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Summary. Power spectra of instantaneous heart rate (fc) 
allows the estimation of the contribution of sympathetic 
and parasympathetic control of fc during steady-state 
conditions. The present study was designed to examine 
autonomic control of fc as influenced by normal dy- 
namic leg exercise and by ischemic leg exercise. Eight 
subjects performed supine cycle ergometry at 30% of 
their control peak work rate, with and without blood- 
flow restriction. Blood-flow restriction was induced by 
exposing the exercising legs to a supra-atmospheric pres- 
sure of 6.7 kPa (leg positive pressure; LPP). The exer- 
cise responses of arterial pressure and fc increased 
(P< 0.05) by LPP exposure. The exaggerated pressor re- 
sponse may be attributed to a chemoreflex drive origi- 
nating in the ischemic muscles. Exposure to LPP during 
exercise also produced a significant decrease in parasym- 
pathetically mediated high frequency (HF; 0.15- 
1.00 Hz) fluctuation of fc, as indicated by a decrease 
(P< 0.05) in percent HF power compared to the control 
exercise level. During LPP exercise, the sympathetically 
mediated very low frequency (VLF; 0-0.05 Hz) fluctua- 
tion of fc increased, as indicated by an increase 
(P<0.05) in percent VLF power above control exercise 
levels. Both LPP and control exercise conditions de- 
creased (P< 0.05) power in all frequency ranges of inter- 
est compared to their respective resting conditions. The 
results suggest that the increase infc associated with nor- 
mal dynamic exercise was mediated predominantly by 
parasympathetic withdrawal, whereas the exaggerated fc 
response during ischemic exercise resulted from a com- 
bination of cardiac sympathetic drive and parasympa- 
thetic withdrawal. The increase in sympathetic activity is 
attributable to a muscle chemoreflex drive, which also 
may have attenuated parasympathetic activity by reci- 
procal inhibition. Alternatively, augmented central com- 
mand mediated parasympathetic withdrawal during is- 
chemic exercise. 
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Introduction 

Blood flow restriction to the exercising muscles results 
in compensatory cardiovascular responses which act to 
increase arterial pressure and hence to reduce blood- 
flow deficit in the working muscles. This exaggerated 
exercise pressor response is brought about by increases 
in heart rate (fo) and total peripheral resistance and is 
mediated by the muscle chemoreflex (for review see Mit- 
chell and Schmidt 1983) and possibly by augmented cen- 
tral command (Victor and Seals 1989). In humans, per- 
forming dynamic leg exercise, moderate restrictions of 
blood flow in the working muscles lead to exaggerated fc 
and arterial pressure response even during mild exercise 
(Eiken and Bjurstedt 1987). 

Information is scarce regarding efferent nervous 
mechanisms eliciting such ischemically induced fc in- 
creases in exercising man. Judging from experiments in 
animals, activation of muscle chemosensors may result 
in sympathetic stimulation of the heart (Wildentahl et 
al. 1968; Mitchell et al. 1977). Increases in exercise fc 
governed by central command appear to be mediated by 
parasympathetic withdrawal (Victor et al. 1989). Under 
conditions of unrestricted muscle blood flow, fc in- 
creases associated with mild to moderate dynamic exer- 
cise in man are attributable mainly to parasympathetic 
withdrawal, sympathetic chronotropic stimulation of 
the heart being less significant or even absent (Robinson 
et al. 1966; Galbo 1983; Orizio et al. 1988; Yamamoto et 
al. 1991). 

