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THERE is controversy over w he t he r  i sometr ic  cont rac t ion  
of the  forearm evokes vasocons t r ic t ion  or vasodi la ta t ion  in 
the  musc les  of the  contra la tera l  forearm. In the  p resen t  
s tudy we have  inves t iga ted  in no rma l  man ,  the effects of 
i sometr ic  cont rac t ion  of one a rm at 75, 50 and  25% 
m a x i m u m  volunta ry  cont rac t ion  (MVC) on  arterial  
pressure ,  heart  rate, b lood  flow and  vascular  res is tance  of 
the contrala teral  forearm and  on  e l ec t romyograph ic  
(EMG)  activi ty recorded f rom that  same  arm wi th  
sensit ive,  surface electrodes.  

W h e n  E M G  activi ty was not  b e i n g  recorded  f rom the 
' r e s t i n g '  a rm,  i sometr ic  cont rac t ion  of the  contrala teral  
a rm for 2 m i n  evoked increases in  arterial  pressure  and  
hear t  rate whose  m a g n i t u d e s  were g raded  wi th  % MVC 
and  an  increase  in forearm b lood  flow and  a decrease  in 
forearm vascular  res is tance  at 75, 50 and  25% MVC, 
ind ica t ing  vasodi la ta t ion.  Fur the r  exper imen t s  in  w h i c h  
E M G  activi ty was recorded  f rom the  ' r e s t i n g '  a rm 
demons t r a t ed  that  the  decrease in forearm vascular 
res is tance  evoked by 75% MVC was associated wi th  a 
subs tan t ia l  increase  in E M G  act ivi ty of the  extensor  and 
flexor musc les  of tha t  arm.  By contrast ,  w h e n  forearm 
cont rac t ion  was pe r fo rmed  at 75% MV C  whi ls t  subjec ts  
v iewed the  E M G  activi ty in  the  ' r e s t i n g '  a rm on an  
osci l loscope and  kept  E M G  activi ty m i n i m a l ,  vascular  
res is tance  increased  in  tha t  arm,  i n d i c a t i n g  vasoconstr ic-  
t ion. Fur ther ,  w h e n  subjec ts  pe r fo rmed  cont rac t ion  at 25% 
MVC whi ls t  s h o w i n g  m i n i m a l  E M G  act ivi ty in  the  
contrala teral  a rm,  vascular  res is tance  in tha t  same a rm in-  
creased (from 78 + 16 to 124 + 29 mmHglmllmin[lO0 m l  
tissue).  T h e s e  resul ts  are d i scussed  in re la t ion to those 
of previous  studies.  We propose,  tha t  in  n o r m a l  man ,  
i sometr ic  cont rac t ion  of the  forearm evokes p r imary  
vasocons t r ic t ion  in the  musc les  of the  contrala teral  
forearm, bu t  tha t  this  response  m ay  be  overcome by 
musc le  vasodi la ta t ion  occur r ing  secondary  to u n i n t e n d e d  
musc le  cont rac t ion  or as par t  of the  a ler t ing  response  to 
acute stress. 
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Introduction 

There is substantial evidence that in normal 
human subjects isometric contraction of the 
forearm evokes vasoconstriction in the kidney, 
splanchnic circulation 1 and in the cutaneous 
circulation of various parts of the body, including 
the skin of the contralateral forearm 2. However, the 
responses evoked in the skeletal muscles of the 
contralateral forearm are equivocal, controversy 
centring over whether they show vasodilatation or 
vasoconstriction. 

Lind et al., 3 who recorded electromyographic 
(EMG) activity in the flexor muscles of the forearms 
and blood flow in that same region by using venous 
occlusion plethysmography, reported that forearm 
blood flow sometimes increased during isometric 
cofltraction of the contralateral arm, but only if the 
'resting' arm showed EMG activity. This increase 
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in blood flow was attributed to vasodilatation in 
skeletal muscle mediated by vasodilator metabolites 
released as a consequence of unintended muscle 
contraction. It was proposed that when there was 
no EMG activity, the muscles showed vasoconstric- 
tion, so explaining the lack of change in blood flow 
in the face of a rise in arterial pressure. However, 
Lind et aL 3 did not calculate the forearm vascular 
resistance, even though they had the arterial 
pressure measurements that would allow them to 
do this. If this is done then it appears that all four 
subjects who took part in the study actually showed 
an increase in vascular resistance in the 'resting' 
forearm, indicating vasoconstriction, irrespective of 
whether EMG activity was increased. 

