the four times,
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before and after each of three cycles of 5-min inflation
(200 mmHg) and 5-min deflation of the blood pressure cuff
in the left upper arm. We obtained the percent change in
diameter over the baseline value at maximal vasodilatation
in each period (Fig. 1a). Simultaneously, ECG monitoring
with a Fukuda Denshi FM-190 (Fukuda Denshi) was per-
formed. In the control study without ischemia-reperfusion
of the left upper arm, the diameter of the right brachial
artery was measured at four times, before and after each of
3 cycles of 10-min bed rest in the supine position (Fig. 1b).

Laboratory measurements

Fasting blood samples were drawn before and after 3
cycles of ischemia-reperfusion from 11 of the 20 volun-
teers who gave informed consent (Fig. 1a). We took both
blood samples by needle insertion. To evaluate the rela-
tionship between contralateral artery dilatation and nitric
oxide (NO), we measured cyclic GMP, a second messenger
of NO. To evaluate the relationship between contralateral
artery dilatation and sympathetic activity using parameters
other than heart rate variability, we measured catechol-
amine. The plasma levels of cyclic GMP and catechol-
amine (adrenaline, noradrenalin and dopamine) were
measured using the RIA DCC method and HPLC method
(SRL, Tokyo, Japan)

Statistical analysis

All data are expressed as mean £ SE unless otherwise
stated. Brachial artery diameter was measured in millime-
ters, and dilatation was expressed as percentage increase

Fig. 1 Study protocols with A 1st

from baseline diameter. Data were compared using Stu-
dent’s paired ¢ test or repeated measures analysis of vari-
ance (ANOVA), as appropriate. For assessment of the
changes in the power spectral, hemodynamics and labora-
tory data, Student’s paired ¢ test was applied. For assess-
ment of the changes in artery diameter, analysis of variance
(ANOVA) was applied. P value by ANOVA was Bonfer-
roni-adjusted. In all cases, P < 0.05 was considered sta-
tistically significant.

Results

Effect of ischemia-reperfusion of the left arm
on the right brachial artery

All subjects tolerated the procedures without any compli-
cations and any pains. The ischemia-reperfusion protocol
had no effect on hemodynamics except for heart rate
(Table 1). Ischemia-reperfusion of the left arm gradually

Table 1 Changes in hemodynamics

Pre Post
Systolic BP (mmHg) 108 £ 8 106 £ 7
Diastolic BP (mmHg) 66 + 6 66 £ 8
HR (/min) 64 + 2 59 £ 2%

Data are mean + SE of the mean

BP Blood pressure, HR heart rate, Pre before 3 cycles of intermittent
arm ischemia-reperfusion, Post after 3 cycles of intermittent arm
ischemia-reperfusion

* Significantly different from Pre, P < 0.05
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Fig. 2 Ischemia-reperfusion of the left arm gradually enhanced right
brachial artery dilatation time-dependently. a Representative diameter
of a contralateral artery, right brachial artery. b Representative

enhanced dilatation of the right brachial artery, an artery in
the contralateral limb, and this effect was dependent on the
number of trials (Figs. 2, 3a). Mean vessel diameters of
all subjects were increased significantly [vessel diameter:
3.78 £ 0.1 mm before procedure (control), 3.83 +
0.1 mm after the 1st cycle of ischemia-reperfusion,
3.86 £ 0.1 mm after the 2nd cycle and 3.89 £ 0.1 mm
after the 3rd cycle] (control vs. Ist cycle, P < 0.001;
control vs. 2nd cycle, P < 0.001; control vs. 3rd cycle,
P < 0.001). Intermittent arm ischemia of the left upper arm
increased % changes of vessel diameter in individual
subjects. The percent changes were 1.5 + 0.3, 2.4 £+ 0.3
and 3.2 £ 0.4% of the baseline diameter, respectively
(control vs. after Ist cycle, P < 0.001; control vs. after 2nd
cycle, P < 0.001; control vs. after 3rd cycle, P < 0.001)
(Fig. 3a).

We examined whether the vessel diameter was changed
during bed rest without intermittent arm ischemia for the
control study in 9 subjects out of the same 20 volunteers with
intermittent arm ischemia. Post mean heart rate was signifi-
cantly lower than pre mean heart rate (pre mean heart rate
65 £ 3/min, post mean heart rate 60 & 3/min; pre mean
heart rate vs. post mean heart rate, P < 0.05). Mean vessel
diameters of all subjects were not increased significantly. The
vessel diameters were 3.81 £+ 0.32, 3.81 £+ 0.32, 3.81 &+
0.33and 3.82 + 0.33 mm, respectively (control vs. Istcycle,
P = 1.000; control vs. 2nd cycle, P = 1.000; control vs. 3rd
cycle, P = 1.000). Bed rest without intermittent arm ische-
mia did not increase % changes of vessel diameter in indi-
vidual subjects. The percent changes were 0.1 £ 0.07,
0.2 £ 0.14 and 0.2 £ 0.14%, respectively (control vs. after
Istcycle, P = 1.000; control vs. after 2nd cycle, P = 1.000;
control vs. after 3rd cycle, P = 1.000) (Fig. 3b).