Therefore, it was thought to be of interest to investi- 
gate the effect of muscle blood-flow restriction on au- 
tonomic control of fc during low-intensity exercise. 
Graded blood-flow restriction in exercising muscles was 
induced by applying a supra-atmospheric pressure to the 
legs during supine cycling using a method described by 
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Eiken and  Bjurstedt  (1987). The au tonomic  nervous 
mechanisms control l ing fo were investigated by use of  
power spectral analysis of ins tan taneous  fc (R-R inter- 
val). This non- invas ive  method  is a useful  tool  to pro- 
vide insight into sympathe t ic /parasympathe t ic  control  
of  f t .  The use of power spectral analysis to deduce au- 
tonomic  balance and  au tonomic  control  of  fc has been 
val idated by use of  pharmacological  b locking agents 
(Akselrod et al. 1985; Pomeranz  et al. 1985; Pagan i  et 
al. 1986) and  de- innerva t ion  (Pagani  et al. 1986). Char-  
acteristic changes in power spectra of ins tan taneous  fc, 
associated with au tonomic  nervous  changes control l ing 
f~, occur dur ing exercise at different  intensities (Arai et 
al. 1989; Per ini  et al. 1990; Y a m a m o t o  et al. 1991). 

Specifically, the power spectra of  ins tan taneous  f~ 
yield three ma jo r  componen t s  in the fol lowing ranges: 
0-0.05 Hz, 0.05-0.15 Hz, 0 .15-1.00 Hz (Akselrod et al. 
1981, 1985; Perini  et al. 1990), defined as the very low 
frequency (VLF), low frequency (LF) and  high f requen-  
cy (HF) ranges,  respectively. Whereas the sympathetic  
system contr ibutes  to f~ var ia t ions  at frequencies less 
than  0.12 Hz (Akselrod et al. 1981, 1985; P o m e r a n z  et 
al. 1985), the parasympathet ic  system mediates f~ fluc- 
tua t ions  p redominan t ly  in the H F  range (Akselrod et al. 
1981, 1985; P o m e r a n z  et al. 1985). Apply ing  this analy-  
tical approach  we examined the con t r ibu t ion  of  the sym- 
pathetic and  parasympathet ic  nervous  system in the 
exaggerated exercise fo response dur ing  muscle ischem- 
ia. 

al. 1982). The arm and finger, from which arterial pressure meas- 
urements were made, were supported by a platform at the same 
level as the heart. Pas and Pad were determined by different meth- 
ods because, during muscular exercise, Pas but not Paa is measured 
accurately by the sphygmomanometrical method (Kaijser 1987), 
whereas Pad but not Pas is measured accurately by the Finapres 
(Idema et al. 1989). Mean arterial pressure (/~ was calculated by 
adding one third of the pulse pressure to the Paa. 

Experimental protocol. Prior to the experiments, each subjects' 
work capacity was established, once with normal atmospheric 
pressure in the chamber (control) and once with a supra-atmos- 
pheric chamber pressure of 6.7 kPa (leg positive pressure; LPP). 
The two trials were separated by a minimum of 48 h and con- 
ducted in random order. Each trial started with 4 rain of loadless 
pedaling after which the work rate was increased by 30 W every 
2 rain until the subject was unable to maintain the prescribed work 
rate. Peak work rate was defined as the highest work rate that the 
subject could sustain for the full 2-min period. 

This incremental-load exercise performed in the control condi- 
tion was solely for the purpose of establishing individual work 
rates equivalent to 30°70 of peak work rate. The additional incre- 
mental-load exercise performed at supra-atmospheric pressure 
(LPP) enabled us to establish the corresponding relative work rate 
in the LPP condition. 

All subjects were investigated in four steady-state conditions: 
control rest, control exercise, LPP rest and LPP exercise. Each 
subject performed one control and one LPP (6.7 kPa) experiment 
in a random order. The experiments were separated by a minimum 
of 48 h. Each experiment consisted of 14 min of motionless rest 
followed by 14 rain of constant-load pedaling at 30°7o of individual 
control peak work rate. In the LPP condition this work rate repre- 
sented 4307o (range: 40-50°7o) of the LPP peak work rate. Par and 
Pad were measured periodically, whereas ECG was recorded con- 
tinuously throughout the experiments. 