Lind et al. 4 used later studies to substantiate their 
own proposals. In a first series of experiments, each 
subject performed weak isometric contractions 
(1-10% maximum voluntary contraction, MVC) 
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with the arm that was going to be the 'resting' arm 
in a second series of experiments. Blood flow was 
recorded from that arm and a linear correlation, or 
'calibration' curve was obtained between EMG ac- 
tivity and blood flow. When, in the second series of 
experiments, contraction was carried out with the 
contralateral arm at 33 and 40% MVC, Lind e t a / .  4 
reported that six out of twelve subjects showed 
an increase in blood flow in the 'resting' forearm, 
and an associated increase in EMG activity and that 
these values fitted well on the 'calibration' curve. 
Thus, they concluded that the increase in forearm 
blood flow reflected muscle vasodilatation whose 
magnitude was directly related to the force of 
contraction. However, since arterial pressure was 
not measured, such a conclusion was not justified. 
Indeed, since the increases in arterial pressure 
evoked by 1-10% MVC would have been much 
smaller than those evoked by 33 and 40% MVC and 
since muscle blood flow is directly dependent on 
arterial pressure, as well as indirectly dependent on 
muscle vascular resistance, it is rather surprising 
that the results obtained in the second series of 
experiments did fall on the 'calibration' curve 
obtained in the first series. 

By contrast, Eklund et al. 5 who carried out 
similar experiments, but calculated forearm vascular 
resistance, reported that there was a decrease in 
forearm vascular resistance during the first minute 
of isometric contraction of the contralateral arm 
which waned slightly during the second minute. 
They also reported that if EMG activity increased 
in the 'resting' arm it did so in the second, but not 
in the first, minute of isometric contraction and 
therefore discounted unintended muscle contrac- 
tion as a cause of the vasodilatation. Later 
experiments involving ~- and fi-adrenoreceptor 
blockade led to the conclusion that the vasodilata- 
tion was due to an increase in sympathetic nerve 
activity, the noradrenaline released acting on 
post-junctional fi-adrenoreceptors. 6 Rusch et al. v 

made similar observations to Eklund et al., s but 
proposed that the muscle vasodilatation was 
mediated by activation of sympathetic cholinergic 
fibres. If  this were the case then this implies that 
the muscle vasodilatation was part of the alerting 
response to acute emotional stress, 8 rather than a 
response to isometric contraction per  se. 

In view of these uncertainties, we have carried 
out further experiments on the effect of isometric 
contraction of the forearm on the vasculature of the 
contralateral forearm. We measured arterial pres- 
sure so that vascular resistance could be calculated 
and recorded EMG activity using two pairs of 
sensitive surface electrodes 9 which were arranged 
so that they should effectively record electrical 
activity in the mass of flexor and extensor muscles 
of the forearm. For comparison we also recorded 

vascular responses in the calf. Some of these results 
have been presented to the Physiological Society. 1° 

M e t h o d s  

Experiments were performed on healthy human 
subjects who were volunteers from the academic, 
research and technical staff of the Department of 
Physiology and undergraduates. Each subject sat on 
a couch with their legs horizontal and the torso 
inclined at 45 ° to the legs, in a quiet room 
maintained at 21-23°C. All recording devices were 
positioned behind the subject so as to minimize 
visual and auditory stimuli, except in Protocol 3, 
see below. 

Isometric handgrip was carried out with the left 
hand by gripping a modified inflated cuff of a 
sphygmomanometer. At the beginning of each 
experiment, 100% MVC was determined as 
described previously. 2 Arterial pressure was re- 
corded from the contralateral forearm using a 
semi-automatic sphygmomanometer, the output of 
which was displayed on a pen recorder. An ECG 
was recorded via standard limb leads and was used 
to obtain heart rate which was displayed contin- 
uously on the pen recorder. Respiration was 
monitored continuously via a stethograph. All of 
these techniques have been described in detail 
previously. 2 

In the experiments of Protocols 2 and 3 (see 
below) a second sphygmomanometer cuff was 
placed around the left wrist. This was inflated to 
200 mmHg to exclude the circulation to the hand 
during the measurement of forearm blood flow by 
venous occlusion plethysmography, u For the latter 
purpose, a mercury-in-silastic strain gauge was 
fastened around the forearm at the region of largest 
circumference. The arm was supported with foam 
cushions so that it lay in a horizontal position 
4-5 cm below the heart, as measured from the fifth 
rib. The output from the strain gauge and 
wheatstone bridge circuit was recorded on the pen 
recorder. Blood flow was calculated in ml per 
100 ml of tissue per min. 1IJ2 

In the experiments of Protocol 4, blood flow was 
recorded from the right calf (i.e. contralateral to the 
forearm contraction) as just described, except that 
cuffs were placed around the ankle to allow 
occlusion of the circulation to the foot, and around 
the thigh; the strain gauge was placed around the 
calf at the region of its largest circumference. The 
calf was supported so that it was 10-12 cm below 
the heart. 

