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! 11 They who buy Slaves count their Pulfe and
! Refpirations in a given time, and then order them
! to run •, i f  now they find the Refpiration and Pulfe 

not much altered by that violent M otion, they 
know that they are ol a ftrong Habit o f Body, but 
the more weak and morbid, the (lighter Caufes 
w ill alter the Pulfe, and thofe who are in a de* 
dining way towards Death, have their Pulfe twice 
or thri e as frequent as it ought to be when they 

! exercife the Body. This/Experiment is tried by 
j the Officers appointed to purchafe Soldiers for our 
j Dutch Colonies in the Eajl-Indies*

Frontispiece:
From Dr. BOERHAAVE!S Academical Lectures on the 
Theory of Physic, 1757, p. 127.
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PREFACE.

The main object of this research was to find out, 
in detail, how the heart rate behaves before, during and 
after mild exertion of very short duration. An apparatus 
was devised which recorded heart beats during exercise while 
causing a minimum of interference with the subject. From 
these records an accurate graph of the heart rate could be 
constructed and various heart rate indices calculated. The 
behaviour and variability of such graphs and indices was 
studied in normal and abnormal subjects. In addition, the 
effects of varying the intensity, duration and type of 
exercise were also investigated. The apparatus was found to 
be very suitable for the detection of various subsidiary 
factors such as sinus arrhythmia and these are dealt with as 
they arise.

A secondary object was to investigate the 
possibility of using all or part of this information on the 
heart rate to judge the condition of the cardiovascular 
system; in other words, to construct a cardiac tolerance test. 
In view of the rather unsatisfactory outcome of the vast 
amount of research already carried out on this aspect of the 
subject it was not anticipated that any very positive results 
would be obtained. Nevertheless it seemed worth while to
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try to find out which of the numerous heart rate indices 
showed the best correlation, even though it might be a 
poor one, with physical fitness.

The early history of the pulse has been treated in 
some detail, as it was found that Glasgow University Library 
was exceptionally rich in the original references to this 
subject. Photographs of some of these references are 
included with the permission of the Librarian.

When the more recent literature was reviewed it 
was found that though an enormous amount of work had been 
done on the heart rate before and after moderate and strenuous 
exercise, there was very little on the detailed analysis of 
its behaviour during and after very light exercises which 
could be performed without risk by cardiac patients. It was 
for this reason that the present work, involving the 
laborious counting of some hundreds of tracings, was undertaken.

Finally, I take this opportunity of acknowledging 
my debt to those who encouraged the work, and particularly 
to Professor E.P. Cathcart and Dr. G.H. Bell of the Physiology 
Department, Glasgow University. The latter collaborated in 
some of the earlier experiments described here. I should also 
like to thank Dr. G.A. Allan and Dr. W.R. Snodgrass who 
allowed me to make use of clinical material from their 
wards in Glasgow Western Infirmary; and the students and
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patients who acted as subjects.
The expense of the apparatus and materials for 

this research was largely borne by a grant from the Rankin 
Medical Research Fund of Glasgow University.



”Writers on the pulse may be divided Into four 
classes, namely, those of the Chinese school, those of the 
school of Galen, those of the school of Solano, and those 
who attempt to avoid the absurdities of some and the 
subtleties of others, and to introduce a more natural 
and simple doctrine”. ~

Formey, (1823).



CHAPTER 1.

HISTORICAL.

From the point of view of the present study 
there are three ways in which the history of the pulse may 
he approached. First, there is the history of the pulse 
as such, its criteria of normality and its alterations in 
disease; second, there Is the history of the methods of 
counting and recording the pulse; and third, there Is the 
history of the response of the pulse £o exercise. In this 
brief historical survey it is proposed to take the first 
two aspects together and to deal with the third 
separately.

The earliest known reference to the pulse is 
dealt with In an article by Hamburger (1939). The 
reference occurs in the Edwin Smith Surgical Papyrus which 
seems to have been written about 3000 B.C., possibly by the 
earliest known physician, Imhotep, who flourished in the 
pyramid age. It appears probable that this physician 
actually counted the strokes of the pulse, timing them by 
means of some form of water-cLock, and that he realised the 
connexion between the pulse and the action of the heart.
A thousand years later the pulse again appeared in 
literature, this time in China. The Mo Ching or Pulse 
Classic (circa. 2000 B.C.) described by Hunter (1938), 
treated of the complicated ritual to be observed when



- 2 -

feeling the pulse. The great difficulty in counting the 
pulse which persisted until the 18th century A.D. was due 
to the lack of an apparatus which could accurately measure 
small intervals of time. It was not until the second and 
the minute became practical units of time that the 
accurate reckoning of pulse rates became possible. The 
Chinese physicians however got over this difficulty in a 
most ingenious manner, the physician1s rate of breathing 
being used to count the pulse beats. The physicians appear 
to have been trained to breathe at a more or less standard 
rate, and four beats of the pulse to each respiratory 
cycle was taken as normal.

The next advance took place in the 3rd century 
B.C. when Herophilus built a water-clock specially for 
taking pulse rates (SchBne, 1907, quoted by Boas & 
Goldschmidt, 1932). As Herophilus lived In Egypt he may 
have been influenced by traditions handed down from the 
time of Imhotep. The water-clock however was too crude an 
instrument for accurate pulse counting, and Nicholas de 
Cusa who attempted to use one as late as the 15th century 
A.D. found the method difficult and unreliable, according 
to Wolf (1935). Galen, about A.D. 170 described 
irregularities in the pulse: n0ne may be irregular in size, 
another in rate, another in violence, feebleness and 
frequency and so on”. In his De Pulsuum Differentiis he 
described twenty-seven varieties of pulse with variations
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(Finlayson, 1895),
The first man to count the pulse in terms of 

the minute and the second was the astronomer Kepler. In 
1618 he wrote of the pulse: "In a healthy man, robust and 
of full age, and In one of melancholic complexion, or in a 
feeble man, generally there is one pulsation of the artery 
for each second, with no discrimination between systole and 
diastole; thus there should be in one minute sixty 
pulsations, but this slowness is rare, commonly seventy 
may be counted and in the full-blooded and in women eighty, 
four to each three seconds. Briefly in one hour four 
thousand more or less11. - Kepler (1618). Weir Mitchell 
(1892) supposed that "the clock with which Kepler counted 
the pulse must have been such a 1 balance1 clock as his 
master Tycho Brahe used". Such clocks, which were capable 
of beating astronomical seconds, were available only to a 
very few people; and another invention ascribed to Galileo 
about 1620 was later developed by Sanctorius for the 
purpose of pulse counting. This instrument was called the 
pulsilogon or pulsilogium. The pulsilogium consisted of a 
leaden bob attached to a long thread and the length of the 
thread was gradually adjusted until the rate of oscillation 
of the bob coincided with the pulse rate of the patient.
The length of the thread could then be read off in 
arbitrary figures on a scale attached to the instrument. 

Comparison of a patient’s pulse rate at different times
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and of the pulse rates of different patients was thus 
possible, but the readings were purely arbitrary and there 
was no reference to a standard unit of time; the instrument t 
was thus an individual and not a universal one.

Harvey (1628), in his ”De Motu” made only one 
mention of pulse rate, saying that in half an hour the 
heart may make from 1000 to 4000 beats. This estimate 
clearly shows the difficulty which then existed in making 
pulse counts.

The next big step forward in pulse counting was 
made by an English physician, Sir John Ployer. He made 
universal comparison between pulse rates possible by 
employing standard units of time. In 1690, according to 
Wolf (1935), Ployer used a seconds pendulum for measuring 
the rate of the pulse, and also correlated the pulse rate 
with the respiration rate. In 1707 he published his 
”Physician*s Pulse Watch” which was the first large scale 
work on the pulse rate. He noted that ”the most natural 
pulse will have from 70 to 75 per minute in perfect health”, 
and observed that exercise and the passions accelerate the 
pulse, while sleep slows it. It is interesting to note that 
he realised the importance of a basal pulse rate:- ”by 
observing the morning pulses before eating, exercise or other 
external accidents disturb it”. Ployer had several pulse 
watches specially made for him, some of which ran for 60
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and others for 30 seconds (Ployer, 1707). But Ployer was 
ahead of his time and his contemporaries were occupied with 
far less profitable speculations concerning the pulse.

Thus Nihell (1746) put forward the "doctrine of 
organic pulses” namely, that the affections of each organ 
produced a different kind of pulse by which they might be 
recognised. This was not a new idea however, for It 
occurred in the Mo Ching (2000 B.C.), and It continued to 
influence many physicians even into the 19th century.

The normal pulse rate was given by Stephen Hales 
(1740) as 75 per minute, but in 1749 Van Swieten considered 
it to be usually 3 pulses in 2 seconds, i.e. 90 per minute. 
In 1768, Heberden read a paper stressing the value of 
determinations of pulse frequency, (see Fig. 1, Heberden, 
1786), and in the following year Stedman observed that:
”we can be sure of the number of pulsations; whereas the 
various degrees of dilatation of an artery cannot be 
ascertained with such precision as to establish accurate 
divisions”. He also divided the pulse into classes 
according to the amplitude and the frequency, and devised 
an ingenious diagram to represent the various classes 
(Pig. 2, Stedman, 1769).

In 1796 Falconer summed up and correlated most of 
the available information on the pulse rate. He agreed with 
Heberden in saying that "frequency is the only circumstance
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respecting the pulse which conveys the same idea to others
as to ourselves " and stressed the need for a general
standard for the pulse rate In health (Falconer, 1796).

By the early 19th century, pulse counting had 
become a more or less routine procedure with physicians, 
and in 1816 Parry published an account of the nature and 
cause of the arterial pulse. It is surprising to note that 
even at this late date he found it necessary to give a 
detailed account of the views for and against the pulse 
being due to the systole and diastole of the heart, and 
incidentally mentioned a case in which the pulse In one 
radial artery was 90 per minute while in the other it was 
180 per minute (Parry, 1816). A few years later Formey
pointed out the difference between a quick pulse and a
frequent pulse and also noted that according to Solano an 
intermitting pulse portended a critical diarrhoea~
(Formey, 1823).

In 1827 there appeared the two volumes of Rucco*s 
introduction to the Science of the Pulse”. These were 
written in an extremely pretentious style and were evidently 
regarded as the last word on matters concerning the pulse. 
Rucco was an adherent of *pure medicine* and regarded the 
use of instruments as an "irregular and fallacious practice”, 
calculated to distract the attention from all that really
mattered in the pulse. He said: ”it is only in certain cases
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of fevers...... that the use of a watch may sometimes be
tolerated during an examination of the pulse,11 and he 
condemned all who used such devices as "mechanicians"•
Rucco also wrote a curious chapter on "the History of 
Sphygmica" in which he mentions a certain Agathinus who 
stoutly maintained that the pulse was only perceptible in 
disease, but never even seems to have taken the trouble to 
find out whether it did or did not beat perceptibly in
healthy persons. Rucco quoted 75 per minute as the normal
adult pulse rate, 70 per minute in old age and 60 per 
minute in "decrepitude” (Rucco, 1827).

In spite of such outbursts against instrumentalism, 
various physicians and especially Graves and the Dublin 
school, had firmly established the practice of timing the 
pulse by the middle of the 19th century (Garrison, 1929).
In 1850, as if to mark this stage, the existing knowledge of 
the pulse was recorded and integrated by Volkmann in his 
monumental ^aemodynamik1 (Volkmann, 1850)*

In 1868 came the first hints of the new methods 
which were about to be applied to the study of the pulse and
the heart. In that year Marey (1868) described the
construction and use of his sphygmograph, which gave for the 
first time an objective measure of the rate and form of the 
pulse. In that year also the Dutch physiologist Bonders 
first made use of the electric current to aid him in the
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timing of the heart-sounds. His method was very simple as 
there was at that time no direct means of recording the 
heart heats electrically. By means of a stethoscope he 
listened to the first and second heart sounds and tapped 
out their rhythm on a key connected to an electromagnetic 
marker. The marker recorded their rate and rhythm on a 
smoked drum along with a time signal (Donders, 1868). 
Nineteen years later Waller, using a capillary electrometer 
recording simultaneously with an ordinary cardiographic 
lever, showed that each heart heat was accompanied hy a 
change of electrical potential (Waller, 1887). This 
discovery led in 1903 to Einthoven!s invention of the string 
galvanometer and the electrocardiograph which together with 
the polygraph (Mackenzie, 1893), has played so large a part 
in the accurate understanding of the mechanism of the 
heart (Einthoven, 1903). In 1922 the electrocardiograph 
was used to record the pulse rate during exercise on a 
treadmill (Smith, 1922).

Three further adaptations of electrical methods 
must he mentioned, as they were specifically designed for 
the recording of heart rate. The first of these was really 
a modern version of the old *pulsilogon*, and was called 
the !pulse resonator*. The pulse wave was employed to make 
and hreak a circuit which activated an electromagnet.
Around this magnet were arranged a series of pendulums of
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different periods which were set in motion by the 
impulses from the electromagnet. Each pendulum thus 
corresponded to a particular pulse rate and according to 
which pendulum was oscillating a recording device wrote the 
curve of pulse rate on moving paper (Kraus, Goldschmidt & 
Seelig, 1926). A disadvantage was that the subject could 
not move about but had to remain in a fixed position.
Nemet & Boas (1928), by checking tracings made with the 
pulse resonator against simultaneous electrocardiographic 
records; showed that the apparatus, though fairly accurate 
over long periods, would not respond to rapid changes in 
heart-rate.

Two years later Boas published the details of his 
*cardiotachometer1. This instrument was designed to count 
the total number of heart beats over long periods of time, 
and was operated by the action-current of the heart itself. 
Chest electrodes were used and the action-current was 
amplified by valves until it was powerful enough to operate 
an electromagnetic relay, which in turn operated a 
cyclometer, the heart beats being thus automatically 
counted over any given period. A signal, also operated 
from the relay, caused each beat to be marked on a moving 
paper strip. The great advantage of this apparatus was 
that the subject could move about freely without upsetting 
the recording mechanism. (Boas, 1928).



The third apparatus for recording pulse rate was 
Fleisch’s 1Pulszeitschreiber1, first described in 1930.
In this instrument a pelotte strapped to the wrist was 
used to make and break an electric circuit with each pulse 
wave. A writing point was moved vertically upwards by an 
electric motor during each pulse interval, and when each 
pulse wave arrived, the writing point was declutched from 
the motor and fell back to zero. Thus the slower the pulse 
rate, the longer was the vertical line which indicated the 
duration of each pulse interval. As the wrist had to be 
strapped into a fixed frame, however, the subject’s 
movements were very limited. Full descriptions of the 
apparatus were given by Fleisch (1930) and in Abderhalden 
(1935). A somewhat similar apparatus for recording any 
rhythmic process had previously been described by Loomis & 
Harvey (1929). In 1935 Whitehorn, Kaufman & Thomas 
combined the Fleisch Pulszeitschreiber and the Boas 
cardiotachometer into an instrument which they called the 
cardiochronograph.
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The Response of the Pulse to Exercise.
The fact that exercise increases the pulse rate 

must have been known from a very early period, and a crude 
but useful cardiac tolerance test appears to have been 
used by enterprising slave traders about the beginning of 
the eighteenth century or even earlier. Boerhaave (1757) 
in his "Theory of Physic11 gave an interesting account of 
this practice (see facsimile reproduction in frontispiece). 
In the year 1707 Sir John FIoyer, using his "Pulse Watch", 
made quantitative observations on the accelerating effect 
of muscular exercise on the pulse rate; and as was noted 
above, emphasised the importance of starting with a basal 
level.