Methods 

Subjects. Nine male subjects participated in this study. None of 
the subjects had a history of cardiovascular disease and all were 
considered healthy. Their mean (and range) age, height and mass 
were 28 (23-35) years, 1.73 (1.67-1.78) m and 70 (63-81) kg, re- 
spectively. All subjects were briefed about the experimental proce- 
dures and were familiarized with the protocol, prior to the experi- 
ments. The protocol was approved by the Institutional Ethics Re- 
view Committee. 

Experimental arrangements. The experimental arrangements that 
were used to induce graded blood-flow restriction during exercise 
have been described by Eiken and Bjurstedt (1987). Briefly, the 
experiments were conducted with the subject positioned supine in 
the opening to a pressure chamber, with the legs inside the cham- 
ber and the feet strapped to the pedals of a mechanically braked 
cycle ergometer (Monark). The axis of the pedals was positioned 
at the same level as the heart. Sealing of the chamber was accom- 
plished by using a rubber diaphragm with holes and short self- 
sealing sleeves for the legs. The subject was provided with should- 
er supports to avoid the subjects being pushed out of the chamber 
as the pressure in it was increased. 

Instrumentation. Electrocardiographic (ECG) recordings were ob- 
tained from pre-gelled electrodes positioned in a standard lead II 
arrangement, using an electrocardiograph (Fukuda Denshi, FD- 
13). The continuous ECG signal was recorded on magnetic tape 
using a tape recorder (Hewlett Packard, 3968A), for subsequent 
analysis. 

Systolic arterial pressure (P~) was measured using an automat- 
ic sphygmomanometric blood-pressure recorder (UA-251, Japan). 
Diastolic arterial pressure (Pad) was measured by the volume- 
clamp technique (Penaz 1973) using a Finapres 2350 (Wesseling et 

Data analysis. For each subject and condition (control rest, LPP 
rest, control exercise and LPP exercise) 14 rain of continuous pre- 
recorded ECG signals were examined for substantial baseline 
drifts, discontinuities and other noticeable artifacts. This screen- 
ing process provided clear and continuous ECG signals for R-R 
interval extraction. 

ECG analysis and R-R interval extraction was accomplished 
with data acquisition software (LabVIEW 2, National Instru- 
ments) and hardware (NB-A2000, National Instruments) using a 
computer (Macintosh II, Apple). An R-R interval tachogram was 
derived from over 500 consecutive R-R intervals obtained for each 
subject within the last 10 rain of the 14 min rest and constant rate 
exercise periods. After removal of the DC bias and normalization 
of the tachograms (divided by mean R-R; as suggested by Aksel- 
rod et al. 1985), the data were smoothed using a Harming window 
and subsequently sampled at 10 Hz, from which fast Fourier 
transform based power spectra were derived. 

Power spectral frequencies between 0 and 0.05 Hz were de- 
fined as the VLF, between 0.05 and 0.15 Hz as the LF, and be- 
tween 0.15 and 1.00 Hz as the HF (Perini et al. 1990). Integration 
of the power spectrum within these limits yielded quantitative 
measures of normalized VLF, LF and HF power. The integral of 
power from 0 to 1.00 Hz was defined as the total normalized pow- 
er and VLF, LF and HF power were also expressed as a percent- 
age of total power (% VLF, 070 LF and °70 HF; Perini et al. 1990). 
The LF : HF ratio was calculated in an attempt to derive a quanti- 
tative indication of sympathetic/parasympathetic balance (Pagani 
et al. 1986). 