In the experiments of Protocol 3, EMG 
recordings were made from the right forearm using 
two pairs of surface electrodes similar in design to 
those described by Johnson et al. 9 Each electrode 
(1 cm diameter) together with a pre-amplifier was 
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incorporated into a compact araldite encasement of 
approximately 3 x 4.5 x 1 cm, the preamplifier 
being supplied with a 12 volt supply from a separate 
unit. One pair of electrodes was arranged 1 cm apart 
and 5 cm distal to the medial condyle of the elbow 
joint and the other pair was arranged 1 cm apart, 
5 cm distal to the lateral condyle so that they 
recorded respectively from the major flexor and 
extensor muscles of the forearm. In each case the 
area of skin under the electrode was cleaned with 
surgical spirit, conducting gel was used to ensure 
good contact and the electrode was fixed to the site 
with double-sided adhesive tape. The outputs from 
the electrode pairs were connected to the two 
channels of an oscilloscope (Tetronix 225). 
Permanent records of EMG activity were taken 
using a camera (Polaroid Shackman 7000). 

In each experiment a measurement of arterial 
pressure was taken as soon as the sphygmomano- 
meter cuff had been placed on the right arm. 
Measurements were taken at regular intervals while 
the remaining recording apparatus 'was fitted to the 
subject and until a stable reading was obtained. 
Each subject equilibrated to the experimental room 
and apparatus for at least 30 min before the 
experiment began. 

Protocols 

1. Repetition of hand grip." These experiments were 
performed on eleven subjects (seven female, four 
male) aged 22.4 -t- 1.5 years (mean + SEM). Each 
subject performed two, 2-min periods of handgrip 
of the left hand at 75% MVC separated by a 5-min 
rest period. Arterial pressure was recorded at the 
end of the second minute of each period of 
contraction, and at 1-min intervals during the rest 
period. After a further 5-rain rest period, the subject 
carried out two 2-min periods of contraction at 50% 
MVC, followed by two, 2-min periods of 
contraction at 25% MVC, each period of 
contraction being followed by a 5-min rest period. 
Arterial pressure was recorded at intervals as 
described for 75% MVC. 

2. Vascular responses in the contralateral forearm: 
These experiments were carried out on 15 subjects 
(seven female and eight male), aged 23.1 ___ 2.0 
years. 

Following the equilibration period 3 or 4 
recordings were made at 1-2 min intervals of 
arterial pressure and forearm blood flow by using 
venous occlusion plethysmography. Each measure- 
ment of blood flow was made immediately (<  30 s) 
before the corresponding measurement of arterial 
pressure, so that the values could be used to 
calculate forearm vascular resistance (see below). 
Heart rate was noted at the same times. 

The subject then performed two isometric 
contractions at 75, 50 and 25% MVC as described 
in Protocol 1. In the first contraction of each pair, 
arterial pressure and heart rate were recorded at the 
end of the first and second minutes, while in the 
second contraction of each pair, forearm blood flow 
and heart rate were recorded at the end of the first 
and second minutes. During the rest periods all 
variables were recorded at 1-min intervals as 
described in Protocol 1. 

3. E M G  activity in the contralateral forearm: These 
experiments were carried out on six subjects (three 
female, three male) aged 22.0 ___ 1.9 years. 

Two 2-min periods of contraction were peformed 
at 75% MVC as described in Protocol 2, whilst 
EMG activity was being continuously monitored. 
The oscilloscope was out of view of the subject; 
permanent records of EMG activity were taken 
during the rest period and during the second minute 
o f  contraction. In three of the subjects this was 
repeated for a third pair of contractions at 75% 
MVC, but this time each subject was asked to watch 
his/her EMG activity on the oscilloscope and 
endeavour to keep it to a minimum. 

