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A great many reports have been made of plethysmographic determinations of  blood distribution during 
muscular work. 

Weber [7, 8] has proposed that the functional condition of the cardiovascular system can be determined 
by making plethysmographic measurements on the limbs when performing measured amounts of muscular work 
by flexing and extending the foot .  He reports that in a healthy subject there is a rise in the curve ( 'posi t ive"  
plethysmogram) during such work on account of  a dilatation of the vessels. When fatigue sets in, the vascular 
reaction changes, so that the vessels now contract ( 'nega t ive"  plethysmogram). According to him,  a change 
in this curve following a work period of 10-15 seconds indicates a defect In the cardiovascular system. 

However, this method has not been brought into general use, because the "negative" has been found to 
occur sometimes during work byhealthy subjects not leading to fatigue [6, 9] .  Even Weber himself has shown 
that in very nervous subjects, a negative plethysmogram may occur during muscular work. All the same, 
most investigators consider that dynamic work leads to dilatation of the blood vessels [1, 2, 4, 7, 8]. 

Comparatively little attention has been paid to the distribution of the blood during static effort.. 
Recordings of the tension developed by clenching the first with maximum force for 3 minutes [5] showed three 
kinds of curves: of these, 93 plethysmograms (82%) belonged to the first type. After the tension had developed, 
there was a constriction of the blood vessels lasting for 30-60 seconds, and subsequently the curve rose, showing 
the vessels had dilated. 

A. G. Zima [3] showed that when the rubber bulb of a manometer was compressed by hand, at the 
beginning of the static effort there was a contraction of the vessels of the opposite forearm. As fatigue developed, 
and long before the end of the effort, the curve gradually rose, in some cases returning to its Initial l e v e l  
It must be noted that the rise in the curve,  corresponding to a dilatation of the vessels, begins essentially 
after the end of the static work. When a dumbbell was held in one hand, and static work was carried out by 
the opposite leg bent at the knee Joint; even at the onset of  the work, a considerable dilatation of the vessels 
was observed. Unfortunately, Zima gave no value for the static effort or for the number of experiments carried 
out .  

In static work by the muscles of the forearm, the dilatation of the vessels of the opposite arm does not 
occur during the working period, but after it. However, after many repetitions, the onset of the dilatation 
shifts until it occurs at the onset of the work, just as in dynamic work [1]. 

We have studied alterations of  the plethysmogram occurring during different degrees of static effort 
involving both small and large groups of skeletal muscles. 
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Fig.  1. General  view of  the stand for studying 
the vascular react ion during static effort .  

M E T H O D  

The investigations were carried out using a Mosso- 
Novitskii  plethysmograph appl ied  to the arm. The  
plethysmogram of  the right arm was recorded to show the 
response to stat ic effort of  different groups of  muscles. In 
some experiments ,  the pneumogram was recorded s imul -  
taneously. The subjects were p laced  in ei ther  the si t t ing 
or the standing position, and carried a load equal  to one 
third,  one half ,  or the whole of  the body weight; with 
their  left  hand they compressed the rubber bulb of  a mercury 
manometer  with a force equal  to 1 / 6 ,  1 / 4 ,  1 / a ,  or 1 / 2  
of  the max ima l  effort and main ta ined  the pressure until  
their  strength gave ont. Also, another set of  observations 
was made in which a max imum effort was made  with the 
flexors of  the foot. 

In order to record theple thysmogram with the 

subject  in different positions, mad for the exper imenter  
to be able to increase or decrease the load from his own 
separate room, the subject  was p laced  in a spec ia l ly  
constructed stand (Fig. 1). This arrangement enabled 
external  s t imuli  to be e l imina ted ,  

In the first tests, the subjects learrmdto main ta in  a 
fixed body position, and recordings were made  of  the 
s o - c a l l e d  "zero" p te thysmogram,  which served as base 
l ine.  

The verbal  announcement by the exper imenter  that 

the work was to begin was by i tself  sufficient to cause 
a react ion in which the blood vessels contracted.  To 

e l imin~Ie  this verbal  st imulus,  the subject  pressed the rubber bulb of  the mercury manometer  without any signal 
being given 2-3 minutes after the onset of  recording the p le thysmogram,  and raised the mercury column to the 
required height,  When this was done, the e l ec t r i ca l  c ircui t  was c losed ,  thereby recording the onset of  the 
stat ic work, As soon as the subject ended the work, and the mercury column fel l ,  the contact  broke and the end 
of the working period was recorded. 

In the first observations with a load, it was found that the actual procedure of placing the weight on the 

shoulders was itself a powerful stimulus. Many of the subjects became agitated at this moment. We therefore 

caused an extinction of this vascular reaction to placing a load on the shoulders. 