Twenty-five years later Bryan Robinson published 
further quantitative results, stating that the pulses in a 
minute of a man lying, sitting, standing, walking at the 
rate of two miles an hour, and running as fast as he could, 
were 64, 68, 78, 100 and 150 or more, respectively. He also 
noted that: "When a Body stands up, the Pulse begins to grow 
quicker the very Instant the Body begins to rise, or the
Soul begins to exercise the Power which raises it "
(Robinson, 1732). It was recognised however that the pulse 
alone, apart from exercise tests, was insufficient as an 
indicator of physical condition and in 1786 Heberden wrote; 
"from these remarks it appears that the pulse, though in
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many cases an useful index of the state of the health, yet 
it is no certain one in all; and that without a due regard 
to other signs it may mislead us”*

Experiments carried out three years later by 
Seguin & Lavoisier showed an interesting anticipation of 
modern methods* The pulse was counted during experiments 
on the gaseous metabolism of a man performing exercise, 
both in the fasting state and during digestion* Weight­
lifting was the exercise used, and the authors came to the 
conclusion that the augmentation of the number of pulsations 
of the arteries was directly proportional to the total 
weight lifted to a given height, provided the subject was 
not pushed to the limit of his endurance. They also 
concluded that the amount of vital air consumed was directly 
proportional to the product of the number of inspirations 
and the pulse rate: a remarkable piece of research.
(Seguin & Lavoisier, 1789)*

Falconer (1796) observed that the average difference 
between the pulse rates in the sitting and standing postures 
was: ”about six beats and one third in a minute”* He also 
tried experiments on the effects of walking and running;
”but the result in each of them was so different that I 
could not reduce them to any standard”. Robert Knox, the 
famous Edinburgh anatomist, also carried out researches on: 
”The Manner in which the Pulsations of the Heart and
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Arteries are affected by Muscular Exertion”. He found that 
the pulse was both quicker and more excitable in the 
morning than at any other time of the day or night; and 
attempted to correlate this finding with the observation of 
Prout (1813) that the greatest quantity of carbonic acid gas, 
formed during respiration, was generally given off during 
the morning hours. Nevertheless, his final conclusion was;
11 that the quantity of carbonic acid given off during 
respiration is not particularly connected with, or at all 
events not dependent on, the state of the circulation”.
(Knox, 1815).

With regard to the mechanics of the circulation,
Rucco (1827) gave a remarkable account of the phenomena which 
are now explained by the !Bainbridge Reflex1 and by ’Starling’s 
Law of the Heart’. A facsimile of the passage in which he 
visualises the blood rushing into the heart during muscular 
exercise, causing the ventricles to beat rapidly and 
forcibly; ”in order to disembarrass themselves of this 
accumulation of blood”, is given in Fig. 3.

Up to this time walking and running, often over 
considerable distances, were the usual forms of exercise 
employed by workers on the pulse rate; but Bonders (1868) 
used the rapid ascent of stairs as a more convenient and 
controllable form of activity. The merits of this form of 
exercise were further developed and stressed by Selig (1905,
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quoted by Master & Oppenheimer, 1929). With the careful 
and detailed work of Bowen (1903) and of Selig began the 
modern study of heart rate during exercise. The results 
of later workers in this field will be dealt with in the 
succeeding pages.
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SUMMARY.

A brief survey of the early history of the pulse 
is given. For obvious reasons the discovery of the 
significance of the pulse rate is closely linked with the 
development of time measuring devices. Even when suitable 
watches were available there was opposition to the practice 
of pulse counting. Much later came the objective methods 
of recording the pulse rate. At first these were 
mechanical but subsequently electrical methods were 
developed.

The effect of exercise on the pulse rate was 
investigated as soon as suitable instruments became 
available and a summary of some early work on this 
subject is included.



”Among the various signs of diseases, none are 
more frequently, nor more justly, attended to than those 
arising from the pulse; and though such may be, for the 
most part, insufficient by themselves to ascertain the 
nature of any distemper, yet we can seldom, with safety, 
proceed to the cure, without taking some indication from 
the state of the pulse”.

Stedman (1769) p.2.
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CHAPTER 2.
CONTACT ELECTROLYTES IN ELECTROCARDIOGRAPHY.

As will be seen from the next chapter, the method 
of recording the heart beats during exercise employed 
throughout this study is a modification of ordinary 
electrocardiographic technique. It was soon found, however, 
that for steady and accurate recording it was essential to 
have really good contact between the subject*s skin and the 
electrodes which picked up the action current of the heart.

A very common clinical method of making this 
contact is to wrap a few layers of gauze soaked in saline 
round the limb and to bind a metal electrode over the gauze.
A disadvantage of this method is that the limb to limb 
resistance is rather high and increases considerably as the 
gauze dries. Also, the bedclothes must be protected from 
becoming wet when an electrocardiogram has to be taken from 
a bedridden patient. If the limb to limb resistance is high 
the string of the Einthoven galvanometer must be slackened 
to increase the sensitivity, and so the record may be 
distorted by the alteration of the damping and the reduction 
of the natural frequency of the string (Pardee, 1917).
In the case of valve electrocardiographs, with their high 
input resistance - usually about 100 times that of the string - 
high body resistance is not so disadvantageous; but if it 
can be kept low there is less likelihood of electrical
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Interference, and in addition the stability of the 
amplifier is increased.

In the early experiments with the present method 
of recording, such saline pads were tried, but as some of 
the tests lasted more than an hour, considerable trouble 
was experienced owing to the drying of the electrolyte.
Boas (1928) recommended ordinary soft green soap as a 
contact electrolyte and this was found to fit the present 
requirements admirably.

Although skin resistance has often been 
investigated in connection with chronaxie and the 
psychogalvanic reflex, no report could be found of a 
systematic investigation into the properties of contact 
electrolytes, apart from the work of Hartridge (1931) which 
dealt with the effect of grease-removing substances. It was 
thought, therefore, that it would be of interest to compare 
soft green soap with certain other electrolytes.

The subjects were myself, Dr. G.H. Bell of the 
Physiology Department and Dr. A.J. Small of the Electrical 
Engineering Department, who collaborated in this investigation 
(Bell, Knox & Small, 1939).



Method.
The electrolytes investigated were:

1. One per cent, sodium chloride in tap-water.
2. Soft green soap (Sapo Mollis Viridis, B.P.) which

consists chiefly of an almost neutral mixture of 
potassium oleate with a little glycerine.

3. Cambridge electrode jelly, which is sold by the
Cambridge Instrument Co.; the composition of this 
substance is not issued.

4. A paste described by Jenks <3c Graybiel (1935) which
will be called, for convenience, Boston paste; it 
consists mainly of sodium chloride, glycerine, water, 
and powdered pumice.

In the case of the first electrolyte, two layers 
of gauze bandage soaked in saline were wrapped round the 
forearms. Plymet electrodes each 14 cm. by 5 cm. were laid 
on the volar surfaces and held in place by rubber bands. 
Plymet is a soft sheet metal (supplied by Schall and Son,
New Cavendish Street, London, W.I.), consisting mainly of 
lead, which Is readily moulded to the shape of the arm.

In the case of Cambridge jelly a piece of the 
jelly about the size of the finger-nail was rubbed Into the 
forearms for about ten seconds, as recommended by Russell 
(1935). The plymet electrodes were then smeared with the 
jelly, put directly on the skin, and held in place with
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bandages and rubber bands. The soft green soap and Boston 
paste were applied in a similar manner.

As is well known, there are some quick changes 
(rise and fall of R wave) and some slow changes (T wave) in 
the electrocardiogram. Hence an adequate description of the 
behaviour of an electrolyte should include both the D.C. 
resistance and the A.C. impedance.

The measurements were made by means of a bridge in 
which the subject formed one arm, and a variable resistance 
with a variable capacitance in parallel formed the second arm; 
the ratio arms were formed by two equal resistances of 1000 
ohms. Alternating current was supplied to the bridge by a 
valve oscillator which gave about 8 volts at 300 cycles per 
second (c.p.s.). A sensitive vibration galvanometer tuned 
to 300 c.p.s. was used to find the balance condition. The 
values of resistance and capacitance in the second arm, 
combined vectorially, gave the A.C. impedance, Z.

Thus Z -  |-5-o---  , where to - Z TTf
"V 1 + co2c r J

When the A.C. measurement had been made, an 8-volt 
battery wqs substituted for the oscillator and a moving coil 
galvanometer for the vibration galvanometer and the bridge 
brought once more to balance by varying the resistance in the 
second arm. This gave the direct current resistance, R.
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Results.
The wide scatter of the results, which are 

collected together In Pig. 4, is not altogether surprising 
in an experiment of this nature. As it was not, of course, 
possible to get simultaneous values for the different 
electrolytes, they were applied in turn, varying the order 
with each subject.

The values of Z were distributed over a considerable 
range. One per cent, sodium chloride gave, on the whole, the 
lowest values (average 652 ohms), Boston paste gave slightly 
higher values (average 689 ohms), whilst green soap and 
Cambridge jelly both gave still higher values (average 
768 and 754 ohms respectively).

R was found to be highest with 1 per cent, sodium 
chloride, the average value being 3080 ohms. Cambridge jelly 
and green soap gave the somewhat lower average values of 
2010 and 2040 ohms respectively. Boston paste gave the 
lowest average resistance of 1100 ohms.

In order to allow of further discrimination between 
the solid electrolytes, variation of R and Z with time was 
investigated. The electrodes were left in position for 
varying times up to one and three quarter hours and Z and R, 
in that order, were measured at quarter-hour intervals.
The leads were removed from the bridge between readings. In 
all cases Z and R rose steadily, but not very greatly, for 
about three quarters of an hour after application of the
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electrodes, when the values became nearly constant 
(see Pig. 5).
Discussion.

Prom the wide scatter of the results shown in 
Fig. 4 it will be seen that it is not at all easy to 
choose the best electrolyte on the basis of Z and R values 
only. The best is probably Boston paste. Green soap and 
Cambridge jelly are only slightly inferior; sodium chloride, 
on account of its very high R, is the poorest.

Drying up of the solid electrolytes does not 
occur to any great extent because none of them show any 
great increase in resistance up to one hour or more after 
application. There was no difference between electro­
cardiograms taken by means of a string galvanometer using 
first green soap and then Cambridge jelly. The choice 
between the three solid electrolytes will, therefore, have 
to be made on other grounds•

As green soap is a standard British Pharmacopoeial 
substance and costs only about one penny per oz., it is to 
be preferred to the complicated Boston paste or the 
expensive Cambridge jelly.
The Effect of Abrasives.

Boston paste is made up with a considerable 
proportion of powdered pumice, which at first was regarded 
merely as an inert base required to form the paste. But
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examination of Cambridge jelly points to a different 
conclusion. It appears to consist chiefly of sodium chloride 
in a base which is probably not lanoline or petroleum jelly, 
but which may be a gum. The jelly feels gritty to the 
touch, and on dissolving away the base in hydrochloric acid 
an insoluble residue remains, which under the microscope 
proves to consist of extremely jagged particles of crushed 
quartz.

It is now clear why the jelly should be rubbed into 
the skin; the sharp particles remove the surface cells and 
so contact is made with a deeper layer. Richter (1926a 
and 1926b) showed that a minute puncture of the skin below 
electrodes one inch square reduced R from 540,000 ohms to 
15,000 ohms. Lewis & Zotterman (1927) came to the conclusion 
that the high resistance displayed by skin to galvanic 
currents resided in the superficial and horny layer. 
Accordingly it was decided to investigate the effects of 
abrasion quantitatively.
Method and Results.

To one sample of green soap pumice was added in the 
proportion occurring in Boston paste and to another sample 
crushed quartz recovered from Cambridge jelly.

In these experiments the average value with green 
soap alone for Z was 885 ohms and for R was 2450 ohms.
After rubbing in green soap with quartz the average values
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were Z 665 ohms and R 890 ohms, a decrease of 25 per cent,
in Z and 64 per cent, in R. Rubbing in green soap with
pumice left Z unchanged but reduced R by 57 per cent.
Green soap covers the quartz and pumice particles and 
interferes with their abrasive qualities. It was probable, 
therefore, that it would be more effective to abrade the 
dry skin and then apply the electrolyte and electrode.
The surface of the skin was rubbed gently two or three times 
with fine glass paper (No. 1). This raised the surface 
layer of cells so that the skin lost its sheen and became 
white in colour. This procedure resulted in a reduction of 
Z by 60 per cent, and of R by 80 per cent, on the average,
the mean values after such abrasion being; Z, 400 ohms,
and R, 500 ohms, approximately. These were the lowest values 
observed during the whole course of this investigation.

In addition to the alteration of Z and R brought 
about by abrasion, it was noted in measuring Z that the 
resistive component required for balance fell to about 
one-half, or less, of the value before abrasion. The 
capacitance in parallel, however, fell to about one-tenth.
For example, in one experiment before abrasion the bridge 
was balanced by 1790 ohms in parallel with 0.386 mfd., 
i.e. Z ■ 1090 ohms; after abrasion, balance was given by 
368 ohms in parallel with 0.035 mfd., i.e. Z s 368 ohms.
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Discusaion.
From the above results there is no doubt that if 

the lowest possible body resistance is required, gentle 
abrasion of the dry skin with glass paper, followed by 
application of green soap and then of the electrodes is the 
most convenient method. Provided the rubbing is gentle and 
only two or three strokes are used, the skin will return to 
its normal appearance in a few hours. There seems to be 
nothing objectionable in making this a routine procedure, 
provided that no irritating antiseptics, such as iodine, 
are applied afterwards. Only one minor difficulty appeared; 
it is rather hard to use glass paper on hairy parts, because 
the hairs roll round under the paper and no abrasion of the 
skin is made. This could be overcome by removing the hairs 
before abrasion. It was found that more vigorous glass 
papering, or scratching, which left a mark taking over a 
week to disappear, did not give lower values than the more 
gentle method.

By the use of the procedure recommended above the 
external resistance (i.e. of the patient) becomes a much 
smaller fraction of the resistance of the galvanometer, 
which should then be expected to give a better record of the 
potentials occurring in the patientfs body. Also, when the 
patientfs resistance is low the electrocardiograms obtained 
should be more standardised, as even relatively large
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alterations of this resistance will then have little effect 
on the total resistance of the circuit. It was found that 
in the case of the A.C. bridge the capacitance value 
(without abrasion) varied from 0.15 to 0.5 mfd., using the 
same electrodes. It is difficult to predict what would be 
the effect of this capacitance on the electrocardiogram.
The effect of capacitances across the string on damping has 
been studied by Gildemeister (1922), Dock (1928) and 
Schwarzschild & Kissin (1934). Here again, however, more 
standard results would be expected when the capacitance is 
low, as is the case when the skin is abraded, because the 
variations in the capacitance then become of small 
importance. It was also noted that when the skin was 
abraded the values of R and Z tended to be very steady, 
whereas without abrasion there was a tendency to drift.

It is interesting to speculate how far the 
differences which are occasionally found between records 
taken by string and valve electrocardiographs are dependent 
on high patient resistance and impedance. There seems to 
be a tendency to regard records taken by a string galvano­
meter as standard, in spite of its relatively low resistance. 
This tendency seems to be based more on tradition than on 
pure reason. It would be interesting to compare string and 
valve electrocardiograms in a series of cases taken with the 
technique described here. It is probable that with the low
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patient resistances so obtained a number of the 
discrepancies would disappear. This question has already- 
had some attention directed to it by Pardee (1929).
Variations in the Quality of the Green Soap.

During the course of these experiments, three 
separate samples of Sapo Mollis B.P. were purchased. The 
first sample was soft, bright green in colour, and spread 
very easily and evenly over the skin surface. The second 
sample was harder, dark green in colour, very tenacious, and 
became caked when rubbed on the skin, refusing to spread 
evenly. The following figures show that this second sample 
was inferior to the first for our purposes. The values for 
R were usually over 10,000 ohms, and the average value for 
Z (11 observations) was 915 ohms, compared with the averages 
R 2040 ohms and Z 768 ohms for the first sample.