A two-way analysis of variance was performed on the data, to 
test whether the effects of exercise, LPP and their interaction sig- 
nificantly affected f~ fluctuations in the defined frequency 
ranges. 
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Results 

At rest, P~s was higher (P<0.05)  in the LPP [mean 
(SD); 17.73 (2.27) kPa] than in the control [15.86 (1.20) 
kPa] condition. Resting values for P did not differ sig- 
nificantly between the LPP [13.43 (1.47) kPa] and con- 
trol [11.97 (1.06) kPa] conditions. Likewise, resting Pad 
was similar in the LPP [11.33 (1.73) kPa] and control 
[10.00 (1.47) kPa] conditions. As expected, all arterial 
blood pressure (P~) values increased (P<0.05)  with the 
transition from rest to steady-state exercise in both the 
control and LPP conditions. This exercise-induced in- 
crease in Pa was greater in the LPP condition. During 
exercise Pas was 4.13 kPa higher (P<0.01) in the LPP 
[23.86 (1.87) kPa] than in the control [19.60 (1.73) kPa] 
condition. Likewise, LPP increased (P<0.01) exercise 
values for / s  from [13.47 (1.46) kPa] to [17.06 (1.60) 
kPa] and for Pad from [11.33 (1.73) kPa] to [13.60 
(2.00) kPa]. 

At rest, fc attained similar values in the control [63 
(10) min -a] and the LPP [67 (9) min -1] conditions. 
During exercise fc was higher (P< 0.05) in the LPP [111 
(16) rain -1] than in the control [102 (12) min -1] condi- 
tion. 

Total normalized power was unaffected by LPP ex- 
posure both at rest and during exercise. Exercise in- 
duced a decrease in total power of 5.5 x 10-2 (p<  0.001) 
from a resting value of 0.099 (0.052) to 0.044 (0.023) 
during the control condition. A similar exercise induced 
decrease of 5 .5x  10 -2 (P<0.001) from a resting value 
of 0.103 (0.048) to 0.047 (0.027) was observed during 
the LPP condition. 

Normalized power within the VLF, LF and HF 
ranges was unaffected by LPP both at rest and during 
exercise. Exercise induced a decrease in power within all 
frequency ranges, during the control and LPP condi- 
tions. Exercise decreased VLF power from resting values 
of 0.057 (0.034) and 0.050 (0.036) to 0.025 (0.016) and 

ditions, respectively. LF power decreased from resting 
values of 0.034 (0.021) and 0.039 (0.015) to 0.014 
(0.012) and 0.010 (0.008) (P<0.001) upon exercise in 
the control and LPP conditions, respectively. Exercise 
decreased HF power from resting values of 0.008 (0.006) 
and 0.012 (0.008) to 0.005 (0.005) and 0.003 (0.003) 
(P< 0.01) in the control and LPP conditions, respective- 
ly (Fig. 1). 

In the control condition the transition from rest to 
exercise did not affect values of OToVLF, O70LF and 
°70 HF power. However, exercise during the LPP condi- 
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tion increased % VLF power by 1.5 fold (P< 0.05) from 
a resting value of 47.6 (14.1)% to 70.1 (16.8)% as well 
as decreased % HF power by 2.6 fold (P<0.05) from a 
resting value of 12.1 (6.9)% to 4.6 (3.6)o7o. %LF power 
was unaffected by exercise during the LPP condition. 
At rest, exposure to LPP did not affect percent power 
within any of the frequency ranges. However, during 
exercise, exposure to LPP elevated % VLF power from 
the control value of 57 (18.3)°70 by 1.2 fold (P<0.05) 
and decreased O7o HF power by 2.3 fold (P<0.05) from 
the control value of 10.4 (6.0) %. % LF power was unaf- 
fected by LPP during exercise (Fig. 2). 

LF: HF ratio attained similar values in all four exper- 
imental conditions, control rest [5.3 (3.0)], LPP rest [4.3 
(2.1)], control exercise [5.2 (4.6)] and LPP exercise [6.7 
(6.0)]. However, there was increased inter-subject varia- 
bility (as indicated by larger standard deviations) during 
exercise in both the control and LPP conditions. 

Discussion 

Exposure of the legs to increased ambient pressure dur- 
ing cycle exercise is an effective method to reduce local 
perfusion pressure, which, at LPP of 6.7 kPa, results in 
a moderate reduction of blood flow in the exercising leg 
muscles (Eiken 1987). Examination of meanfc and Pa as 
well as the power spectrum of instantaneous fc fluctua- 
tion (R-R interval spectrum) provides insight into the ef- 
fect of muscle ischemia on autonomic nervous mecha- 
nisms mediating cardiovascular exercise responses. 