All six subiects carried out two further 2-min 
periods of contraction at 25% MVC just as 
described for 75% MVC as well, whilst EMG 
activity was being recorded out of their view. 

4. Vascular responses in the contralateral calf: These 
experiments were carried out on 13 subiects (five 
female, eight male) aged 20.8 -t- 1.0 years, exactly 
as described in Protocol 2 except that calf blood 
flow was recorded instead of forearm blood flow. 

As a respiratory gasp, Valsalva manoeuvre or 
other abdomino-thoracic straining movements can 
evoke cardiovascular changes, 1 the subjects were 
asked to avoid such movements during and after 
contraction. In all of the experiments reported here, 
neither the respiratory recording, nor visual 
inspection revealed any evidence of such move- 
ment. In fact, respiration became more regular, 
deeper and faster during contraction (see Ref. 2). 

Some subjects who took part in Protocols 2, 3 
and 4 were unable to sustain 75% MVC for a full 
2 min. In these cases, measurements made at the end 
of the first minute of contraction are presented 
below. 

Forearm and calf vascular resistance were 
calculated by dividing mean arterial pressure in 
mmHg by the corresponding measurement of 
forearm and calf blood flow and expressed in 
ml/min/100 ml. 

Statistical ana~ses: Control values for each variable 
were obtained by calculating the mean of the three 
measurements made before each period of contrac- 
tion. Differences between control values and those 
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recorded during isometric hand grip were tested 
using Student's paired t-test:p < 0.05 was taken as 
significant. 

Results 

Protocol 1: Mean arterial pressure increased 
significantly from the resting value by the end of 
the second minute of contraction at 75, 50 and 25% 
MVC (see Fig. 1). These changes were graded with 
the force of contraction. As can be seen from Fig. 
1, arterial pressure returned to the original control 
level between periods of contraction. The values of 
arterial pressure recorded at the end of the second 
minute of the first and second period of contraction 
were not significantly different at any force of 
contraction (see Fig. 1). 

Protocol 2: These experiments showed that mean 
arterial pressure and heart rate were increased 
significantly both at the first and second minutes of 
contraction at 75, 50 and 25% MVC. The changes 
tended to be greater at the second than at the first 
minute and they were graded with the force of 
contraction (Fig. 2). Concomitantly there were 
increases in mean blood flow in the forearm 
contralateral to the isometric contraction to extents 
that were graded with the force of contraction at 
both the first and second minutes of contraction, 
although some individuals showed no change or a 
decrease in blood flow. Meanwhile, forearm 
vascular resistance generally decreased, indicating 
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FIG. 1. Effect of repetition of isometric hand-grip at "75, 50 and 25% MVC 
on arterial pressure (MABP). Each column represents mean 4-SEM, 
n = 11. Open columns indicate values recorded at the end of 5-min rest 
period, shaded columns indicate values recorded at the end of the second 
minute of isometric contraction at 75, 50 and 25% MVC as indicated 
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FIG 2. Changes evoked in arterial pressure, heart rate and in forearm blood 
flow and forearm vascular resistance by isometric contraction of the 
contralateral arm at 75, 50 and 25% MVC. From above, downward, mean 
arterial pressure (MABP) in mmHg recorded from the right arm, heart rate 
(HR) in beats/min, forearm blood flow (FBF) recorded from the right 
arm in ml/min/100ml tissue, forearm vascular resistance (FVR) in 
mmHg/ml/min/100 ml tissue. Each column represents mean + SEM. 
Open columns indicate values recorded at the end of 5-rain rest period, 
shaded columns indicate values successively recorded at the end of the 
first and second minutes of isometric contraction of the left arm at 75, 50 
and 25% MVC as indicated below. Significant difference from control 
indicated as in Fig. 1; n = 15 except when indicated otherwise by 
numbers above columns. 