The third sample of Sapo Mollis was comparable in 
every way with the first, and in obtaining it the following 
criteria were observed. The green soap must be fresh and 
should be bright green in colour, and it should spread as 
easily on the skin as a good ointment base. It should be 
kept in an air-tight tin or waxed carton.

The difference in effectiveness was not due to a 
change in the resistance of the soap. The specific resistance 
of the second sample (tough soap) was 18.4 ohms per cm. cube; 
the value for the third sample (good soap) was 23.9 ohms per



cm. cube. It is to b© presumed that the lowering of skin 
resistance with the good soap is due to the fact that it 
spreads so easily and evenly over the skin.
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SUMMARY.
Reasons are given for the necessity of having a low 

limb to limb resistance when obtaining electrocardiograms 
either by the string galvanometer or by a valve 
electrocardiograph.

A comparison has been made between four 
electrolytes, viz. 1 per cent, sodium chloride, soft green 
soap, Cambridge electrode jelly, and Boston paste (Jenks & 
Graybiel, 1935).

The arm to arm D.C. resistances (R) and impedances 
at 300 cycles per second (Z) vary over a wide range for all 
these electrolytes. Prom this point of view the best is 
probably Boston paste, but Cambridge jelly and soft green 
soap are very little inferior.

Because it is cheap, clean, simple, and a standard 
pharmacopoeial product soft green soap appears to be the 
most satisfactory. It should be fresh, bright green in 
colour, and should spread easily over the skin.

Both the Boston paste and the Cambridge jelly 
contain abrasives. Incorporation of an abrasive in the 
green soap reduced the average values of resistance and 
impedance to a moderate extent.

The lowest values of limb to limb resistance 
(R, 500 ohms; Z, 400 ohms) were obtained when the abrasion 
preceded the application of the electrolyte as follows:
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the dry skin was stroked gently two or three times with 
fine glass-paper, green soap was then applied and the 
electrodes were bound on.



"The having recourse, as several physicians are 
accustomed to do, to an artificial standard, such as a 
watch, pulsilogium, or pendulum, as a substitute for the 
natural one, afforded by the exact knowledge of the 
physiological state of the pulse, is an irregular and 
fallacious practice, for the evident reason, that by means 
of the former it can only be ascertained how often the 
artery pulsates in one or more minutes, and whether the 
pulse be frequent or rare, quick or slow; but in no way 
can it be ascertained, if the pulse be strong or weak, 
great or small, hard or soft, equal or unequal, critical, 
organic, or symptomatic".

Rueco, (1327) p.35.



- 29 -

CHAPTER 3.

METHOD OF RECORDING THE HEART BEATS.
The essential points of the method have already- 

been published (Bell & Knox, 1938) but no detailed 
description of the apparatus at present used has been given. 
Apparatus:- The apparatus consists essentially of three 
parts; the leads from the subject, the amplifier, and the 
writing mechanism.
The Leads from the Subject:

In order to pick up the action current from the 
subject1s heart, two chest electrodes are employed. The 
electrodes are saucer-shaped copper discs 2.5 cms. in 
diameter. The concavity is filled with soft green soap 
which acts as the electrolyte, and the electrodes are kept 
in contact with the chest by means of adjustable light 
elastic straps. One electrode is applied over the apex-beat 
and the other over the second right costal cartilage. With 
the electrodes in these positions a satisfactory voltage and 
an even base line are obtained. The respirations are 
recorded by means of an ordinary stethograph tied lightly 
round the subject’s chest and connected by thin rubber 
tubing to the recording tambour. In order to relieve the 
subject of the drag of the flex and rubber tube, these are 
slung from a trapeze* which swings over the subject’s head.
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A general view of the apparatus showing the leads is given 
in Fig. 6.
The Amplifier.

A three-stage resistance-capacity-coupled circuit 
is used (Fig. 7) with balanced input in order to reduce 
outside interference to a minimum. The time-constant of the 
intervalve coupling condensers is reduced very considerably 
below the normal value as this minimises the effects of 
skeletal muscle activity. The slow T and P waves of the 
electrocardiogram are therefore not reproduced on the 
tracing, but this is no disadvantage when records of pulse 
rate only are required. Alternative switching to larger 
coupling condensers is provided so that ordinary electro­
cardiograms may also be taken by means of a Matthews 
Oscillograph.
The Writing Mechanism:

Fig. 8 shows the writing mechanism and drum. It 
will be seen that four writing points are applied to the drum 
and that they all lie in the same vertical line. This of 
course compensates for any slight unevenness in the running 
of the drum mechanism.

The uppermost lever is pneumatically operated and 
is used as a signal to Indicate the beginning and end of 
exercise, etc.
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The second writing lever is connected to an electro­
magnetic tlme-marker controlled by a Brodie clock which beats 
seconds or half-seconds.

The third lever consists of a stiff glass pointer 
with a ball point connected to the arm of a Weston moving- 
coil relay modified as described by Winton (1936) and Bell, Bell, 
Knox & Smellie (1937). The relay is connected in the output 
circuit of the amplifier and the pointer is thus made to 
record the subject!s heart-beats on the smoked drum. It is 
to be noted that though this Weston instrument was 
manufactured for use as a relay, it is used here simply as a 
moving-coil galvanometer, thus preserving electrical 
continuity with the cardiac action currents.

The fourth writing point records the subject1s 
respiratory movements by means of an ordinary tambour 
connected to the stethograph on the subject’s chest. The 
lever moves downwards on inspiration and upwards on 
expiration. A typical tracing is shown in Fig. 9.



SUMMARY

The main advantages of the method are:-
It allows the heart beats to be recorded without 

interruption even during violent exercise of any group 
of muscles•

It has proved reliable over a considerable period 
of time.

It is cheap, as no expensive photographic 
materials are required.

The apparatus is so constructed that the 
recording galvanometer is in direct electrical 
continuity with the action-current of the heart. Thus 
the question of * losing touch* with the heart-beats 
does not arise; and if, for example, a premature beat 
of low voltage occurs it is simply recorded as a 
smaller stroke on the drum. The somewhat similar types 
of apparatus in which a relay mechanism is used to 
operate the recording device are open to the objection 
that a beat of low voltage may fail to operate the 
relay and thus may not be recorded at all. For 
example, the cardiotachometer devised by Boas (1928) 
has this disadvantage.



flPraxagoras, moreover, fell into the error of making 
so many divisions and subdivisions of the pulse, that, 
according to Galen, they foraed a collection of obscure and 
unintelligible enigmas, rather than a body of learned 
observations.......... w

Rucco, (1827) p. 53.
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CHAPTER 4.
THE METHOD OF ANALYSING THE TRACINGS.

The apparatus was used to record the heart beats 
during a standard exercise which will be described in the 
next chapter, the changes in heart rate being determined 
by analysing the tracings in the following manner.

In order that the heart beats may be accurately 
counted, fine vertical lines are drawn across the tracings 
at intervals of five seconds. The first line Is drawn 
exactly ten seconds before exercise begins and the lines 
are continued until about twenty-five seconds after 
exercise ends. (Black pencil lines A, B, C, D, etc. in 
Fig. 10). The heart rate is then counted (to the nearest 
tenth of a beat) in each of these five-second intervals, 
and the highest rate obtained is converted to beats per 
minute and is taken as the MAXIMUM RATE. The time from the 
beginning of exercise to the middle of the five-second 
period containing the maximum rate is taken as a measure 
of the TIME TO REACH THE MAXIMUM RATE. For example, if the 
maximum rate is found in the third five-second period from 
the beginning of the exercise, the time to reach the 
maximum rate Is 12.5 seconds.

The heart rate In the 10 seconds immediately 
preceding the beginning of the exercise, converted to beats
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per minute, is taken as the INITIAL RATE. (Lines A to C,
Fig. 10).

The ACTUAL INCREASE (in beats per minute) of the 
maximum rate over the initial rate is given, and this is also 
expressed as a percentage of the initial rate (PERCENTAGE 
INCREASE ON INITIAL RATE). The ACCELERATION OF THE HEART 
RATE in beats per minute per second is calculated by 
subtracting the rate in the five-second period immediately 
preceding exercise (lines B to C in Fig. 10) from the 
maximum rate and dividing the result by the time taken to 
reach the maximum rate.

Another index which may prove of interest is the 
NUMBER OF EXTRA HEART BEATS induced in a given time by the 
exercise. This is calculated by subtracting half the 
initial rate (in beats per minute) from the number of beats 
in the 30 seconds following the beginning of exercise 
(lines C to K in Fig. 10) which includes the whole of the 
exercise period.

In order to have an index which does not require 
the use of apparatus, the heart rate is counted over the 
30 second period beginning 5 seconds after exercise ends 
(red lines X to Y in Fig. 10). This is expressed In beats 
per minute and is called the POST EXERCISE RATE.

An index which has been much employed in tolerance 
tests is the time which the pulse rate takes to return to
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normal after exercise. This is usually obtained by- 
counting the rate at minute or half-minute intervals until 
the pre-exercise rate is reached. The present method of 
recording however, offers an opportunity of determining 
the time of return to normal within very narrow limits, 
and it was considered that it might be interesting to see 
whether this index was of any value when determined by 
what might be called a ffmicroft method. The procedure 
adopted is as follows:- The length of tracing occupied 
by the last ten beats before exercise begins is marked 
off on the edge of a sheet of paper (distance M-N in 
Fig. 10). The paper is then slid along the tracing until 
the next group of ten beats which will just fit this space 
is encountered (group 0-P in Fig. 10. Distance M-N is, of 
course, exactly the same as distance 0-P), The time from 
the end of exercise to the beginning of this second group 
of ten beats is taken as the TIME TO RETURN TO NORMAL,
(time from E to R in Fig. 10). In addition to the above 
indices the rate is counted for 30 seconds in the middle 
of the 5 minute rest period before exercise. This count, 
which cannot be shown In Fig.10 owing to lack of space, is 
called the EARLY RESTING RATE and is expressed in beats per 
minute.

As some of the above procedures appear rather 
complex at first sight, it may be useful at this stage to
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give an example.
Example of the Analysis of a Typical Tracing.
The tracing in Fig. 10 is here analysed and the letters 
refer to the lines in that figure.

V
Early Resting Rate (not shown in figure) ■ 35 heats in 30 sec.

i.e. 66 beats/min.
The heart beats in the successive 5 second periods, 
starting 10 seconds before the beginning of exercise, are 
as follows

5.3, 6.0, S.3, 9.1, 9.3, 9.6, 9.1, 8.4, 7.5, 7.2.
The Duration of Exercise (lines C to E) is 19.5 seconds.
The Initial Rate (lines A to C) is 11.3 x 6 n 67.8 beats

per minute.
The Maximum Rate is 9.6 x 12 a 115.2 beats per minute, and 
it occurs in the fourth 5 second period after the 
beginning of exercise; therefore the time to reach the 
maximum rate is taken as 17.5^seconds.
The Actual Increase in rate is Max. Rate minus Initial Rate,
i.e. 115.2 - 67.8 « 47.4 beats per minute.
The Percentage Increase on the initial rate is

Actual Increase v •, 00 1 r 47.4 r -,nn
Ini'tTaT"Safe X -I-00' 1#e# W 7 E  X 100 * 70%
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The Acceleration of the heart rate is
Max. Rate minus rate in 5 sec, period immediately before ex..

Time to reach max. rate

* 2.47 beats per minute per second.
17.5

The number of beats in the 30 seconds after exercise began
(lines C - K) is 54. Thus the number of extra beats induced
the exercise is 54 minus

i.e. 54 - s 20.1 beats.
2

The Post-Exerclse rate (lines X to Y) is 43 beats in 30
seconds * 86 beats per minute.

The Return to Normal (lines E to R) is 52 seconds.

Accuraoy of the Method.
As regards the accuracy with which the vertical 

lines can be drawn and the heart beats counted, a somewhat 
similar device was adopted by Smith (1922) and by Cotton & 
Dill (1935). They found that errors of draughtmanship 
(erecting vertical lines and judging tenths of a beat 
interval) were negligible. The same was found to hold in 
the present case.
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SUMMARY .

The method of obtaining the various heart rate 
indices which will be employed throughout this research 
is given, with an example. The accuracy of the method 
is also briefly discussed.



f,The pulse is liable to vary from so many different 
circumstances as must necessarily render such calculations 
inaccurate, and supposing that the pulse could be examined 
freed from these embarrassments, it is well known that the 
natural pulse in different individuals varies considerably, 
and of course, what may serve as a standard of computation in 
one instance may prove very erroneous in another. It is 
nevertheless perhaps possible to adjust such allowances, as 
may bring these varieties within such limits as may serve 
to fulfil in a great measure most of the purposes of 
medicine, however insufficient they may appear, to lay the 
foundation of any regular system of physiology or pathology".

Falconer, (1796) p.4
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CHAPTER 5

THE STANDARD EXERCISE.

Though the primary object of the research was to 
determine in detail the changes in heart rate during and 
after exercise in normal and abnormal subjects, the 
possibility that some of the data obtained might serve as 
indices of cardiovascular fitness was not overlooked.
Before coming to a final decision on the type of exercise 
to be employed, the literature on cardiac tolerance tests 
In general was reviewed.

The opinions of cardiologists as to the value of 
exercise tolerance tests in estimating the functional 
efficiency of the heart have varied considerably. At first 
too much was hoped for, then came a period of 
disillusionment, and recently the Horder Committee (1940) 
has reinstated a revised form of exercise tolerance test as 
a useful adjunct to a full cardiac examination.

The choice of an exercise tolerance test which 
would fulfil the objects of this research proved far from 
easy. The literature showed that almost every conceivable 
form and grade of muscular activity had its sponsors and 
its critics. There were exercises of speed, of endurance 
and of strength; there were resistance exercises and 
postural exercises, and the results were variously 
interpreted in terms of pulse-rates, blood-pressures,
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heart sizes, vital capacities and so on almost Indefinitely.
A further complication was that some tests claimed 

to he "cardiovascular function tests" pure and simple; while 
others purported to measure "physical fitness" or "physical 
efficiency", and these latter, according to White (1920 and 
1937), are measures of training and of the nervous state 
rather than of cardiac condition. Bainbridge (1919) 
however, pointed out that the functional capacity of the 
heart determined a man's capability for exertion, and 
Burns (1939) stated that vaso-cardiac efficiency was the real 
limiting factor in physical fitness. Thus any sharp 
distinction between cardiac functional tests and physical 
fitness tests is obviously artificial. The whole question 
of the assessment of 1 fitness* has been reviewed by 
Magnus-Alsleben (1924), Hambly, Pembrey & Warner (1925), 
McSwiney (1939) and Gathcart (1943).

Evans (1912) using an isolated heart-lung 
preparation found that the rate of gaseous metabolism 
varied almost exactly as the heart-rate and the observations 
of Benedict & Cathcart (1913), Benedict (1915) and Benedict 
& Murschhauser (1915) established this close relationship 
between pulse frequency and metabolism for man, though their 
data referred mainly to the alterations In metabolism of 
single subjects. This close relationship, which has been 
confirmed by the work of Henderson (1925), Paterson (1923),
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and Griffith et al. (1929), does much to encourage the 
hope that the pulse rate may yet be found to be a reliable 
mirror of cardiovascular reactions, Addis (1922) has 
pointed out, however, that the relationship is probably a 
more general one between the metabolism of the body as a 
whole and the activity of the circulatory system, of which 
the pulse rate is only a partial expression.