In our study, the muscle chemoreflex was activated 
by LPP during exercise, as evidenced from the exagger- 
ated exercise responses for Pa and fo in this condition. 
LPP exposure induced a slight increase in Pas at rest, 
which is attributable to the increased stroke volume re- 
sulting from pressure-induced displacement of blood 
volume from the legs to the thorax; exercise stroke vol- 
ume is unaffected by LPP (Eiken and Bjurstedt 1987). 

Total power of the R-R interval spectrum decreased 
by approximately a factor of 2 upon exercise in both the 
LPP and control conditions. The decrease in power oc- 
curred in all defined frequency ranges between 0 and 
1 Hz (Fig. 1) and reflects an overall decrease in R-R in- 
terval fluctuation about the mean. This is in agreement 
with previous investigations in which total power has 
been reported to decrease progressively with increasing 
exercise intensity (Arai et al. 1989; Perini et al. 1990; 
Yamamoto et al. 1991). The exercise tachycardia at in- 
tensities less than approximately 30% maximum oxygen 
consumption is predominantly mediated by parasympa- 
thetic (vagal) withdrawal (Robinson et al. 1966; Galbo 
1983; Orizio et al. 1988). A decrease in parasympathetic 
activity would account for the reduction in VLF, LF and 
HF power and hence total power, primarily because the 
parasympathetic system mediates fluctuations off~ with- 
in these frequency ranges (Akselrod et al. 1981; Pomer- 
anz et al. 1985). 

Our results showed that exposure to LPP during 
exercise increased %o VLF power and decreased % HF 
power compared to control exercise values. This may in- 

dicate that cardiac sympathetic drive and parasympa- 
thetic withdrawal are enhanced by blood-flow restriction 
in the working muscles. The slow responding sympathet- 
ic system mediates fc fluctuation at frequencies less than 
approximately 0.12Hz (Akselrod et al. 1981, 1985; 
Pomeranz et al. 1985), whereas HF fluctuation of fc  is 
predominantly mediated by the fast responding para- 
sympathetic system (Akselrod et al. 1981, 1985; Pomer- 
anz et al. 1985). The increase in the share of the power 
spectrum contributed by VLF fc fluctuation occurring 
during muscular exercise has been attributed to in- 
creased sympathetic drive (Perini et al. 1990). 

That cardiac sympathetic drive was increased during 
LPP exercise may reflect activation of the muscle che- 
moreflex, since stimulation of muscle chemosensors ac- 
tivates cardiac sympathetic efferents (Wildenthal et al. 
1968; Mitchell et al. 1977). However, the notion that the 
exaggerated fc response observed during ischemic exer- 
cise in man is mediated by the muscle chemoreflex has 
recently been challenged by Victor and Seals (1989), 
who proposed that this fc response is caused by aug- 
mented central command. However, exercisefc increases 
governed by central command are almost solely attribut- 
able to parasympathetic withdrawal (Victor et al. 1989) 
and hence cannot explain the increased sympathetic ac- 
tivity observed in the present LPP experiments. Thus, 
our results suggest that, even during low-intensity exer- 
cise, moderate restriction of muscle blood flow induces 
a cardiac sympathetic drive which is mediated by che- 
mosensors in the ischemic muscles. Stimulation of mus- 
cle chemosensors may not only increase cardiac sympa- 
thetic activity but has also been found to increase muscle 
sympathetic nerve activity (Mark et al. 1985). 