Twenty-five medical students aged 19-20 years were used as subjects, and 205 plethysmograms showing 

the response to static effort were made.  

RESULTS 

Static contraction of a large group of muscles (carrying various load on the shoulders) causes a dilatation 

of the arm vessels. 

With a moderate load, in which the subjects held a load equal to half the body weight on the shoulders, 

out of 59 subjects, in 53 a dilatation of the vessels occurred at the onset of the effort, and was maintained 

during the whole of the muscular contraction period. Usually, the greatest dilatation was observed in the 

first 3-4 minutes after the load had been applied. When the static effort ceased, the vessels gradually returned 

to their normal size (Fig. 2). In 5 subjects, there was no vascular reaction to the load, and in I, there was a 

biphasic plethysmogram in which at the onset of the effort the vessels contracted and then later dilated. 

When repeated tests were made with the load, in some subjects, merely being placed m the special stand 

caused approximately the same reaction as did carrying the load. The dilatation of the vessels before the static 
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F i g .  2. Changes in the plethysmogram during the carrying of 
a load equal to half the body weight on the shoulders. Curves, 
from above downwards: plethysmogram ; base line; application 
of static load; time marker (I0 seconds). 

Fig.  3.  Changes in the plethysmogram following a squeezing 

movement  with the hand recorded by a mercury dynamometer ;  

max ima l  effort .  Curves as in Fig. 2. 

effort was considerable~ and after the appl icat ion of  the load,  the addit ional  d i la ta t ion was not great. We are 
incl ined to interpret this react ion as a condit ioned reflex developed by association with the exper imenta l  setup. 
This view is confirmed by the fact that besides this react ion which occurred before the work began,  there was 
also an increase in the heart  rate of  6-12 beats per minute.  This phenomenon is c lear ly  s imi lar  to that found 
in athletes before the beginning of  an event .  

With large loads up to two thirds of  the body weight ,  the change in the size of the vessels is the same 
as for a med ium load, i . e . ,  the vessels d i la te ,  but the change is more marked.  

When the bulb is squeezed with one third of  the max ima l  effort, in 22 out of  the 30 tr ials ,  there was a 
di latat ion of  the vessels of  the arm.  The react ion occurred ei ther  i m m e d i a t e l y  after the stat ic effort,  or 15-40 

seconds afterwards (Fig. 3). The greatest vascular di la ta t ion occurred during the second ha l f  of  the muscular 
effort, and the plethysmogram reached its peak before the end of  the work. Releasing the muscular tension 
caused a marked drop in the curve ,  and within the first minute  i t  returned to the base l ine.  In 8 tests there 
was ei ther  a constriction of  the blood vessels or else a biphasic plethysmogram trace was obtained.  

When ha l f  the max ima l  effort was applied to the dynamomete r ,  in 33 out  o f  41 cases, the typica l  
vascular di la ta t ion was observed. When the react ion did not occur immed ia t e ly ,  the delay was less than 
in cases when one third of  the maximun effort was exerted,  the t ime  interval  being usually 5-25 seconds. 
The extent  of  the di la ta t ion was greater  and developed more rap id ly .  Only 2 cases o f  vascular constriction 

occurring were observed. Six biphasic curves were obtained in which the l ine  first fel l ,  and then rose. 

1056 



When one quarter of the max imum force was exer ted ,  at first there was no react ion of  the vessels, and 
then a gradual  d i la ta t ion  occurred.  With a st i l l  smal le r  s tat ic  effort of  one sixth of  the m a x i m a l  va lue ,  change 
In the blood volume of  the hand was negl ig ib le ,  though even here there was some slight di la ta t ion.  

Iust as when a load was carr ied on the shoulders, when muscular t ens ionwas  developed by a smal l  group 
of  musc les ,  in this case the flexors of  the hand,  using one third or o n e  ha l f  the max ima l  tension, in some 
cases a condi t ioned reflex di la ta t ion occurred before the effort was made.  

When m a x i m a l  compression of  the bulb was main ta ined  by the foot for 3-5 minutes,  nsually a biphasie 
curve was obtained in which there was first a constriction and then a d i la ta t ion of  the blood vessels. 

Thus, the results of  these observations show that different s tat ic  efforts by both large and smai1 muscle  
groups usually l ead  to a d i la ta t ion of  the arm vessels. This d i la ta t ion  begins ei ther i m m e d i a t e l y  or shortly 

after the effort is started. When the flexors of  the foot exert  their  m a x i m a l  effort,  the vascular  react ion is 

biphasie.  Such a response is evident ly  associated with the fact that when making a max imum effort,  there is a 
marked exci ta t ion  of  the sympathet ic  system. With smal ter  s tat ic  efforts, this sympathet ic  effect  does not 

usually occur.  