The following is a brief summary of the various 
types of heart function test which have been tried,
Kahn (1919) introduced hopping one hundred times on one 
foot with observation of the effects on the pulse rate and 
blood-pressure, and various modifications of this test are 
still used clinically (Lewis, 1945) as it has the advantage 
of requiring the minimum of apparatus. Barringer & Teschner 
(1915) introduced a test in which the subject raised a pair 
of dumbells with each arm alternately. , and employed the 
* delayed riseT in systolic blood pressure after such exercise 
as a measure of functional capacity. This type of test was 
further expanded by Barringer (1916 and 1917), and was found 
valuable in the assessment of convalescents by Mann (1918). 
Later, Barringer (1922) suggested that the so-called 
’delayed rise’ in blood pressure signified that the heart 
was being overtaxed, irrespective of the exercise employed. 
According to Rapport (1917), Propst (1924), and White (1937) 
however, this delayed rise of pressure is of little or no
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significance. Dumbell exercises were also used by Mabon
(1919), Wilson (1920 and 1921) and by Brittingham & White 
(1922). Barach’s ”energy index” (SBP + DBP) x P.R. was 
also proposed as the basis of a fitness test (Barach, 1916). 
Another type of test attempted to assess cardiac efficiency 
by measuring the alterations in heart rate and blood 
pressure when the subject changed from the horizontal to 
the vertical posture. Hill, Barnard & Soltan (1897) 
attempted to measure fatigue by this means. According to 
Vierordt (1906) the average postural increase in heart rate 
is from 12 - 14 beats/minute, and Crampton (1915) made use 
of this increase and of the normal rise of S.B.P. of about 
10 mm. of mercury in his fblood ptosis test'. Schneider & 
Truesdell (1922a) found a smaller increase in pulse iiate 
when changing from lying to standing in a fit group than in 
an unfit group.

A very popular type of test is the !step test1. 
Many varieties of this are in use but in all of them the 
exercise consists in the climbing of stairs or steps a 
specified number of times. Bonders (1868) appears to have 
been one of the first to adopt this particular form of 
exercise. Among those who have made use of step tests may 
be mentioned Christ (1894), Staehelin (1897), Lewis (1917), 
Flack & Bowdler (1920), Wilson (1921), Schneider & Truesdell 
(1922a), Cripps (1924), Woolham (1924), Campbell (1925),
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Woolham & Honeyburn (1927) and Schott (1939)* Exercises on 
steps were also used by Hunt & Pembrey (1921) in their 
1 puls e-ratio* test for physical efficiency. An extremely 
convenient form of step test which will require further 
mention was devised by Master & Oppenheimer (1929) and was 
further expanded by Master (1934-55). The apparatus 
consisted of two steps each nine inches high, so that at 
each climb the subject raised himself 1-J- feet above the 
ground. The blood pressure and pulse rate were taken before 
and two minutes after the exercise and the latter readings 
should normally be within 10 points of the former. The 
number of ascents to be performed was obtained from tables 
and depended on the subject1s age and weight. Reisinger 
(1938) however, did not find the Master test entirely 
satisfactory and concluded that a diagnosis of heart 
disease could not be made on the results of this test alone, 
and Kuskin & Brockman (1940) found no relationship between 
performance in the two-step test and the extent of cardiac 
damage. In 1942, Master, Friedman & Dack examined the 
electrocardiographic changes in normals and anginal patients 
after the Master test and found it to be a good measure of 
cardiac function and this was confirmed by Goldbloom & 
Dumanis (1945).

Tests of cardiac function and physical fitness 
which do not depend on the counting of the heart-rate have
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also been devised, and as examples of these may be cited 
the 1 vital capacity1 tests of Dreyer & Hanson (1920), 
Brittingham & White (1922) and Hewlett (1924). In these 
tests tables of normal vital capacities depending on the 
height and chest measurement of the subject are given, 
and if the vital capacity falls far short of normal it is 
taken as an indication of diminished functional efficiency.
A method of measuring fitness has also been described 
which depends on the divergence of the curves obtained when 
exhaled COg percentage is plotted against work done when 
breathing air and when breathing oxygen (Briggs, 1921), 
while a metabolic test based on excess oxygen consumption 
during exercise was devised by Katz et al (1934). 
Teleroentgen tests, which measure the alterations in size 
of the heart as a result of exercise, have.also been used.
It has been said that the normal heart responds to any 
exercise within its power by a prompt diminution in size 
and that this may be used as a test of its functional 
efficiency (Williamson, 1915). The reactions of heart rate 
and blood pressure to inhalation of amyl nitrite (Cotton, 
Slade & Lewis, 1917); and to exposure to low oxygen tensions 
(Schneider, 1918 and Whitney, 1918) have also been suggested 
as heart function tests, but the latter type of test was not 
found to be trustworthy by Stengel, Wolferth & Jonas (1920)
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and Schneider himself reported unfavourably upon it in 1921.
The last type of test which must be mentioned may 

conveniently be termed the "Multiple Test", and the principle 
underlying it is simple. The subject performs a number of 
function tests chosen from the range indicated above and 
marks are allotted for each, The subject is then graded 
according to the total number of marks obtained. Schneider
(1920) was one of the first to use this type of test and 
his system of * cardiovascular rating1 was based on the 
response of the pulse rate and blood pressure to postural 
changes and to a step test. He emphasised that the rating 
was primarily a measure of physical efficiency and not of 
cardiac function. Scott (1921) applied the Schneider 
rating to the classification of a number of aviators with 
successful results but pointed out that two conditions, 
bradycardia and psychical disturbance might vitiate the 
test by giving a lower rating than the candidate deserved.
The daily variations in this test were also investigated by 
Schneider & Truesdell (1923). Williams (1923) was unable to 
correlate Schneider ratings with those given by a jump test 
for physical efficiency and Damez et al (1926) found no 
acceptable correlation between the results given by the 
Schneider and the Crampton tests in a series of athletic and 
non-athletic girls. In their opinion the two indices in 
Schneider*s test which were of most importance as criteria 
of physical efficiency were the pulse rate while lying down
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and the increase in pulse rate after the standard exercise. 
Lee & Van Buskirk (1923) did not find Schneider*s or 
Crampton*s tests useful in measuring fatigue and Seham & 
Egerer-Seham (1923) came to the conclusion that neither 
Crampton*s, Schneider*s nor Barringer*s tests were of any 
value in the diagnosis of physical fitness or cardiovascular 
ability in children with tuberculosis or heart-disease.
Very elaborate multiple tests were devised by McCurdy 2c 
Larson (1935a and b) and by Nylin (1937).

Recently the war has led to a revival of Interest 
in cardiac tolerance tests, especially In connexion with 
the problem of effort syndrome. The Horder Committee (1940) 
recommended a revised step test (mounting a 15 inch step 
twenty times in 60 seconds) the pulse rate being taken 
immediately afterwards over 15 seconds and again one minute 
after the end of the exercise. This test was found useful 
by Chamberlain (1941) but according to Parkinson (1941) 
it is of little value in the diagnosis of effort syndrome.
A new pulse-rate test of fitness for strenuous exertion was 
published in 1942 by Johnson, Brouha 2c Barling, the Index 
of fitness being given by;
Duration of a standard exhausting exercise in seconds x 100
2 x sum of pulse rates from l-l-J-J 2-2^ and 4-4-J mins. in

recovery.
A score below 40 indicated poor fitness. Later, a slightly 
modified version was employed (Brouha, Graybiel 2c Heath, 1943)
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and Gallagher & Brouha (1943 and 1944) adapted the formula 
to moderate exercise using a step test of four minutes1 
duration. The exclusion of the pre-exercise pulse rate 
from the formula was claimed to minimise psychological 
effects. The index was said to improve with training and to 
be depressed during any intercurrent infection. A somewhat 
similar step test was used by Johnson & Robinson (1943) in 
the selection of men for physical work in hot climates.
In Germany, Miiller (1943) introduced a new pu^se quotient 
involving oxygen intake as well as pulse rate. An 
interesting result was obtained by Taylor (1944), who found 
that during an exhausting treadmill test on 30 subjects the 
curves of cardiac acceleration and the heart rate at the 
mid-point of the exercise were highly correlated with the 
endurance time. In an attempt to minimise variations of 
response in any given subject, Foltz, Ivy 4c Barborka (1942) 
advocated the use of double work periods with an intervening 
rest period. A useful general review of fitness tests was 
given by Taylor & Brozek (1944). In their opinion the 
heart rate after a standard amount of work is probably the 
most useful single criterion of fitness during convalescence.

On the negative side, the Schneider rating has again 
been attacked, particularly by Fiel, Petti & Park (1943) who 
found that it may fail to differentiate heart patients from 
normals; and by Taylor Sc Brown (1944) who showed that though
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valid when selected fitness groups were compared, the test 
fell short of requirements when applied to individuals. 
Similar results were obtained by Barrow & Ouer (1943) as 
regards its correlation with electrocardiographic changes.
The validity of exercise tests in general has been 
questioned recently by Levy, Stroud & White (1943), and by 
the National Research Council sub-committee on Cardiovascular 
Diseases (1943). Thus again tests which appeared effective 
in the laboratory have proved of doubtful value in the wider 
field of clinical application.

For the purposes of the present research it was 
finally decided that some form of step test would prove 
most suitable. Hunt & Pembrey (1921) summed up the 
advantages of such tests as follows:
(i) It Is a form of exercise to which all are accustomed.
(ii) Although a heavy man walking upstairs does more work 

than a light man, what we really want to know and 
compare is the capacity for moving the body from place 
to place, especially in pathological cases; i.e. to 
know the relative efficiencies of men as walking 
machines. Peabody 3c Sturgis (1922) and White (1937) 
also stressed the Importance of using an exercise 
which enters into the routine of daily life.

As it was proposed to carry out the present test 
on cardiac patients as well as on normal subjects a very



light exercise was desirable, and some modification of 
Master & Oppenheimer1s two step test seemed to offer the 
best solution. A further advantage of such a test is that 
both the rate of working and the duration of exercise can 
readily be controlled, a necessity in the case of a brief 
light exercise. In addition, though there had been a fair 
amount of previous work on the heart rate during moderate 
and strenuous exertion, there appeared to be very little 
on the course of cardiac acceleration during a brief light 
effort such as walking up an ordinary short flight of 
stairs. In the present instance a framework consisting of 
two steps each exactly ten inches high was used; these are 
well shown in the foreground of Fig. 6. It was decided that 
the subject should step five times up and down these, 
bringing both feet together at the top and descending 
backwards on the same side of the steps. This procedure is 
simpler than that of Master 2c Oppenheimer who made their 
subjects step up one side, down the other, and then walk 
round the steps to the starting point. The rate of climb 
must also be controlled and this was achieved by making the 
subject step in time with a metronome beating 96 to the 
minute. These precautions ensured a reasonable uniformity 
in the performance of the test, but as it was designed for 
clinical use, no extreme precautions were taken to obtain 
a true basal initial rate, and slight latitude was allowed
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In the carrying out of.the exercise.
The complete procedure for the standard tolerance 

test was as follows:
The metronome was started and the subject had a 

brief practice in ascending the steps. The chest electrodes 
and stethograph were then applied and the subject sat down 
on a chair eighteen inches high and relaxed as fully as 
possible. At the end of three minutes a tracing was run 
for 30 seconds, the subject remaining relaxed. The drum 
was then stopped and a further two minutes’ rest allowed, 
giving a little over five minutes relaxation in all.
Master & Oppenheimer (1929) and Master (1934) stated that a 
steady resting rate Is usually reached in from 3 - 5  minutes 
under such conditions. The drum was then started and the 
resting heart-rate recorded for 30 to 40 seconds. The 
subject was then told to begin the exercise and the exact 
moment when he left the chair was signalled on the drum.
The subject rose to his feet, stepped five times up and 
down the steps and then sat down again and relaxed, the 
moment of sitting down also being signalled on the drum.
The heart rate was recorded continuously during the exercise 
and for 3 - 4  minutes afterwards. The average duration of 
the exercise from rising to sitting again was just over 20 
seconds. It will thus be seen that this standard exercise 
was both lighter and of much shorter duration than that of 

the usual type of cardiac tolerance test.



SUMMARY.

A general review of the previous work on exercise 
tolerance tests is given. The advantages and disadvantages 
of the various types of test are discussed and reasons 
given for the selection of a step test as the standard 
exercise for the present investigation.

A detailed account of the procedure for this 
standard test Is included. In brief, the exercise chosen 
consists in ascending and descending two steps each ten 
inches high five times in approximately twenty seconds.
The exercise begins and ends in the sitting posture.



"A variety of perplexing circumstances soon 
convinced me of the necessity there was, correctly to 
ascertain the various conditions of the healthy pulse, 
particularly as regarding muscular exertion, diet, etc. 
This knowledge, however, I found was not to be obtained 
in a short time, nor without considerable labour.n

Robert Knox, (1815) p.52.



CHAPTER 6.

THE EFFECT OF THE STANDARD EXERCISE ON THE HEART 
RATE OF NORMAL SUBJECTS.

Series A and B .
In order to obtain data on the behaviour of the 

heart rate in normal subjects during the simple step test 
described above, the test was performed by 100 subjects,
75 men and 25 women. To determine whether there were any 
significant sex differences in the behaviour of the heart 
rate the two groups were analysed separately. Before each 
subject performed the test, various measurements were taken, 
including weight, height, chest girth, blood pressure, etc., 
together with a short medical history with special reference 
to any cardiac complaints. All the data were entered on a 
standard card as shown in Fig. 11 in order to assist the 
statistical work.

In Series A seventy-five male medical students 
acted as subjects. They were in good health but not in 
training. Their ages, in nearly every case, lay between 
18 and 22 years.

In Series B twenty-five female medical students 
acted as subjects. Their age range was between 18 and 25 
years.
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RESULTS.
The results from Series A and B for the various 

heart rate indices previously described are summarised in 
Table 1, and will now be discussed in detail.
DISCUSSION OF INDICES OBTAINED IN SERIES A AND B .
(1 ) Initial Rate.
(Heart rate in 10 second period immediately preceding 
exercise)•

The literature on the sitting pulse rate is 
somewhat scanty as resting pulse rates are generally taken 
in the recumbent posture, but Table 2 gives a summary of 
the main results obtained by previous authors. Prom this 
it would appear that the mean rates in the present series 
(85.75/min. for men and 90.35/min. for women) are rather 
higher than might be expected, though the sex-difference 
is in general agreement with the authors cited in Table 2 
and with the work of Lombard & Cope (1928). These high 
initial rates are probably the result of psychological 
factors, as the subjects knew that the exercise was about 
to commence, though care was taken to see that the recording 
apparatus was not visible to them. This is borne out by the 
fact that the average heart rate taken after the first three 
minutes of rest (early resting rate) is 81.5/min. in the 
men and 84.4/min. in the women; while after a further two 
minutes of rest the rates have risen to 85.75 and 90.35/min.
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respectively, immediately before exercise. This increase 
of heart rate with emotion has of course been noted ever 
since accurate counts were possible. For example, it is 
mentioned by Bryan Robinson (1732) and by Falconer (1796), 
and Rucco (1827) gives an amusing account of it as follows.,
” .and in fact the beating of the pulse varies in
proportion as the exercise of the intellectual faculties is 
increased or diminished; because when their exercise is 
raised to a certain point, which is frequently to be seen 
in extemporaneous poets, and in orators of great eloquence 
and superior wit, the pulse then beats quickly, and its 
pulsations are more energetic and agitated.” In more 
humble circumstances the emotional increase has always 
been a disturbing factor in cardiac tolerance tests.
Billings & Shepard (1910) found that while conscious 
attention invariably increased the heart rate, sensory 
attention may decrease it; and Schwab (1927) went so far 
as to say that emotion was the most common accelerator of 
the heart, while Whitehorn, Kaufman & Thomas (1935) showed 
that the heart responds with a brief acceleration to even 
the most fleeting emotions. According to Boas & Goldschmidt 
(1932) the emotional acceleration is slightly greater in 
women than in men and this is true for the present series, 
the average increase being approximately 4 beats/min. for 
the men and 6 for the women. As in the present case,
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Ellis (1932) found that the resting pulse rates of his 
subjects were higher than might have been expected, owing 
to excitement, Quantitative data were given by Addis 
(1922) who found that excitement due to the mere act of 
counting the pulse might raise the pulse rates of normal 
subjects by 12 beats per minute; and by Peabody & Sturgis 
(1922) who found that the heart rates in the 20 seconds 
before an exercise test began were from 5 to 9 beats per 
minute higher than during the previous 5 minutes of rest. 
These increases agree well with those obtained in the 
present investigation. Robinson (1939) observed that the 
anticipatory increase in heart rate immediately before 
moderate work is variable and has no constant relation to 
age. Much work has been done on the immediate cause of 
this emotional acceleration. Schneider (1936) pointed out 
the curious anomaly that though mental excitement has so 
little effect on metabolism it has such a large effect on 
the pulse rate. In his opinion the liberation of 
adrenaline plays a part in the acceleration, and McDowall 
(1938) is in agreement with this. Experiments on the cat 
also support this view (Cannon & Britton, 1927, and Britton, 
Hinson & Hall, 1930). Direct nervous control of the heart 
rate is also Important (Bond, 1943), and it would appear 
from the experiments of Brouha & Nowak (1939 a and b) on
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dogs that the vagus plays a more Important part than the 
sympathetic in bringing about the emotional acceleration.
In support of this also may be cited the experiments of 
Pleisch (1933) who found that the increased rate could be 
immediately lowered in man by bringing the oculo-cardiac 
or Valsalva reflexes into action. That the increased heart 
rate in excitement is accompanied by an Increased cardiac 
output was shown by Grollman (1929) in man. General reviews 
of the effects of emotion on the heart rate were given by 
Dunbar (1935) and Darrow (1942).