Such an increase in sympathetic activity could also 
reduce parasympathetic influence on fc by inhibiting pa- 
rasympathetic pathways, either centrally or peripherally. 
The proportionately greater parasympathetic withdraw- 
al during LPP exercise may either be mediated by aug- 
mented central command, or may be secondary to in- 
creased sympathetic activity. This proposed reciprocal 
inhibition of sympathetic and parasympathetic path- 
ways has been demonstrated by Schwartz et al. (1973) 
and Levy (1984). Stimulation of afferent cardiac sympa- 
thetic fibers produced an increase in cardiac sympathetic 
activity while simultaneously inhibiting the activity of 
the parasympathetic vagal fibers (Schwartz et al. 1973), 
whereas increasing vagal activity attenuated cardiac 
sympathetic activity (Levy 1984). Corroboratively, pe- 
ripheral chemoreceptor stimulation has also been shown 
to reduce the vasodilating effect of vagal cardiac affer- 
ent stimulation (Wennergren et al. 1976). Although 
these findings do not directly pertain to our findings, 
they indicate that a reciprocal inhibitory relationship 
exists between the sympathetic and parasympathetic sys- 
tems. It is conceivable that a similar inhibitory effect on 
cardiac parasympathetic activity could occur through in- 
creased group III and IV activity originating in ischemic 
muscles. 

It should be noted that, irrespective of the underlying 
mechanisms, the stimulus inducing increases in cardiac 
sympathetic drive and parasympathetic withdrawal dur- 
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ing L P P  exercise was s t rong enough to overcome the op-  
pos ing  effects o f  augmen ted  ar ter ia l  ba ro r ecep to r  s t imu- 
la t ion.  Thus ,  Pas and  consequent ly  ar ter ia l  ba ro re f l ex  
s t imula t ion  was greater  dur ing  L P P  exercise than  dur ing  
con t ro l  exercise. The sensit ivity o f  the caro t id  ba ro re f l ex  
is higher  dur ing  b lood- f low- res t r i c t ed  exercise than  bo th  
at  rest  and  dur ing  cont ro l  exercise (Eiken et al. 1992). 

In  our  s tudy,  the L F : H F  ra t io  was examined  as an 
index o f  s y m p a t h e t i c / p a r a s y m p a t h e t i c  ba lance  (Pagani  
et al.  1986). Our  f indings seem to indicate  tha t  the 
L F :  H F  ra t io  changes very l i t t le between con t ro l  rest and  
con t ro l  exercise condi t ions ,  ref lect ing a p r o p o r t i o n a t e  
decrease o f  the L F  and  H F  power .  This  would  be the  
case when pa r a sympa the t i c  w i thd rawa l  p r e d o m i n a n t l y  
occurs .  L F : H F  ra t io  dur ing  L P P  exercise t ended  to  in- 
crease,  a l though  no t  s ignif icant ly ,  ind ica t ing  a p r o p o r -  
t iona te ly  greater  increase  in sympathe t i c  act ivi ty.  How-  
ever, because  of  the  in tersubjec t  var iab i l i ty  in the  
L F : H F  ra t io ,  especial ly dur ing  exercise, the  ra t io  is a 
ques t ionable  ind ica tor  o f  a u t o n o m i c  ba lance  dur ing  
exercise. Similar  conclusions  were d rawn  by Per in i  et al. 
(1990) and Ara i  et al.  (1989). They  conc luded  tha t  the 
L F : H F  ra t io  was no t  val id  dur ing  exercise. 

P o w e r  spectra l  analysis  o f  ins tan taneous  fc has  p ro -  
v ided  a non- invas ive  insight  into the a u t o n o m i c  con t ro l  
o f f ° .  The  results  conf i rm tha t  increases in fc dur ing  low 
intensi t ies  o f  supine exercise are  p r e d o m i n a n t l y  me- 
d ia ted  by  p a r a s y m p a t h e t i c  wi thdrawal .  I t  also suggests 
tha t  the  exaggera ted  exercise response  for  fc induced  by  
muscle  i schemia  is the result  o f  an  increased card iac  
sympathe t i c  activity,  which p r o b a b l y  s imul taneous ly  in- 
hibi ts  pa r a sympa the t i c  (vagal)  act ivi ty.  
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