vasodilatation. These changes also seemed to be 
graded with force of contraction in that the changes 
reached significance at the first and second minutes 
of contraction at 75% MVC, at the first but not the 
second minute of contraction at 50% MVC and not 
at all during contraction at 25% MVC. In fact, at 
the second minute of contraction at 50% MVC, nine 
of the 15 subjects showed a decrease but six showed 
a decrease in forearm vascular resistance, while 
during contraction at 50 and 25% MVC, ten and 
seven subjects showed a decrease, but the remainder 
showed an increase in forearm vascular resistance. 
All variables returned to the initial control values 
during the rest periods. 
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Protocol 3: In these experiments, only one of the six 
subjects was able to maintain contraction at 75% 
MVC for 2 min, but at the end of the first minute 
of contraction there were increases in arterial 
pressure and forearm blood flow and a decrease in 
forearm vascular resistance that were fully compar- 
able to those recorded in Protocol 2 (Fig. 3A). 
During the rest periods, when the subject was asked 
to relax the right arm, i.e. the one contralateral to 
the handgrip, negligible EMG activity was 
recorded from both flexor and extensor muscles in 
that arm (see Fig. 4). However, during contraction 
of the left arm at 75% MVC, all subjects showed a 
large increase in EMG activity in the right arm, the 
increase in the extensors generally being greater 
than in the flexors (Fig. 4). Furthermore, in the one 
subject who managed to maintain contraction with 
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FIG. 3. Changes evoked in arterial pressure, forearm blood f low and 
forearm vascular resistance by isometric contraction of the contralateral 
arm at 75% MVC (A) and 25% MVC (B), whilst EMG was being recorded 
from the 'resting' forearm. Abbreviations and symbols as in Fig. 2. Open 
columns indicate mean values 4- SEM recorded at the end of 5-rain rest 
period, shaded columns indicate mean values 4- SEM recorded at the end 
of the first minute of contraction at 75% MVC (A), and at the end of the 
second minute of contraction at 25% MVC (B), n = 6 in both A and B. 

the left arm at 75% MVC, for the full 2 min, blood 
flow in the right forearm increased from 1.5 to 2.52 
ml/min/100 ml at the first minute and increased 
further to 14.28 ml/min/100ml at the second 
minute, forearm vascular resistance being decreased 
progressively from 66.7 to 47.6 to 9.7 mmHg/ml/ 
min/100 ml tissue at the first and second minutes 
respectively, indicating progressive vasodilatation. 
In association with these vascular changes the EMG 
activity in the right arm was far more pronounced 
at the second minute than at the first minute. 

When three of these subjects were asked to 
perform a third period of  contraction at 75% MVC 
with the left arm whilst viewing their own EMG 
activity in the right arm and keeping it to a 
minimum, one subject was unable to maintain low 
EMG activity and the blood flow in his right arm 
increased from 1.1 to 1.7ml/min/100ml, while 
vascular resistance decreased from 98.1 to 91.4 
mmHg/ml/min/100 ml. By contrast, the other two 
subjects successfully maintained a low level EMG 
activity in the right arm that was not obviously 
different from that seen during the rest periods and 
in both cases their right forearm blood flow 
decreased and their forearm vascular resistance 
increased (see Fig. 5). 

In the six subjects who performed 2-rain 
contraction at 25% MVC with the left arm without 
being able to view their own EMG activity, arterial 
pressure increased by the end of the second minute 
as in the other protocols (Fig. 3B). However, in 
contrast to Protocol 2, there was a tendency for 
mean blood flow in the right forearm to decrease; 
this did not reach significance because some subjects 
showed an increase in blood flow. Moreover, in 
contrast to Protocol 2, forearm vascular resistance 
showed a significant and substantial increase, 
indicating vasoconstriction. In these subjects, four 
showed no detectable increase in EMG activity in 
the right forearm, while two showed a slight 
increase. 

Protocol 4: In these experiments the changes 
recorded in arterial pressure and heart rate were 
fully comparable to those recorded in Protocols 1-3 
(Fig. 6). Calf blood flow showed no significant 
change except at the second minute of contractions 
at 25% MVC when it was significantly decreased. 
At other times, the trend was for calf blood flow 
to decrease, except at the first minute of 75% MVC 
(Fig. 6). In association with these changes, calf 
vascular resistance tended to increase, indicating 
vasoconstriction, this reaching significance at the 
first and second minutes of 50% MVC and at the 
second minute of 25% MVC. There were, however, 
some subjects who showed a decrease in calf 
vascular resistance, particularly at 75% MVC: some 
of these commented that they had contracted their 
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FIG. 4. Electromyographic activity recorded from the right arm during rest period (LHS) and at the end of the first minute of contraction 
of the left arm at 75% MVC (RHS). The recordings were taken from two different subjects (above and below) during the experiments 
shown in Fig. 3A. In each pair of recordings, the upper trace was recorded from the flexor muscles and the lower trace, from the 
extensor muscles. 

calf muscles whilst striving to maintain the forearm 
contraction. We observed that some subjects 
dorsiflexed their toes during some contractions, this 
being particularly obvious at 75% MVC. 