Since it would appear to be impossible to eliminate 
emotional factors, especially in clinical work, the high 
initial heart rates must simply be accepted as inevitable.
As was pointed out by Burns (1939) they are really part of 
the normal preparation of the body for exercise and are 
necessary for maximum efficiency. The fact that they are 
unusually high in the present series is merely because the 
method of recording allows accurate counting of the rate 
right up to the moment exercise begins. Their influence on 
the various indices will be discussed later.

No data seem to be available concerning the 
variability of the sitting pulse rate except those of Hill, 
Magee & Major (1937) who found the coefficient of variation 
to be 10.5# in 29 male students; but coefficients for the
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recumbent resting pulse rate are in good agreement with the 
figure of 16*1# obtained in the present series for the 
sitting rate. Thus Addis (1922) found the recumbent rate 
in men to have a coefficient of variation of 16$, and 
Jackson (1927) gave 15.1$ in a series of 1600 male students.
In women, Jackson (1929) found the coefficient to be 11.5$, 
though Sutliff & Holt (1925) had previously found the basal 
pulse rate to be more variable in females than in males.
For the standing pulse rate, Franke (1928) gave the 
coefficient of variation as 15.9$ for men, while Griffith 
et al. (1929) found it to be 8.5$ for men and 8.8$ for women.

Various attempts have been made to correlate the 
resting pulse rate with the body weight, usually without 
success. In the present instance, there is no significant 
correlation, the coefficient for series A and B, taken 
together, being - 0.069 with a standard error of 0.1025.
This is in agreement with the results of Harris & Benedict 
(1919), Boas & Goldschmidt (1932) and Hill, Magee & Major 
(1937).

(2) The Maximum Rate.
(Highest rate reached in a 5-second period during the exercise).

It is difficult to find comparable results in the 
literature for the maximum rate taken during exercise, as of 
course the rate of working and the duration of the work must 
be taken into account. In the present series a subject of
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average weight works at the rate of approximately 400 to 
500 kg.ny'minute while performing the standard exercise. 
Bowen (1903) measuring the pulse rate in 10 second periods 
during exercise found a maximum rate of 115/minute after 
20 seconds when work was performed at the rate of 354kg.m/ 
minute; while Paterson (1928) found a maximum of 140/minute 
in a period of 15 seconds while work was carried out at 
650 kg.m/minute. The order of magnitude of the maximum 
rate in these results is in quite good agreement with the 
mean figures for the present series, which are 130/minute 
for men and 132.6/minute for women. It is interesting to 
note however, that a rate as high as 130/minute is reached 
in healthy young men and women performing what is after all 
a very mild exercise. The slight sex difference in maximum 
rate is in agreement with the results of Taylor (1941) 
for more severe exercise. An important feature of the 
maximum rate is that it is the least variable of all the 
indices chosen, its coefficient of variation being only 
9.9$ in men and 10.3$ in women. Thus it would appear to be 
one of the most suitable indices for the determination of 
cardiac tolerance.
Relationship of the Maximum Rate to the Initial Rate.

Contrary to the results obtained by Boas (1931b) 
for exhausting exercise, the maximum rates in my series are 
very significantly correlated with the initial rates; the
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coefficient of correlation in Series A being +0.69 with a 
standard error of 0.116, and in Series B +0.695 with an 
standard error of 0.204. This means of course that if the 
initial heart rate is high the maximum rate reached tends 
also to be high. It has already been shown that high 
initial rates in the present series are probably due to 
psychological causes.

It does not follow, however, that emotion simply 
raises the levels of the heart rates evenly throughout 
the test. Detailed examination of the results shows that 
where the initial rate is high the absolute increase in 
heart rate produced by the exercise is generally small.
For example, if the 75 subjects in Series A are divided 
into those with an initial rate below and those with an 
initial rate above 85 per minute the following results are 
obtained:-
With Initial rate below 85/min. the increase with exercise 
averages 48.3 beats per minute.
With initial rate above 85/min. the increase with exercise 
averages 40.15 beats per minute.

This diminished increase with the higher initial 
rates is particularly noticeable in those subjects whose 
resting rate immediately before exercise shows a considerable 
increase over their resting rate taken two minutes earlier, 
and those are presumably the subjects in whom the emotional
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element is most marked. It would thus appear that during 
the exercise the emotional increase is lessened and that 
some factor comes into play to prevent the occurrence of 
an excessively high maximum rate. This phenomenon does 
not appear to have been described before in connection 
with very mild exercise, though it has been noted during 
and immediately following exhausting exercise. Thus 
Boas (1931) recording the heart rate during exhausting 
exercise in boys, found that the lower the initial heart 
rate the greater was the increment in rate, and a similar 
observation on dogs was made by Essex, Herrick, Baldes & 
Mann (1939). Cotton, Rapport & Lewis (1917a) obtained 
siMlar results as regards the relationship between the 
initial rates and the maximum rates recorded immediately 
after maximal exercise in 1 irritable heart1 patients and 
controls. They explained the phenomenon on the assumption 
that: ”the circulation is capable at a given moment of a 
certain response to a given effort, and it appears to be a 
matter of indifference whether this response has been 
called forth to some extent before the chief stimulation 
has been applied providing it has been called forth through 
similar channels.” In the present series, if emotion be 
considered to play the part of the introductory stimulus 
before the chief stimulus is applied, the results are in 
accordance with this theory, although the exercise is very
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far short of maximal. Hunt & Pembrey (1921) pointed out 
that if the speed limit of the ventricles in the normally 
acting heart is assumed to be about 180/minute, then the 
slower the pulse rate at rest the greater is the possible 
variation available for increased muscular work, hence the 
advantage to the athlete of a slow pulse at rest. Thus 
one would expect a greater increase of pulse rate over a 
low initial rate than over a high one when the exercise 

is maximal, as presumably the subjects with low initial 
rates will be able to carry out more work before becoming 
exhausted. This theory of what might be called the 
’frequency reserve* does not however.operate to the same 
extent in the case of a standard mild exercise of short 
duration, and it must be emphasised that in the experiments 
of Cotton et al. the amount of exercise performed differed 
for each subject, the constant factor being the degree of 
distress produced. This accounts for their finding that 
in the ’irritable heart* group the maximum post-exercise 
rate was actually higher when the initial rate was low than 
when it was high, an effect which certainly does not occur 
in the present series.
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(3) The Time of Occurrence of T;he Maximum Rate*
(Time from beginning of exercise to middle of 5 seconds 
period in which the maximum rate occurs).

In most of the previous work on this subject, it 
was found that the maximum pulse rate reached during a short 
exercise occurred at the end of the exercise period. Thus 
Peabody & Sturgis (1922) counted the heart rate in 
consecutive periods of 15 seconds during an exercise 
lasting one minute and nearly always found the maximum 
rate in the count during the last 15 seconds of exercise. 
Similar results for more prolonged exercise in man were 
obtained by IIjin-Kakujeff (1935) and Taylor (1944).
In the present series a different result was obtained.
The maximum rate, instead of occurring at the end of the 
24 seconds of exercise, is reached on the average after 
15 seconds of exercise in the men and after 17 seconds in 
the women. The reasons for this early occurrence of the 
maximum rate will be fully discussed later, in the section 
on the general curve of heart rate during the standard 
exercise.
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(4) The Acceleration of the Heart Rate.
(Maximum rate minus rate in 5 second period immediately- 
preceding exercise divided hy time to reach maximum rate.)

Various workers have divided the increase of heart 
rate during exercise into more or less definite stages; for 
example the * Initial Acceleration* and *Persistent 
Acceleration* of Merklen (1926) and the *Initial*, *Action* 
and *Recovery* accelerations of McDowall (1938). It is 
difficult to apply these nomenclatures to the changes 
observed during an exercise which lasts for less than half 
a minute, but the acceleration discussed here probably 
corresponds mainly to the ’Initial Acceleration* of the 
above workers. Incidentally the use of the word 
’acceleration* in most of the papers on heart rate is open 
to question. It has been very generally used to denote 
merely "change of frequency" instead of in its real sense 
of "rate of change of frequency," and it should be noted 
that the present index is the first quantitative measure of 
the true acceleration expressed as beats per minute per 
second (Knox, 1940). In the present series the mean 
acceleration is of the order of 2.5 to 3 beats per minute 
every second until the maximum rate is reached. This index 
is, however, subject to great varitions in different 
individuals, the coefficient of variation being 28.6%
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in Series A and 36.8$ in Series B. This is of course due, 
at any rate in part, to the number of variable factors 
which enter into its calculation; and particularly to the 
fact that the time of occurrence of the maximum rate can 
only be estimated to the nearest five seconds.

A very striking feature of the cardiac 
acceleration which has long been known is its extremely 
short latent period. This was noted by MacWilliam (1893) 
and Grunbaum & Amson (1901). It was confirmed by Bowen 
(1903) who found that the acceleration had begun by the 
second beat; and Buchanan (1909), using a capillary 
electrometer, found that even in very light exercise such 
as clenching the fist the first diastole of the heart after 
the exercise began was shortened. Boas (1931b) using the 
cardiotachometer obtained the same result, which Is also 
clearly demonstrated in the present tracings. (See Pig. 12).

It will be seen from the graphs of mean heart 
rate during the step-test (Figs. 13 and 14) that the course 
of the acceleration up to the time of occurrence of the 
maximum rate Is not an even one. Up to 7.5 seconds from 
the beginning of exercise the graph is practically a 
straight line, indicating a steady acceleration, but after 
this point the acceleration rapidly falls off until the 
maximum is reached. This is particularly noticeable in the
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Series B graph (Pig. 14). The exact figures for the mean 
acceleration are 3.0 beats/min./sec. for the men and 2.61 
for the women (see Table 1). The lower acceleration in 
the women is no doubt due largely to the fact that when 
exercise began their heart rate was already accelerated by 
emotional factors to a greater extent than in the men, as 
was pointed out above. Using a more severe exercise 
Metheny, Brouha, Johnson & Forbes (1942) found the cardiac 
acceleration to be greater in women than in men.

There was no significant correlation between the 
body weight of the present subjects and the acceleration of 
the heart rate (Series A * B). The coefficient of 
correlation r ■ +0.109 with a standard error of 0.1025.

The deceleration of the heart rate after the 
exercise will be discussed under the heading **The Return 
to Normal1*.
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(5) Number of Extra Beats induced by the Exercise.
(Number of beats in the 30 seconds after starting exercise 
minus half the initial rate).

The possibility that some information might be 
obtained by calculating the number of extra heart beats 
produced by the exercise in a given period was next 
considered, and the point which then arose was which period 
of time to choose. As the index required was the number of 
extra beats, it appeared logical to calculate this number 
in the period from the beginning of exercise to the time 
of return to normal, as this period would presumably 
include all the extra beats. This was accordingly done, 
but the results were disappointing owing to their extreme 
variability. In Series A the mean was 20.2 beats with a 
coefficient of variation of 37.8$; and in Series 3 the 
mean was 21.5 beats, the coefficient of variation being 
27.5$. In addition, the counting of the beats over such 
a long period was extremely laborious and so a simplified 
version of this index was introduced as follows. The 
number of extra beats in a standard time was calculated, 
the time chosen being the 30 seconds following the 
beginning of exercise, which included the whole of the 
exercise period In all cases. Actually, not many extra 
beats were lost by this procedure, the means being 17.0
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beats in Series A and 16*4 beats in Series B, but the 
coefficients of variation were now 28.6$ for Series A and 
20.8$ for Series B, a considerable reduction. This Index 
is of no great value in the present series of healthy 
subjects, but it was thought that it might prove of 
interest in connexion with the cardiac patients to be 
described later. There was no significant correlation 
between the body weight and the number of extra beats 
induced by the exercise.
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(6) Actual Increase in Beats per Minute caused by the Exerclae. 
(Obtained by subtracting the Initial Rate from the Maximum 
Rate) ,

The relationship of this index to the initial rate 
was dealt with under the heading of ”Maximum Rate11, when it 
was shown that the absolute increase in heart rate tended to 
vary inversely as the initial rate. Apart from some figures 
given by Bowen (1903) for very light exercise (tapping a 
telegraph key) and by Boas (1931b) for exhausting exercise, 
the only results calculated from observations actually taken 
during exercise are those of Peabody & Sturgis (1922), They 
found an average increase of 31 beats per minute, with 
extreme variations between 23 and 46 beats/min. during an 
ascent of 60 steps each 18 cm, high in one minute. Though 
little has been done on the actual increase during exercise, 
there are numerous records of the difference between the 
initial rate and the immediate post-exercise rate. As it 
will be shown later that the post-exercise rate is highly 
correlated with the maximum rate reached during exercise, 
it is permissible to include some of these results here,

Dana (1919) concluded that Bone can judge 
accurately enough in most cases as to the effect of work upon 
the heart rate by observing the degree of acceleration of 
the pulse after 20 - 40 hops, and the promptness with which 
the heart action again becomes quiet.” Hunt & Pembrey (1921)
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while attempting to differentiate the response to exercise 
of trained and untrained men, showed that the actual 
increase in pulse rate was as good a criterion as the time 
of return to normal. Flack & Bowdler (1920) using an 
exercise test comparable with the present one, (five climbs 
on to a stool 18 inches high in 15 seconds), concluded 
that if the immediate post-exercise rate exceeded the 
initial rate by more than 25 beats/minute the subject*s 
cardiovascular system should be regarded as suspect. Using 
the same exercise however, Schneider & Truesdell (1922a) 
were unable to demonstrate any difference between an 
unselected group of aviators and a group specially selected 
for their physical fitness, as indicated by the increase in 
pulse rate alone. The superiority of the fit group was most 
clearly shown by its lower standing rate, its smaller 
reclining to standing increase, and a more rapid return to 
the normal standing rate after exercise. Cripps (1924), 
employing the same test on women, obtained results comparable 
with those of Flack & Bowdler. In the present series the 
average increase was 44.4 beats/minute In Series A and 
42.3 in Series B, the coefficients of variation being 
22.8$ and 21.4$ respectively. The smaller increase In the 
women (Series B) is again accounted for by their higher 
initial rate. The variability of the index here is much less 
than in the series described by Frfinke (1928). Using a
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knee-bending exercise, he found the coefficient of 
variation of the increase of pulse rate to be as high as 
45$. Hill, Magee & Major (1937) observed the rise of pulse 
rate after two maximum pulls on a dynamometer and found 
that the absolute rise in rate was the same in individuals
with slow, medium and fast initial rates. This is in
marked contrast to the present results, possibly due to the 
different type of exercise employed.
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(7) Percentage Increase on Initial Rate.
( Max. Rate minus Initial Rate. v )
( Initial Rate X 100 )

According to Merklen (1926), this index is an 
improvement on the 1 absolute increase1 because it enables 
a better comparison to be made between the reactions of 
different subjects to the same exercise. This would at 
first sight appear to be logical, as the percentage 
increase takes more account of the initial rate. In 
practice, however, its coefficient of variation is 
considerably greater than that of the actual increase, as 
may be seen from Table 1. This is because, as was pointed 
out earlier, the low initial rates have a greater actual 
increase than the high ones and consequently have a still 
greater percentage increase. This difficulty was also 
experienced by Hill, Magee & Major (1937). The effect of 
emotional factors on the percentage increase in pulse rate 
was discussed by Gillespie (1924), who found that the 
response to muscular work was much greater than that to 
mental work; and that the response to combined mental and 
muscular work was greater than to either alone. Merklen 
(1926) invented a further index which he called the 
’coefficient of acceleration1, obtained by dividing the 
sum of the initial rate and the maximum rate by the difference



between them, i.e. by the *actual increase1 • This index 
does not appear to have any advantages over the more usual 
ones, however.
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(8) The Post-Exercise Rate.
(Rate in beats per minute counted over a 30 second period, 
beginning 5 seconds after the end of exercise).