Evidently,  such factors as the condition of  the subject  and the exc i t ab i l i ty  of  his cardiovascular  system, 
as well  as the conditions under which the test is carr ied out,  have an inf luence on the resul t .  Thus, for instance,  

we found that i f  the task was carr ied out while the subject  was in an exc i ted  condit ion,  ei ther  before or after 

an examinat ion ,  ei ther  there was no vascular react ion,  or else the vessels contracted.  

Tile a typica l  vascular  react ion to s tat ic  effort,  which may  take the form simply o f  a contract ion or else 

of a contract ion followed by a d i l a t a t ion ,  is found chief ly  in exc i tab le  subjects. Tests have shown that in 
these subjects there was a preponderance of exc i ta tory  over inhibi tory processes. Usually,  the a typ ica l  react ion 
appeared only during the first few performances with a s ta t ic  load,  and la te r  the  usual d i la ta t ion  react ion 
developed.  It must be pointed out that in exc i tab le  subjects the vascular  constriction occurred not only when 
working with stat ic loads, but also during work involving muscular movements ,  such as rhy thmica l ly  squeezing 

the dynamometer .  

When using the plethysmograph,  i t  is important  to rea l i ze  that every new stimulus induces the usual 
vascular  constr ict ion which is a component  of  the orient ing reaction.  Therefore,  before studying the 
ple thysmographic  changes due to muscuiar  work, p re l imi ray  experiments  must be made  in order to extinguish 

any effect  which m a y  result from the exper imenta l  setup on the vessels and to establish the base l ine for the 

p le thysmogram.  

It might  be thought that the ac tua l  work i t se l f  could constitute a new stimulus,  and might  induce a 

vascular  react ion as a component  of  the orienting response. Therefore,  before the main  observations are 

made ,  the subject  must become famil iar  with the kind of  effort which he wil l  have to carry out .  Some such 
exper ience  o f  the work to be done is absolutely necessary. This view is borne out by some observations we 

made  on 9 subjects who had never worked with a plethysmograph before,  and had never used a dynamometer  
s ta t ica l ly .  It was typ ica l ,  that in 5 of  these inexper ienced persons, when exert ing one. ha l f  the m a x i m a l  effort,  

an a typ ica l  react ion was obtained in which ei ther  there was a vascular  Constriction or a biphasic response. 

During this r eac t ion ,  in two cases a change in the  breathing rate  during the exert ion of  the effort ev ident ly  
inf luenced the result. A record of  the pneumogram from the upper region of  the abdomen showedthat  in these 

experiments  there was a disturbance of  the respiratory movements  and that a considerable tension was 

developed,  

The  var ia t ion in the results obta ined by different workers on the effects of  a s tat ic  effort,  may  be,to a 

large  extent ,due to different methods of  investigation.  

Atypica l  vascular  reactions must not be interpreted as indica t ing  any abnormal i ty  o f  the vasomotor 

center ,  since they are evident ly  associated in hea l thy  subjects with individual  character is t ics  of  the nervous 

system. 

In s ta t ic  work, we never found there was a change from a posit ive to a negat ive  plethysmogram. On 
the con t ra ry ,  when the effort ended,  when fatigue was at  its m a x i m u m ,  there was a max imum increase tn 

blood volume.  The response of  the vessels to a s teadi ly  main ta ined  tension o f  the muscles depends p r imar i ly  
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upon reflex effects; the conditioned reflex dilatation which occurs before work is commenced serves as an 
example of how the human organism prepares itself for muscular work which is about m be undertaken. It  must, 
however, be realized that humoral factors are also concerned in these vascular changes. In certain cases we 
found that at the start of the work, there was no reaction, and the change in the blood vessels occurred only 
after the muscular tension had been maintained for 10.40 seconds. 

Our investigations have shown that changes in the blood volume of a limb whose muscles are maintaining 
a steady tension are in the samedirection as those which occur when ehangesin muscle length occur and external 
work is done. 

S U M M A R Y  

Static efforts of various strength, developed by small and large groups of skeletal muscles, provoke vascular 
dilatation in the hand; it starts directly or some t ime after the commencement of the effort. With the maximal  
static effort the vascular reaction was found to be biphasie: the vessels being first constricted and then dilated. 
Atypical reactions of the vessels in static efforts are revealed mainly in the excitable subjects during the first 
observation. The reaction of the vessels in static efforts depends mainly on the reflex Influences. In a number 
of cases conditioned reflex dilatation of the vessels was observed. Humoral factors apparently are also involved 
in the vascular reaction. 
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