Discussion 
In the present study, isometric contraction of one 

forearm for 2-min periods evoked increases in 
arterial pressure and heart rate that were graded 
with the force of contraction and during each 
period of contraction both variables increased 
progressively from the first to the second minute of 
contraction. These results are fully consistent with 
those reported in many other studies (see Ref. 1, 
for review). Further, the experiments of Protocol 1 
showed that the increases in arterial pressure 
evoked by a given force of contraction were 
consistent on repetition as has been reported 
before) Thus, it was justifiable in Protocols 2,3 and 
4 to use the measurement of arterial pressure taken 
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in one experimental run and the measurement of 
blood flow taken in a second experimental run to 
calculate regional vascular resistance. In the 
experiments of Protocol 2, isometric' contraction 
evoked an increase in contralateral forearm blood 
flow at least in some subjects in broad agreement 
with the results of previous studies. >7 Moreover 
the fact that this was accompanied by a decrease in 
forearm vascular resistance, indicating net vasodila- 
tation, is consistent with the results of Eklund et 
a/., 5'6 Rusch et a/. v and Duprez et a l l  3 The important 
issue, in view of the controversy in the literature 
(see Introduction), is whether the forearm vasodila- 
tation reflected functional hyperaemia in skeletal 
muscle secondary to unintended contraction of 
those muscles as proposed by Lind et al. 3"a or 
whether it was neurally mediated as deduced by 
Eklund et al., s'6 Rusch et al. v and Duprez et al. 13 

First, it should be stated that in recent 
experiments involving a very similar protocol to 
those of the present study, we demonstrated that 
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FIG. 5. Effects of isometric contraction of the left arm at 75% MVC on arterial pressure, forearm blood flow and vascular resistance recorded from the 
right arm and on EMG activity recorded from the right arm when the subjects did not (LHS) and when they did (RHS) attempt to control their own 
EMG activity (see text). Diagrams above show values recorded from two different subjects at rest and at the end of the first minute of contraction at 
75% MVC, connected by continuous or dashed lines. EMG recordings below were taken from one of those subjects at corresponding times. Each pair 
of EMG recordings were taken from flexor muscles (above) and extensor muscles (below). 

graded forces of isometric contraction of the 
forearm produced graded vasoconstriction the 
cutaneous circulation of the contralateral forearm. 2 
Thus, it is reasonable to conclude that the decrease 
in forearm vascular resistance we recorded in the 
present study was due to vasodilataton in muscle, 
rather than in skin. 

In the experiments of Protocol 3, when EMG 
activity was recorded, there was a remarkably close 
relationship between the EMG activity in the arm 
contralateral to the isometric hand grip and the 
change in vascular resistance in that arm. Firstly, all 
the subjects showed a clear increase in EMG 
activity during contraction at 75% MVC, when they 
made no attempt to keep EMG activity to a 
minimum and these subjects showed a significant 
decrease in forearm vascular resistance. Moreover, 
the one subject who managed to maintain 75% 
MVC for 2 min showed a clear, further increase in 
EMG activity from the first to the second minute 
and a corresponding further decrease in vascular 
resistance. Secondly, when two subjects managed 
to carry out a second period of 75% MVC with 

minimal EMG activity, the decrease in forearm 
vascular resistance that had been seen in the first 
period of contraction when there was substantial 
EMG activity, was reversed to an increase in 
vascular resistance during the second period. On 
the other hand, the third subject, who was unable 
to maintain a low level of EMG activity, showed a 
substantial decrease in forearm vascular resistance 
during both contractions. 

The simplest explanation for these results would 
be that the decrease in forearm vascular resistance 
reflected muscle vasodilatation secondary to unin- 
tended muscle contraction in the 'resting' forearm 
as proposed by Lind et al. 3"4 and that the increase in 
forearm vascular resistance reflected vasoconstric- 
tion in muscle as well as skin, as part of the primary 
response to isometric exercise. The latter is 
consistent with the gradual increase in muscle 
sympathetic activity that has been recorded in the 
lower limbs during isometric contraction of the 
forearm. 14J5 Moreover, the disparity between the 
results of Protocol 2 when contraction at 25% MVC 
evoked a decrease in forearm vascular and those of 
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FIG. 6. Changes evoked in arterial pressure, heart rate and in calf blood 
flow and calf vascular resistance by isometric contraction of the 
contralateral arm at 75, 50 and 25% MVC. Abbreviations, symbols and 
columns as in Fig. 2 except that two bottom rows show calf blood flow 
(calf BF) and calf vascular resistance (calf VR), n = 13. 