In most of the previous work on the rise of the 
pulse rate with exercise the only criterion available was 
the rate counted by palpation as soon as possible after the 
exercise ended, and it was therefore necessary to include 
such an index in the present work for purposes of comparison. 
As a reasonable time had to be allowed for finding the 
radial artery and commencing the timing of the pulse, the 
count was not started until 5 seconds after the end of 
exercise. The average results were 91.7 beats/minute in 
the men, and 98.2 in the women (see Table 1.)

In order to determine whether the true maximum 
rate occurring during exercise could be deduced from the 
post-exercise rate with any degree of accuracy, the 
statistical correlation between these indices was 
calculated with the following results:-
Series A (men) - coeff. of correlation +0.83.

Standard Error 0.116.
Series B (women) - coeff. of correlation +0.30.

Standard Error 0.208.
These Indices therefore are very significantly 

correlated with one another and thus the post-exercise rate, 
which requires no apparatus and can be obtained by palpation
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gives a fairly reliable indication of the maximum rate 
actually reached during the exercise.

The regression equations connecting the two 
indices are given below:
Series A (Men),
Maximum Rate = 0.72 post-exercise rate + 64,
Series B (Women).
Maximum Rate = 0,71 post-exercise rate + 63#

The excellent agreement between the regression 
equations for these two entirely separate series makes it 
unnecessary to calculate the regression equation for a 
combined series of men and women. By the use of these 
equations the probable maximum rate during the exercise 
may be calculated from the post-exercise rate alone.

Cotton & Dill (1935) using a modified Boas1 
cardiotachometer recorded the heart rate in four periods of 
ten seconds each, two immediately preceding and two 
immediately following the end of the exercise. The 
exercise consisted of walking and running on a flat 
treadmill and was continued long enough for a steady state
to be reached. They came to the conclusion that the heart
rate during exercise may be predicted from that recorded 
in the 10 seconds period following exercise, with an error 
whose Standard Deviation is rather less than They
also found that the heart rate fell very little during the
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first ten seconds after the exercise, and for the next ten 
seconds only about 6%. It must be noted that the conditions 
differed from those of the present series in that their 
exercise was prolonged until a steady state was reached. 
This, no doubt, accounts for the slow deceleration after the 
exercise, in contrast to the rapid drop observed in my 
subjects. Gillespie, Gibson & Murray (1925) stated that 
while the pulse rate immediately after exercise was a fairly 
reliable relative indication of the rate of the pulse during 
the preceding work, it was impossible to draw inferences 
therefrom as to the absolute rate of the heart during 
exercise. Paterson (1928) recording the heart rate during 
bicycling by means of a wrist tambour, found that the 
values of the pulse rate during exercise were much higher 
than one would expect from values taken even Immediately 
after exercise. This is upheld by the present results.

It should be remembered that in most of the 
previous experimental work this post-exercise rate has been 
taken as the maximum rate, and from the foregoing it would 
appear that the results thus obtained should be applicable 
in large measure to the present series. For example, as 
mentioned above Flack & Bowdler (1920) using an exercise 
very similar to the present one concluded that if the 
Increase of the post-exercise rate over the initial rate was 
greater than 25 beats/minute, the cardiovascular system was
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faulty. It Is of interest, therefore, to calculate this 
Increase in the present series. In Series A it averages 
6 beats per minute and In Series B, 8 beats/minute and thus 
the averages of both series come well within the limit set 
by Flack & Bowdler, and this in spite of the very high true 
maximum rate.

As regards the actual value reached by the 
post-exercise rate, Parkinson (1917a) found that when normal 
subjects climbed 25 steps at a moderate walking pace the rate 
in the 30 seconds immediately following exercise was 93 per 
minute. Both the exercise used and the result are very 
comparable to the present ones. Elbel & Green (1946) using 
a single step 20 inches high and a stepping rate of 
24/minute, found that the immediate post-exercise rate 
averaged 103.6 beats/minute when the exercise lasted 30 
seconds. That very high post-exercise rates (up to 172 
per minute) may be found after severe exercise was shown 
by Hill & Flack (1909).

The post-exercise rate is of course subject to 
considerable variations, its coefficient of variation being 
16.15$ in Series A and 15.8$ in Series B. Cotton, Rapport 
& Lewis (1917a) and Lythgoe & Pereira (1925) have actually 
observed slight increases in the pulse rate after the end 
of exercise instead of the usual Immediate fall, and this 
result very occasionally appears in the present tracings.
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Where present, it will of course tend to produce an 
abnormal post-exercise rate.

It will be seen from Table 1 that the post- 
exercise rate is higher in the women than in the men 
students, and this goes with the slower descent of the 
pulse rate curve in the former as shown in Fig. 14.
Emotional factors are probably responsible for the 
difference and in this connection it is interesting to 
note that Gillespie (1924) found that mental work alone 
raised the pulse rate more in women than in men, though 
the blood pressure was raised much more in the men than in 
the women.

The value of the post-exercise rate was 
emphasised by Lewis (1917) who held that in D.A.H. and 
V.D.H. patients ”the average height to which the pulse rate 
is raised at the cessation of effort may be taken therefore 
to gauge the degree of distress produced when an additional 
objective sign is desired”. Dana (1919) was also of this 
opinion. Hartwell & Tweedy (1913) and Hunt & Pembrey (1921) 
showed that after a given exercise the post-exercise rate 
is higher in untrained than in trained subjects, as might be 
expected.
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(9) The Return to Normal.
The time required by the pulse rate to return to 

normal after effort has been very widely used as an index 
of physical condition; but, as with all such indices, there 
is little agreement as to its value. Cook & Pembrey (1912) 
found the return to normal to be their best criterion of 
good cardiovascular accommodation and training in men, and 
Hartwell & Tweedy (1913) showed that it was considerably 
shorter in athletic girls than in non-athletic girls.
More detailed investigation of the effect of training was 
carried out by Robinson, Edwards & Dill (1937) and by 
Dill & Brouha (1937). They observed that the recovery of 
the heart-rate took place at the same speed in both trained 
and untrained during the first half minute, after which the 
athletes1 heart rate fell more rapidly. This was, however, 
later denied by Knehr, Dill & Neufeld (1942) who found 
that training did not materially alter the course of the 
recovery heart rate. Hill, Magee & Major (1937) found the 
time of return to normal to be the most constant feature 
of their dynamometer test. The physical fitness tests 
devised by Greifer (1939) and Hardy, Clarke & Brouha (1943) 
depended mainly on the time of return to the resting heart 
rate. As regards its value in cardiac abnormalities,
Lewis (1917) showed that the time of decline of the pulse
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rate in a series of D.A.E. patients who showed symptoms 
after exercise was five times longer than the corresponding 
time in a series of patients showing no symptoms. Later, 
Burns (1939) laid considerable stress on the value of the 
return to normal, while the Horder Committee (1940) 
recommended its inclusion in their standard exercise 
tolerance test. On the other hand, Hunt & Pembrey (1921) 
and Merklen (1926) have pointed out that an accurate 
determination of the return to normal presents considerable 
practical difficulties. The main sources of error would 
appear to be as follows:
(1) The resting rate is itself by no means an absolute 

constant.
(2) The pulse rate after exercise, instead of returning 

smoothly to the original rate, often stops short a 
little way above the resting level and may not return 
to it for a very prolonged period (Deane, 1910 and 
Benedict & Cathcart, 1913). When in this state, a very 
slight exertion may cause the pulse rate to •click1 
suddenly down to its original resting rate (personal 
communication from Professor Cathcart). In this 
connexion it is of interest that Edgcomb & Bain (1899) 
found that very gentle resistance exercises may actually 
lower the pulse rate. Mosler (1912) also found that the 
return to normal seemed to occur in a series of steps 

rather than in a smooth curve.
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(3) A quick return to normal or subnormal may be sustained 
only for a few seconds and the pulse rate may then rise 
and not return again to normal for several minutes.
A period of subnormal pulse rate after exercise was 
described by Chailly-Bert & Langlois (1921).
This so-called 1 post-exercise troughf and the 
subsequent Secondary rise1 were investigated by 
Klyver, Huang & Shafer (1927) who regarded them as 
merely the beginning of the normal fluctuations of the 
resting pulse rate, to be accounted for by the causes 
which give rise to these normal fluctuations.
Cotton (1928) while offering no explanation of the 
trough1 threw doubt on the results of Klyver et al. 
on the grounds that their method of counting the pulse 
was neither continuous nor as accurate as it might have 
been. Several of the tracings in my series show 
evidence of a post-exercise trough and a possible 
explanation will be offered in Chapter 8. Because of 
these fluctuations Meakins & Gunson (1917) pointed out 
the importance of counting the pulse rate in periods 
which are as short as possible. They counted the rate 
after exercise in 6 second periods.

As described in Chapter 4, the return to normal 
in Series A and B was calculated by a new method rendered 
possible by the continuous recording, thus:
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The exact space occupied by the last ten heart beats before 
exercise began was marked off on the edge of a piece of 
paper. This paper was then slid along the tracing until 
the next set of ten beats which would occupy this space 
was found. The time from the end of the exercise to the 
first of these ten beats was taken as the time of return 
to normal. It was at first feared that the onset of 
sinus arrhythmia in some of the tracings might upset this 
count, but it was found that this was not so. This 
micro-method has the advantage of great exactness, but the 
results show considerable variations from individual to 
individual. In Series A (men) the average time of return 
to normal was 21.4 seconds with a Standard Deviation of 
16.42 and a Coefficient of Variation of 77$. In Series B 
(women) the average time was 25.4 seconds with a Standard 
Deviation of 9.35 and a Coefficient of Variation of 36.8$. 
Using a comparable exercise and counting the pulse in 5 
second periods Treadgold (1930) found the average return 
to normal in healthy men to be about 15 seconds, and Plack 
& Bowdler (1920) said that it should occur within 30 
seconds of the end of their exercise; results which are 
fairly close to those of the present series. It is 
interesting to note that Cripps (1924) found the return to 
normal to take longer in women than in men, but the 
differences between the results in Series A and B are hardly 

great enough to be significant in this respect, though a
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more prolonged time in the case of the women might be 
expected from their higher post-exercise rate and slower 
decline (see Fig. 14).

The real drawback however to the use of the 
return to normal obtained in this way as an index is its 
extreme variability in normal individuals. The 
coefficient of variation, especially in Series A, is very 
high indeed and for this reason the index has seldom been 
so calculated in the subsequent special series. No 
significant correlations were found between the time of 
return to normal and the body weight or between the time of 
return to normal and the haemoglobin percentage of the 
subjects•
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(10) The Rate 5 minutes after exercise.
(Counted over 30 seconds beginning 5 minutes after end of 
exercise)•

As the average time of return to the Initial rate 
was less than 30 seconds it was to be expected that this 
index would be at least as low as the initial rate* The 
actual results, 80.3 beats/minute in the men and 82.2 in 
the women, show that the heart rate has by this time fallen 
considerably below the initial rate (counted in the 10 
seconds immediately preceding exercise) and is even 
slightly lower than the early resting rate taken two 
minutes before exercise began; in fact, it is the lowest 
of all the heart-rate indices calculated. The main reason 
for this is almost certainly a psychological one. The 
test having been safely completed and the tension relaxed, 
both the exercise and emotional accelerations have passed 
off. It is probable that this low rate bears little 
relation to the so-called f,post-exercise trough” in the 
heart-rat® described by Lowsley (1911) and investigated by 
Klyver# Huang & Shafer (1927) and by Cotton (1928), as 
the time relations are quite different.
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SUMMARY .

Using 75 men and 25 women as subjects, the effect 
of the standard exercise on the following heart rate 
indices is discussed.
(1) Initial rate.
(2) Maximum rate.

(3) The time of occurrence of the maximum rate.
(4) The acceleration of the heart rate.
(5) The number of extra heart beats induced by the exercise
(6) The actual increase in heart rate.
(7) The percentage increase in heart rate.
(8) The post exercise rate.
(9) The return to normal.
(10) The heart rate five minutes after exercise* 

The mean values and variability of these indices
are given and the results discussed in relation to those
of other workers•

The maximum rate during exercise is found to be
significantly correlated with both the initial rate and
the post exercise rate.



’’At all times it must have been observed, that 
muscular exertion, almost of every kind, but more especially 
violent exercise, increased greatly the powers of the heart 
and arterial system; but that this extended even to the 
slightest muscular motion, such, for example, as is made use 
of during a change of posture, does not appear to have been 
suspected, or if so, its importance has been greatly 
overlooked."

Robert Knox (1915). p. 165.



CHAPTER 7.
THE EFFECT OF THE POSTURAL AND EXERCISE COMPONENTS OF 

THE STEP-TEST ON THE HEART RATE.
In order to obtain a general picture of the average 

changes in heart rate during the standard exercise the mean 
rates in each five second interval were calculated. Series 
A (75 men) and Series B (25 women) were treated separately 
and the results are shown in Figs. 13 and 14. The mean 
rates are plotted in the centre of the 5 second interval 
in which they occur. It will be seen that in both series 
the heart rate increases linearly up to 7.5 seconds after 
the beginning of exercise, after which the acceleration falls 
off. Following the maximum, the rate falls slightly 
although the exercise is still in progress. After exercise 
ends the rate falls much more rapidly in Series A than in 
Series B. These are merely general expressions of results 
which have been discussed in detail in the sections on the 
various heart rate indices.

In the section on wThe Time of Occurrence of the 
Maximum Rate” it was pointed out that the results of most 
previous workers indicated that the maximum rate occurs at 
the end of a short exercise. That this is not the case In 
the present series is clearly shown in the graphs.