@ Springer

Pre:3.74 mm ) 3rd:3.93 mm

ultrasonographical images of the right brachial artery before (left) and
after (right) 3 cycles of intermittent arm ischemia

Effect of ischemia-reperfusion of the left arm
on the autonomic nerve system

The high-frequency domain, a marker of parasympathetic
activity, after the 3rd reperfusion was significantly higher
than the baseline mean HF domain (425 + 69 ms*/Hz at
baseline vs. 617 + 108 ms*/Hz after 3rd ischemia,
P < 0.05) (Fig. 4a). On the other hand, bed rest without
intermittent arm ischemia did not increase the HF domain
(370 £ 79 ms*/Hz at baseline vs. 357 £ 59 ms*/Hz after
3rd cycle, P = 0.81) (Fig. 4b).

The ratio of LF to HF, an indicator of sympathetic
activity, after the 3rd ischemia was lower than baseline, but
not significantly (2.6 & 0.5 at baseline vs. 2.0 £ 0.3 after
the 3rd cycle, P = 0.07). Bed rest without intermittent arm
ischemia did not change LF/HF (2.6 £ 0.5 baseline vs.
2.3 + 0.3 after the 3rd cycle, P = 0.30).

Plasma noradrenalin levels after the 3rd cycle of
ischemia-reperfusion were significantly lower than those
before ischemia-reperfusion. Cyclic GMP, adrenaline and
dopamine levels after the 3rd cycle of ischemia-reperfusion
tended to be lower than those before ischemia-reperfusion
(Table 2).

Discussion

This study showed for the first time in humans that inter-
mittent ischemia in an upper limb was accompanied by
vasodilatation in the contralateral limb and enhancement of
parasympathetic nerve activity.

There are several possible mechanisms by which vaso-
dilatation in the contralateral limb is induced by intermittent
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Table 2 Peripheral blood chemical analysis results showed that cyclic GMP was not significantly chan-
ged, indicating that nitric oxide does not participate in the
Pre Post vasodilatation. Second, in humans, the neural pathway is
Cyclic GMP (pmol/ml) 3.6 + 0.5 3.1+ 04 involved in the RIPC mechanism of the early (short) phase
Adrenaline (pg/ml) 313 + 5.7 255 4 4.8 [13] and late phase [17—-19], but the afferent-efferent path-
Noradrenaline (pg/ml) 3024 + 313 230.0 & 31.7% way has not been elucidated. Recently, Gourine et al.
Dopamine (pg/ml) 82+ 12 66+ 08 reported that RIPC might be associated with the nerve reflex,

Data are mean + SE of the mean

GMP Guanosine monophosphate, Pre before 3 cycles of intermittent
ischemia-reperfusion, Post after 3 cycles of intermittent ischemia-
reperfusion

* Significantly different from Pre, P < 0.05

upper limb ischemia. First, several studies have indicated
that RIPC is associated with hormonal factors such as
adenosine and bradykinin, and other factors such as nitric
oxide [12]. Accordingly, contralateral upper limb vasodila-
tation might be induced by these vasoactive factors. Our

which is the sensory afferent pathway from the peripheral
organ (limbs) and parasympathetic vagal efferent outflow to
the heart in rats [20]. Previous studies showed that there is
evidence of parasympathetic vasodilator in the masseter
muscle [21], lower lip [22] and brain vessels [23] in animals.
Those findings indicated that vasodilatation is a result of
reflex via increasing parasympathetic activity.

It is well known that increased sympathetic activity and
reduced parasympathetic activity are induced by cardio-
vascular diseases. Previous studies showed that physical
training could significantly improve exercise capacity and
ameliorate the autonomic derangement in chronic heart
failure by increasing parasympathetic activity [24-26].
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Experimental studies indicated that increased parasympa-
thetic activity may reduce mortality [27] and sudden car-
diac death, including death from ventricular fibrillation [28,
29]. Furthermore, Schwartz et al. [30] reported that vagal
stimulation improved activities of daily living and several
echocardiographic parameters of the left ventricle in
humans. Accordingly, parasympathetic stimulation may
play a critical role in the care of heart disease. In this study,
we demonstrated that enhancement of parasympathetic
nerve activity, assessed by the HF domain of heart rate
variability, was induced by intermittent arm ischemia.

Limitations of this study

The study has several limitations. First, we did not directly
elucidate heart protection by RIPC by intermittent arm
ischemia. Second, we did not assess the relevance of the
brachial artery’s dilatation and the enhancement of para-
sympathetic nerve activity by intermittent arm ischemia.
Third, we observed vasodilatation of the contralateral
upper limb, but the duration of vasodilatation is not clear.
Furthermore, we could not directly measure brachial artery
flow. Therefore, further studies are needed to clarify these
points.

Conclusions

Intermittent arm ischemia was accompanied by vasodila-
tation of another artery and enhancement of parasympa-
thetic activity. It may be associated with the mechanism of
RIPC.
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