Protocol 3 when contraction at 25% MVC evoked 
an increase in forearm vascular resistance can be 
explained in a manner that is consistent with this 
explanation. For, although the subjects were not 
told the precise reasons for the experiments 
performed, they all had some knowledge of 
physiology and knew what each item of recording 
equipment was being used for. Thus, it was easy 
for them to deduce that in Protocol 3 we were 
checking whether or not the 'resting' arm 
was at rest. It is therefore not surprising that we 
recorded little EMG activity in these experiments. 
By contrast, in Protocol 2, when there was no 
check, it is likely that there was unintended 
contraction of the resting arm and a consequent 
metabolic dilatation. 

Although these results accord well the proposal 
of Lind et al. 3'4 o n  the link between vasodilatation 
in forearm muscle and unintended muscle contrac- 

tion, they do not accord fully with the results on 
which their proposal was based. They reported that 
when EMG activity increased, forearm blood flow 
always increased, whereas in our experiments blood 
flow generally increased, but sometimes did not 
change and sometimes fell. There is no obvious 
reason for this disparity. In our study, the clear 
relationship was between an increase in EMG 
activity and a decrease in the vascular resistance of 
the forearm, which is exactly what would be 
expected, given that blood flow is a dependent 
variable which is determined by arterial pressure 
and vascular resistance. Further, Lind et al. 3'4 

reported that when there was no increase 
in EMG activity, forearm blood flow did not 
change whereas in our study (see Fig. 3B) blood 
flow generally fell under these conditions. There is 
no obvious reason for this disparity either; in our 
experiments the vasoconstriction in the forearm 
must have been greater in relation to the increase 
in arterial pressure than was the case in the 
experiments of Lind eta] .  3'4 

In the studies which led to the opposing view, 
that forearm vasodilatation observed during iso- 
metric contraction of the contralateral forearm is 
neurally mediated, this conclusion was based 
primarily on the fact that no increase in EMG 
activity was recorded in the resting arm during the 
first minute of isometric contraction when the 
vasodilatation reached its peak. In the experiments 
of Eklund et al.,S'6 EMG activity was recorded with 
needle electrodes which were inserted at unspecified 
sites in the forearm muscles. These necessarily 
sample from a localized site, whereas surface 
electrodes, such as we used, can record electrical 
activity from a large mass of muscle tissue. Thus, 
it is possible that electrical activity did occur during 
the first minute but it was missed by their recording 
system. This view is supported by the observation 
of Eklund et al. s that during voluntary contraction 
of the arm, EMG activity had to increase eight to 
ten times above the resting level before any increase 
in blood flow in that arm could be recorded. If this 
activity had been recorded from a large mass of 
muscle, rather than from a localized site, then an 
increase in muscle blood flow should have been 
recorded during much smaller changes in EMG 
activity, given that muscle arterioles are so 
sensitive to vasodilator metabolites released on 
muscle contraction that even a single muscle twitch 
can cause their dilatation (see Ref. 16). Rusch et al. 7 

and Duprez et al. t3 who supported the findings of 
Eklund et al., s'6 used surface electrodes to record 
EMG activity, but gave no details of the sensitivity 
of the recording apparatus and provided no 
information on the recordings made. Thus, it is 
possible that they too missed evidence of muscle 
activity in the 'resting' arm. 
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However, if for the sake of argument we accept 
the conclusions of these various groups that the 
resting arm was indeed at rest, then we should 
consider the mechanisms proposed for neurally 
mediated vasodilatation and whether or not they 
contributed in our study: Eklund and Kaijser, 6 
believing that isometric contraction evokes an 
increase in sympathetic noradrenergic activity to 
skeletal muscle as has been shown by several 
groups, 14'1s'17 discounted the possibility that the 
forearm vasodilatation they recorded was mediated 
by inhibition of sympathetic noradrenergic fibre 
activity. This left two obvious possibilities, (i) 
activation of sympathetic cholinergic fibres, and (ii) 
stimulation of fl-adrenoreceptors. They favoured 
the latter since the forearm vasodilatation was 
found to be reduced by the fi-adrenoreceptor 
antagonist propranolol. 6 However, in view of 
evidence that adrenaline leveles in blood only 
increase slightly during isometric contraction and 
not until the second minute, is they concluded that 
the dilatation was not mediated by circulating 
adrenaline, but by noradrenaline which was released 
from sympathetic nerve terminals and which acted 
on post-junctional fl-adrenoreceptors as had been 
demonstrated in the dog. 19 Rusch et a]. 7 argued 
against this possibility since neurally mediated 
fl-adrenoreceptor stimulation could not be demon- 
strated in man (see Ref. 20). Instead they favoured 
activation of sympathetic cholinergic fibres. This 
they supported with their observation that while 
isometric contraction produced dilatation in the 
contralateral forearm, it produced vasoconstriction 
in the calf, just as occurs in response to the acute 
emotional stress of mental arithmetic. 7 Sympathetic 
cholinergic fibres to muscle are known to be 
specifically activated only during the alerting or 
defence response to acute emotional stress in cats 
and dogs 8 and they have been similarly implicated, 
together with circulating adrenaline, in the 
vasodilatation that occurs in the forearm of human 
subjects in response to mental arithmetic. 21 