An explanation of this decrease in rate during the 
exercise was then sought. It seemed possible that in a
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very short light exercise of the present type, where the 
rate was counted accurately over very small periods, the 
effects of posture might appear in the record and prove 
the complicating factor. The exercise was begun from the 
sitting posture and standing erect might augment the heart 
rate during the first half of the exercise. This postural 
increase might pass off as circulatory adjustments were 
made, independent of the actual stepping; thus accounting 
for the decrease In rate during the last five seconds of 
exercise.

This theory was tested on a series of seven male 
students who were well accustomed to the apparatus and In 
whom the psychological increase was minimal. This 
presumably accounts for their low maximum rates.

The subjects first sat down and rested quietly 
until the heart rate was steady, then at a given signal they 
stood up and remained standing quietly, the heart rate being 
recorded in the usual way. They then sat down again and 
rested for 15 minutes, at the end of which they performed the 
standard exercise starting from the sitting posture. A 
further 15 minutes rest followed to ensure that the heart 
rate had returned to the resting level. The subjects then 
stood quietly for 5 minutes and then repeated the stepping 
exercise from the standing posture. Graphs of the mean 
heart rates in 5 second periods during the three tests are
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shown in Pig. 15. It will be seen that the curve for the 
sitting - exercise - sitting test (curve B) shows the 
typical decrease in rate during the last 5 seconds of 
exercise, whereas the standing - exercise - standing curve 
(curve A) continues to rise till the end of exercise. The 
sitting - standing postural curve (curve C) shows an 
increase to a maximum followed by a decrease to a resting 
level about 7 beats/minute higher than the sitting resting 
rate. As might be expected from the postural theory the 
curve of acceleration of the heart rate during the first 
ten seconds of exercise is steeper in the sitting - exercise - 
sitting test than in the standing - exercise - standing one.
It would thus appear that the postural increase and the 
exercise increase are to a certain extent additive. If 
this is so, it should be possible to construct a curve for 
the exercise component alone by subtracting the heart rates 
in each 5 second period of the sitting - standing test from 
those in the corresponding periods of the sitting - standing - 
exercise test, i.e. by subtracting curve C from curve B,
Pig. 15. If the components are additive we should expect 
the resultant curve to rise steadily to a maximum at the 
end of exercise as in curve A (standing - exercise - 
standing). The resultant curve is shown in Pig. 16, and 
follows the general trend expected from the theory. In 
addition it is to be expected that if the exercise were
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continued beyond the standard 20 seconds the rate would 
increase again following the drop due to the falling off 
in the postural component. That this is the case will be 
shown in the section on the effect of duration of 
exercise, (but see Pig. 22). The present test has thus 
been shown to combine the effects of posture and of 
exercise on the heart rate, the total effect being the 
resultant of the components.
DISCUSSION.
The Decline in Heart Rate during Exercise.

On searching through the records of other workers 
it was found that a fall in heart rate during exercise 
did occasionally appear, though it was not stressed by any 
of them. Thus in experiments on very light work (tapping 
a telegraph key) by Bowen (1903) the average curve showed 
the maximum heart rate at 2j minutes during a 4 minute 
exercise. Schneider (1916) found that when work of from 
15 to 20 minutes’ duration was performed on a cycle 
ergometer at high altitudes the maximum heart rate was 
usually reached in the half-minute after work began and 
was followed by a marked retardation and plateau.
Paterson (1928), also using a cycle ergometer, observed 
in some cases an early maximum rate during work followed by 
a decline, after which a slow rise to the level of the 
early maximum took place. A pulse rate curve for light
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work on the hand ergometer given by Gillespie, Gibson & 
Murray (1925) also showed this effect; and Backwell (1921 
quoted by McDowall 1938) obtained similar results when the 
application of the effort was sudden. By the use of their 
cardiotachometer Boas & Goldschmidt (1932) found that In 
dancers the maximum rate occurred within one or two minutes 
of the commencement of the exercise, and it was only when 
the exercise was prolonged or became progressively more 
vigorous that the maximum rate appeared after a longer 
Interval.

In none of the above instances can the postural 
effect have been responsible for the slowing during 
exercise, as no change in posture was involved. It Is 
however possible that the passing off of the psychological 
tension which accompanies the commencement of effort may 
have been responsible, as presumably this component is also 
additive. This explanation would be especially likely in 
the experiments of Bowen, Backwell, and Boas & Goldschmidt, 
as either the nature of the exercise or the method of 
applying the load would tend to heighten psychological 
reactions•
The Postural Component.

This is itself due to two factors, the dynamic 
muscular movement of standing up and the steady gravitational 
factor when erect. The first would account for the primary
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rise and fall of heart rate seen In Fig. 15, curve C; 
and the second would he responsible for the maintained 
increase in rate. It is, of course, the passing off of 
the dynamic factor which is responsible for the fall in 
heart rate during the brief standard exercise employed 
here.

In the present series the standing resting rate 
finally became steady at about 7 beats per minute above 
the sitting resting rate when counting was continued 
beyond the 25 seconds shown in curve C,Fig. 15. This is 
in general agreement with the average results given by 
previous workers for the sitting - standing increase.
Vierordt (1906) quoted 9 beats per minute as an average 
figure, while Schneider (1916) gave 10 beats per minute for 
men, and Turner (1927a), 13 beats per minute for women.
The whole question of postural increase in rate was 
exhaustively studied by MacWilliam (1933) who found wide 
variations in the sitting - standing increase, but 8 beats 
per minute was a usual figure for his subjects. His final 
conclusion was that ffthe vertical position of the thighs in 
standing is the essential condition of the quicker pulse 
rate.” In his experiments the rate does not appear to have 
been counted in intervals smaller than half a minute however, 
and the brief initial rise and subsequent fall shown in 
Fig. 15 were thus not considered.
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The Separation of the Postural and Exercise Components.
Helmreich (1923) seems to have been the first to 

recognise that even the simple act of standing erect 
involves two distinct components which may affect the 
heart rate. These caused " a dynamic rise corresponding 
to the increased use of oxygen seen in exercise, and a 
static rise corresponding to the changed relationship of 
the body to gravity". These components are clearly seen In 
the primary rise and subsequent plateau of the sitting - 
standing curve in Fig. 15. The existence of such a dual 
mechanism is also implicit in the results of Turner 
(1927b and 1929) though no quantitative data were given 
bearing on this particular point. In 1930 however, Turner, 
Newton & Haynes investigated the postural component alone 
by having the subject strapped to a tilting table so that 
no exercise was involved in the change of posture. They 
found that the delicacy of the circulatory reaction to 
gravity was such that a tilt of only 15 degrees produced a 
definite effect on the heart rate. This technique was 
extended to include exercise by Asmussen, Christensen & 
Nielsen (1939). Their subject was placed on a tilting bed 
and performed rhythmic arm movements against elastic 
resistance. The heart rate increased on tilting unto the 
head-up position and if this tilt took place during the
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arm work the postural Increase was added to the exercise 
increase. The postural increasewas abolished or reversed 
on clamping the legs. The authors ascribed the postural 
increase to diminished pressure In the central veins.

Thus, though a certain amount of work has been 
done on the separation of the exercise and postural 
components under artificial conditions, the present work 
would seem to be the first fully quantitative attempt to 
show that they have a distinct and additive effect on 
the heart rate during a natural mixed exercise.
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SUMMARY.

The standard step-test includes two factors 
which may affect the heart rate;
(a) The postural component, due to the change of posture 

from sitting to standing.
(b) The exercise component, due to the actual stepping.

It is shown that each of these factors does 
influence the heart rate and that their effects can he 
separated but are additive in the mixed exercise. The 
fall in heart rate during the standard exercise is due to 
the partial regression of the postural component. The 
literature concerning these factors is discussed.



n.......... then the Pulse is disturbed, trembles or
intermits, and seems to threaten every thing that is ill, 
whence one might believe that the Patient will be lost, when
in a little time he perfectly recovers.........  In Women
with Child, and those who give Suck, there is a wonderful 
Variation of the Pulse, which may Seduce the Physician into 
capital Errors, if he forms a Judgment or Prognosis from the 
Pulse alone”.

Boerhaave, (1756). p. 204.
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CHAPTER 8.

SINUS ARRHYTHMIA AND SINUS BLOCK.
Even slight degrees of respiratory cardiac 

arrhythmia are very easily detected by the present method 
of recording. To determine its frequency of occurrence in 
Series A and B the tracings were divided into four 
categories according to whether sinus arrhythmia was absent, 
slight, marked or very marked.
The results were as follows:

Sinus
Arrhythmia

Series A 
men 

(percentage)
Series B 
women 

(percentage)
Absent 9.3% 6.7$
Slight 29.3% 16.7$

Marked 54.7$ 60.0$
Very Marked

*1
6.7$ 16.6$

Respiratory arrhythmia was thus present to a 
marked degree in over 60f? of the men and in over 75# of 
the women. Pig. 17 shows a typical tracing. These 
percentages are higher than might have been expected from 
the literature. Thus Lewis (1925) states that In adult 
man the respiratory variation of pulse rate is 
inconspicuous or absent while the breathing is natural, 
but Is universal during forced breathing. The question of 
forced breathing does not arise here as the exercise was so 
mild that it produced little effect on the respiration other
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than a very slight and transient post-exercise increase in 
frequency and depth. The present results are more in 
agreement with Pleisch & Beckmann (1932) who found from 
accurate measurements of cardiac cycle length in man that 
respiratory arrhythmia was a constant physiological 
occurrence especially in subjects of vigorous physique.
It would seem probable that the percentage of normal people 
showing sinus arrhythmia simply varies directly with the 
delicacy of the method of measurement employed. The 
arrhythmia invariably disappeared during the exercise 
(see Pig. 17) and this is in accordance with the majority 
of observations (Lewis 1925), though Schlomka & Reindell 
(1936) noted that sinus arrhythmia could persist in young 
people during mild and moderate exercise.

The general view seems to be that sinus 
arrhythmia is of no clinical significance and nearly always 
disappears on exercise (Roth, 1928; Treadgold, 1930). 
Mackenzie (1910) however, was of the opinion that well 
marked respiratory arrhythmia was a sign that the heart was 
free from disease. Tiitso & Pehap (1935) found that the 
strength of the arrhythmia at rest bore no relation to the 
work capacity of the individual. In view of these opinions 
it was considered worth while to compare the performances 
in the present test of ten subjects showing marked sinus
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arrhythmia with ten showin no arrhythmia. The results 
are summarised in Table 3. The most obvious difference 
between the two groups is that the Early Resting Rate 
(2 min. before exercise began) and the Initial Rate are 
very much higher in those showing marked arrhythmia. This 
result was unexpected, as it is generally stated that the 
arrhythmia is most pronounced when the heart is beating 
slowly (Lewis, 1925; Boas & Goldschmidt, 1932; Pleisch,
1933; Cowan, 1939). That marked stfinus arrhythmia occurs 
when the vagal tone is high was shown by Snyder (1915) and 
McDowall (1931), and that it is abolished by vagotomy 
was shown by Heymans & Samaan (1934). Earlier, Braun &
Fuchs (1902) had observed that ordinary sinus arrhythmia 
was reduced or abolished after atropine. According to 
Katz (1941) the arrhythmia may persist even during rapid 
heart rates in youth and adolescence.

Although the Early Resting Rate and Initial Rate 
average about 10 beats per minute higher in those with 
marked arrhythmia, the rate 5 minutes after exercise shows 
a difference of less than 5 beats per minute. This suggests 
that those with marked arrhythmia have a greater psychological 
increase in heart rate in anticipation of the test, and this 
is borne out by the greater difference between the early 
resting rate and the immediate pre-exercise rate



96

in these subjects.
Since it is known that the respiratory variation, 

like the psychological increase in heart rate, is mediated 
mainly through the cardioinhibitory centre (see above) the 
fact that a marked sinus arrhythmia accompanies a marked 
psychological increase could be explained on the assumption 
that in such subjects the cardioinhibitory centre is 
unusually labile. That is, the centre might respond 
excessively to impulses from the higher centres 
(psychological increase), and from the respiratory centre 
(sinus arrhythmia). It was shown by Heymans (1929) that 
impulses irradiating directly from the respiratory to the 
cardiac centres do play an important part in the mechanism 
of sinus arrythmia. In confirmation of this, Adrian & 
Buytendijk (1931) found that potential waves from the 
respiratory centre were propagated to a considerable 
distance. Other afferent impulses concerned in the 
respiratory arrhythmia come from the right auricle, 
(Bainbridge, 1920 and Starr & Priedland, 1946) and from the 
lungs themselves (Brodie & Russell, 1900). Excellent reviews 
of this field were given by Anrep (1936) and Anrep, Pascual 
& RBssler (1936).

As can be seen from the table, the average ages of 
the two groups were practically identical; there was thus no
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evidence that the marked arrhythmia occurred in the younger 
subjects.

As regards the other indices, those showing marked 
arrhythmia have a higher maximum rate and post-exercise 
rate but the actual increase in heart rate due to the 
exercise is practically identical in the two groups. The 
acceleration during exercise is considerably greater in 
those with marked arrhythmia and this would tend to 
support the theory that these subjects have an unusually 
labile cardi>inhibitory centre.
Effect of Respiration on the size of the electrical variations.

It can be seen from Fig. 17 that respiration often 
causes a well-marked alteration in the size of the recorded 
R-S waves of the electrocardiogram. This effect was first 
pointed out by Einthoven, Fahr & de Waart (1913) and was 
confirmed by Waller (1913). They found that sometimes the 
R wave was larger on inspiration than on expiration and 
sometimes the reverse, depending to some extent on the leads 
employed. Rotation of the electrical axis of the heart 
during the respiratory movements was presumed to be the 
cause. With the chest leads used in the present experiments, 
the R wave usually decreases during inspiration but sometimes 
the reverse occurs.
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Sinus Block.
Staehelin (1897), Cook & Pembrey (1913) and 

Dana (1919) described simple pauses in the rhythm of the 
heart, apparently dropped beats, which occurred in 
association with sinus arrhythmia or after exercise. 
Florence Buchanan (1909) observed similar diastolic pauses 
after training and in her view they largely accounted for 
the slow heart rate in trained subjects. About fifteen 
per cent of the subjects in the present series show this 
condition in some degree (Fig. 18) but not always in 
association with marked sinus arrhythmia. The condition 
is usually most prominent while the heart-rate is slowing 
down after exercise and may be similar to the step-like 
effect found by Mosler (1912) during the return to normal 
after more severe exercise. From the absence of 
extrasystoles or a compensatory pause the condition would 
appear to be some form of sinus block, perhaps due to 
sudden overactivity of the vagus as it resumes full control 
after exercise. Such hyperactivity might also account for 
the 1 post-exercise trough1 in the heart rate described by 
Klyver, Huang & Schafer (1927) and others.
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SUMMARY.
Sinus arrhythmia is readily detected in the 

present tracings and was present to a marked degree in 
over 60 per cent, of the men and in over 75 per cent, of 
the women. The arrhythmia disappeared during exercise.
The mechanism of sinus arrhythmia is discussed and it is 
shown that the phenomen occurs in association with 
marked psychological variations in the heart rate. This 
suggests that it may occur in those with an unusually 
labile cardioinhibitory centre.

Simple pauses in the rhythm of the heart 
were present after exercise in 15 per cent, of the subjects. 
They were probably due to sinus block.



"Since pulses are readily altered in various ways - 
in fact, I might say there is no cause that does not change 
them - I have determined to take a threefold and very 
general difference' in their change, and to speak specially 
about each in turn".

Galen, circa 170 A.D., in 
"Libellus de Pulsibus ad Tirones".



CHAPTER 9.
THE EFFECTS ON THE HEART RATE OF VARYING THE LOAD,
VSPEED AND DURATION OF THE EXERCISE.