More recently, Mark et al. 22 reported that 
isdmetric contraction of one forearm evoked a 
decrease in muscle sympathetic activity recorded 
from the peroneal nerve. They concluded that this 
represented 'central command' the effect that the 
forebrain is thought to exert on vasomotor 
neurones during volitional exercise, 1 despite the 
substantial evidence that if central command plays 
a role at all, it tends to increase sympathetic 
vasoconstrictor fibre activity. 1'23'24 It was this 
conclusion that led Duprez et al. I3 to propose that 
the forearm vasodilatation they recorded during 
isometric contraction of the contralateral arm was 
due to inhibition of sympathetic vasoconstrictor 
fibre activity caused by increased central 'com- 
mand'. 

But, these conflicting ideas may be incorporated 
into a single hypothesis; that isometric contraction 
of the forearm can evoke vasodilatation in the 
contralateral forearm muscles as part of the alerting 
or defence response. As indicated above, the muscle 
vasodilatation of this response has been attributed 
to activation of sympathetic cholinergic fibres and 
the action of circulating adrenaline on fl- 
adrenoreceptors in man 21 as well as in cats and 
dogs, s while evidence from experiments on cats has 
indicated that it is due in part to inhibition of 
sympathetic noradrenergic fibre activity. 2s Whether 
or not the alerting response is evoked in any 
particular study on isometric contraction would 
depend on the emotional state of the individual and 
the number of times the stimulus had been applied, 
since the muscle vasodilatation of the alerting 
response habituates on repetition, 8 as well as on the 
emotional stress imposed by the experimental 
equipment and experimenter. In the present study, 
we may have avoided evoking an alerting response 
because each subject was habituated to the 
experimental room and recording techniques 
during the equilibration period before the experi- 
ment proper began. Indeed, if we had evoked the 
alerting response, we would have expected it to 
have been most obvious when we imposed 
additional emotional stress by asking the subject to 
perform isometric contraction whilst maintaining 
minimal EMG activity in the contralateral arm. Yet 
this was the very condition in which we saw 
substantial vasoconstriction in the forearm. 

Thus, having reviewed the evidence we believe 
we have provided firm evidence for the proposal 
put forward by Lind et a]. (see Ref. 1) that the 
primary reponse evoked in the muscles of the 
forearm by isometric contraction of the contra- 
lateral forearm is vasoconstriction. But we suggest 
that this response may be overcome by secondary 
vasodilatation occurring as a local metabolic 
response to unintended muscle contraction, or as 
part of the alerting response to emotional stress. 

This proposal is also appropriate for the vascular 
responses evoked in the calf. In agreement with 
other studies, we found that calf vascular resistance 
generally increased progressively from the first to 
the second minute of forearm contraction 5'7'13 as can 
be explained by a progressive increase in the activity 
of the sympathetic fibres that supply calf mus- 
cles. 14'1s Vasodilatation occurring in calf muscles as 
part of the alerting response may be less likely than 
in forearm muscles] However, given the perception 
of individual subjects that they unintentionally 
contracted their calf muscles, together, our 
observations of dorsiflexion of the toes and the fact 
that these subjects tended to show a decrease in calf 
vascular resistance, it seems primary vasoconstric- 
tion evoked in the calf by isometric contraction of 
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the forearm can also be masked by metabolic 
vasodilatation secondary to intended muscle con- 
traction. 
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