The mean values and variability of the heart rate
indices having been established by Series A and B, an
investigation of the effects of load and of varying the
speed and duration of the exercise was next undertaken.
Effect of Load. (Series W).
Method. Seventeen male medical students acted as subjects.
Each first performed the standard exercise test exactly as
in Series A and B (5 climbs at 96 steps per minute),
carrying no load. A weight of 19.5 kg. was then placed in a
haversack strapped to the subjects back and he rested
quietly for 15 minutes during which it was found that the
effects of the previous exercise on the heart rate had
completely passed off. While the subject was seated the
weight of the haversack was supported by a wooden block
fixed to the back of the chair. At the end of the 15 minutes*
rest the exercise was repeated carrying the weight of 19.5 kg.
The same procedure was adopted with weights of 32.2 kg. and
40.3 kg. in the haversack. The average weight of the subjects
was 64 kg. and the mean rates of working were:
With no load - 478 kg.m. per minute.
With 19.5 kg.- Load - 595 kg.m. per minute.
With 32.2 kg. Load - 669 kg.m. per minute.
With 40.3 kg. Load - 712 kg.m. per minute.
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Results*

The results are given in Table 4 and graphs of the effect of 
increasing load on some of the indices are shown in Pig. 19. 
It will be seen from Table 4 that there is a slight increase 
in initial rate with each increment in load, due not to 
insufficient rest between the bouts of exercise but to 
psychological factors. This was shown by the fact that 
after each increase in load the resting rate rose a little 
higher as the time to commence work approached, although the 
subjects did not feel the load until they rose from the chair 
to begin exercise. It was therefore the anticipation of 
working with a greater load which caused the increase in 
initial rate.

There was a linear relationship between the 
maximum rate reached during the exercise and the load carried, 
whereas the mean acceleration of the heart rate remained 
relatively constant, Pig. 19. The post-exercise rate also 
increased linearly with load as might have been expected from 
its close correlation with the maximum rate. The increase 
of the remaining indices with load was quite definite but 
more irregular. Time to return to normal showed a 
particularly marked increase but this must be interpreted 
with caution as this index has already been shown to have a 
very marked intrinsic variability.
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Graphs of the mean rates In 5 second intervals 
during the exercise with the various loads are given in 
Pig. 20. The curve for *no load1 shows the usual decrease 
in rate towards the end of exercise, caused by the 
withdrawal of the postural component. As the load Increases 
this falling off in the steady acceleration diminishes 
until at 40.3 kg. it is scarcely perceptible. This is 
presumably due to the postural component being overwhelmed 
by the steadily increasing exercise component. In Pig. 19 
it can be seen that as the load increases the average time 
of occurrence of the maximum rate moves towards the end of 
the exercise.

A point of interest which arises here is that the 
mean maximum rate with no load is 5 beats per minute less 
than in Series A, although the conditions in both sets of 
experiments were exactly the same. In the other special 
series also, when the standard exercise was employed, it was 
always found that the mean maximum rate was lower than in 
Series A. Several possibilities may account for this. The 
difference was usually about 5 to 8 beats per minute and 
this might easily have arisen by chance as it is 
approximately half the standard deviation. However, in 
order to make certain that the differences were not due to 
changes in the apparatus, the time-marker was re-calibrated



and found to be correct. Also, a considerable number of 
the Series A tracings were re-analysed in case improvement 
with practice in the technique of counting the beats had 
produced the difference. The original results were, 
however, confirmed and the difference must be accepted 
as a fact. One factor which may partly account for the 
lower rates in the subsequent series was that whereas the 
subjects in Series A and B were second-year medioal students 
comparatively unused to human experiments, the subjects in 
the present series were third-year students taking the B.Sc. 
course and were therefore much more accustomed to such 
procedures. As it has previously been shown that 
psychological influences play a very large part In the 
control of the heart rate this may well have been a 
determining factor. For comparison with the results in 
Series A; the means, standard deviations and coefficients 
of variation of the indices during the basic standard 
exercise (5 climbs at 96 steps per minute with no load) in 
the load and duration series added together, a total of 
30 male subjects* are given in Table 5.
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Effect of Duration of Exercise (Series D).
Method. Thirteen male medical students acted as subjects. 
This series was intended to show the effect on the heart 
rate of varying the number of ascents of the steps, the 
rate of stepping remaining constant. No load was carried. 
Each subject performed three separate exercises with 15 
minutes1 rest between them. The first was the standard 
exercise of five ascents (exactly as in Series A), lasting 
approximately 20 seconds. The second consisted of 10 
ascents lasting approximately 40 seconds, and in the third 
exercise the subjects made twenty ascents lasting about 
80 seconds. In all cases the exercise began from the 
sitting posture and the rate of stepping was the standard 
one of 96 steps per minute.
Results. The results are given in Table 6 and graphs of the 
variation of certain indices with the number of climbs are 
shown in Fig. 21. Contrary to the results obtained In the 
load experiments, the mean Initial rate here falls steadily 
from the first exercise to the last (Table 6). Apparently 
a simple increase in the duration of a light exercise with 
no load does not cause the psychological tension associated 
with load carrying. It will be seen from Fig. 21 that the 
mean values for maximum rate, percentage Increase over 
initial rate and time to return to normal all Increase with
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the rise in the number of climbs. The rate of increase is 
not quite linear, tending to fall off as the number of 
climbs increases. The mean acceleration naturally falls as 
the exercise lengthens and the time to reach the maximum 
rate increases. All the other Indices rise steadily with 
increase in the number of ascents.

The mean heart rates in five second intervals 
during the three exercises are graphed in Fig. 22. The curve 
for 5 climbs (the standard exercise) follows the usual course, 
whereas the heart rate continues to rise when the exercise is 
prolonged to 10 or 20 climbs. It will be seen that all three 
curves show the typical plateau due to the withdrawal of the 
postural component. This begins 12.5 seconds after the 
commencement of exercise and lasts for about 10 seconds when 
the exercise is prolonged beyond the usual 5 climbs, thus 
showing the same time relations as the postural increase 
curve (Fig. 15, curve C). This was of course to be expected, 
as the conditions during the first twenty seconds were exactly 
the same for all three exercises, and no swamping effect such 
as occurred in the load experiments was found here. It may 
also be noted that when 20 climbs were attempted very little 
change in heart rate occurred over the last twenty seconds of 
exercise, thus indicating that a "steady state” had been 
reached. During the return to normal after the exercises had 
ended there was very little difference in the slope of the



three curves, showing that though the mean time of return to 
the initial rate aid increase with duration of exercise 
(see Fig# 21) the rate of deceleration remained constant 
during the first ten seconds after exercise ended. If these 
deceleration curves are extrapolated it will be found that 
they give values for the return to normal very close to 
those given in Table 6 which were obtained by the 
Mmicro-method” previously described. This indicates that 
the constant rate of deceleration was probably maintained 
until the Initial rate was reached. Thus the difference in 
time of return to normal for the three exercises was simply 
an expression of the different levels to which the heart 
rate had risen at the end of exercise.

A general comparison of the results of the load
and duration series would seem to indicate that an Increase
In the total work done brought about by load carrying has a
greater effect on the heart rate than a similar increase due
to extending the duration of the work. Thus in the load series
increasing the total work by 63$ caused the following Increases
in the heart rate indices:-
Maximum Rate, 12.5 beats/minute; Absolute Increase, 9.0 beats
Post-exercise Rate, 18.5 beats/minute; Return to Normal,

24 seconds.
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In the duration series, increasing the total work
by 100$ increased the same indices thust-
Maximum Rate, 6.4 beats/minute; Absolute Increase, 7.3 beats
Post-exercise Rate, 6.6 beats/minute; Return to Normal,

7.5 seconds.
It must of course be noted that an Increase In the 

load carried causes an increase In the rate of working 
whereas merely Increasing the duration of exercise does not.
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Combined effect of Speed and Duration of Exercise. (Series S). 
Method. The other main factor which remained to be 
investigated was the effect of speed, in this case 
represented by the rate of stepping in the two-step test.
A few trial experiments made it clear that if the rate of 
stepping was increased much over the standard 96 per minute, 
the subjects found great difficulty in keeping time with the 
metronome. On the other hand, if the rate was reduced to 
30 steps per minute the movements became stiff and unnatural. 
Morehouse & Tuttle (1942) have recently found that in studies 
of post-exercise heart rate following various rates of 
stool stepping, rates of 40 - 50 steps per minute were 
required for acceptable reliability. With lower intensities 
of exercise the results were inconsistent. It was therefore 
decided to use only two rates of stepping, 48 per minute and 
96 per minute and to make the subjects perform two exercises 
at each of these rates; one exercise of 5 ascents of the 
steps and the other of 10 ascents. Thus the effects of speed 
and duration of exercise could be compared on the same 
subjects. In order to avoid the complicating factor of 
change of posture at the beginning of effort, the exercises 
in this series began and ended in the standing position. No 
load was carried. Ten male medical students acted as subjects. 
They stood at ease for 5 minutes before each exercise began 
and again for 5 minutes after exercise ended. A break of
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15 minutes wgs allowed between each of the four ascents, 
which were carried out in an irregular order to minimise 
any cumulative effects which might occur. In addition, 
each subject performed the standard exercise of 5 ascents 
at 96 steps per minute beginning and ending in the sitting 
posture for comparison with the results of the previous 
series. As the procedure was somewhat complicated it is 
summarised as follows:
Each subject performed:
(a) 5 ascents of the two steps at 48 steps per minute,

standing to standing.
(b) 10 ascents of the two steps at 48 steps per minute,

standing to standing.
(c) 5 ascents of the two steps at 96 steps per minute,

standing to standing.
(d) 10 ascents of the two steps at 96 steps per minute,

standing to standing.
(e) 5 ascents of the two steps at 96 steps per minute,

sitting to sitting.
Results.

The average results for the various heart rate 
Indices are given In Table 7, which also shows the mean total 
work perfomed and the mean rate of working. The variations 
in some Indices with speed and duration of exercise are shown 
graphically in Fig. 23.

The initial rate in the exercises started from 
the standing posture averaged about 9 beats per minute higher 
than in those started from the sitting posture. This was in 
fair agreement with the mean sitting to standing Increase of
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7 beats per minute obtained in Series A (see Fig. 15).
When the total work remained constant at 182.3 

kg.m. and the rate of working was approximately doubled, 
the mean maximum rate rose from 115.6 to 122.3, an increase 
of 6.7 beats per minute. When the total work was constant 
at 364.6 kg.m. and the rate of working was doubled the 
Increase In mean maximum rate was 13 beats per minute, 
that is, very nearly twice the previous increase. (See 
Table 7).

On the other hand, when the rate of working 
remained constant at about 300 kg.m. per minute and the 
total amount of work was doubled the maximum rate rose by 
only 1.4 beats per minute, though when the higher rate of 
working of 590 kg.m. per minute was kept constant and the 
amount of work was doubled the rise in maximum rate was 
7.7 beats per minute. Thus at the slow rate a two-fold 
increase in duration of work produced very little effect 
whereas at the fast rate it had a marked effect on the 
maximum rate attained. These results are also mirrored by 
the indices showing actual and percentage increase over
the initial rate.

In the case of the return to normal a rather 
different result was obtained. When the total work was 
kept constant and the speed was doubled only small increases
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In the return time occurred; whereas when the rate of 
working was kept constant and the total amount of work 
was doubled the increases were definitely greater. Thus 
when the total work was constant at 182.3 kg.m. and the 
rate was doubled the increase was only 2.1 seconds; but 
if the rate was constant at 300 kg.m. per minute and the 
total work was doubled the increase was 7.8 seconds. 
Similarly, when the total work was constant at 364.6 kg.m. 
and the rate was doubled the increase in return time was 
only 6.8 seconds; although when the rate remained constant 
at about 590 kg.m. per minute and the total work was 
doubled the increase was 12.5 seconds. As the return to 
normal is such a variable index these results must be 
accepted with caution but it will be shown in the discussion 
that they do agree with the results of some other workers 
in this field. The mean heart rates in 5 second intervals 
during the five exercises are graphed in Fig. 24. The 
effect of the postural component is again evident In the 
difference between the curves for 5 climbs at 96 steps per 
minute sitting to sitting and standing to standing. It is 
interesting that in the exercises of longer duration 
(10 climbs) the acceleration of the heart rate was 
definitely more sluggish than in the corresponding shorter 
exercises (5 climbs) at the same speeds, though the
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conditions during the first 20 seconds were exactly the 
same. The subjects of course knew that the exercise was to 
be longer and these results might be due to a psychosomatic 
effect reducing the acceleration when the exercise was to 
continue for a longer time. Further, the times taken to 
perform the exercises were very nearly proportional to 
the number of climbs and the speed, so that the slower 
acceleration would not seem to have been due to the 
subjects taking the steps more slowly when they knew that 
the effort was to last longer. This effect is apparently 
only brought out in the standing to standing exerciees 
when the complication of the postural component is absent, 
as it does not occur to any marked extent In the duration 
series . , (Fig. 22) In which the exercise began and ended 
In the sitting posture.
DISCUSSION.

Many workers have attempted to correlate the work 
load with its effect on the heart rate. One of the earliest 
was Christ (1894), the exercise being a step test on special 
steps which displaced water so that the work done could be 
accurately measured, the pulse being taken before and after 
exercise by a «phygmograph. He concluded that with 
increased work the pulse rate increased up to a certain 
point, but this parallelism ceased at a certain figure of
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work done when the pulae rate approached Its maximum.
Three years later much of this work was repeated by 
Staehelin (1897) whose findings agreed with those of 
Christ in so far as the general increase of heart rate 
with increased work was concerned, but Staehelin 
emphasised that there was no question of proportionality.
He found great differences in the response In different 
Individuals for a given amount of work, but the Increases 
in heart rate with light, medium and heavy work were in 
that order. In 1911 Lowsley also found that the more 
vigorous the exercise the greater was the increase in pulse 
rate and the slower the return to normal. Similar 
qualitative results were obtained by Hedvall (1915), 
Brittingham & White (1922), Schneider & Clarke (1929), 
and Deppe & Bierhaus (1936). Tiitso & Pehap (1935) found 
that in trained subjects the steady heart rate reached 
during exercise did depend on the intensity of the work, 
but that In the untrained the heart rate increased 
continuously until the end of exercise. According to 
Schneider & Crampton (1936) pre-adolescent boys fail to 
show the linear relationship between load and pulse rate 
which is given by adults.

More definite quantitative evidence was obtained 
by Benedict & Cathcart (1913) who found that the pulse rate
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even during severe muscular work closely followed the 
amount of the energy output measured in Calories per 
minute. Similarly Boothby (1915) obtained a practically 
linear relationship between the pulse rate and the 
intensity of work expressed as oxygen consumption per 
minute. Paterson (1928) and Bock, Vancaulaert, Dill, 
Foiling & Hurxthal (1928) also obtained approximately 
linear correlations between heart frequency and metabolic 
rate. Recently Taylor (1941) obtained significantly high 
correlations between heart rate and work load for a range 
between 636 and 1191 kg.m. per minute and this was 
confirmed in 1946 by Erickson, Simonson, Taylor,
Alexander & Keys, though In both cases the number of 
subjects was very small.

In practically all the references cited above 
the work was performed either on the bicycle ergometer or 
on some form of treadmill and the total amount of work was 
grossly in excess of that in the present series. Therefore, 
though the general conclusion that there is a more or less 
linear relationship between heart rate and work load is of 
interest, the findings are not strictly comparable with the 
present results. Comparison is however possible with the 
results of Peabody & Sturgis (1922) as regards the effect 
of load. Their exercise consisted of a climb of 60 steps
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each 8 inches high in one minute, a step treadmill being 
employed. In eleven normal subjects (unloaded) the 
average rise in heart rate after 15 seconds of exercise 
was 16 beats per minute whereas when the subjects carried 
a knapsack weighing 23 kg. the corresponding increase was 
21 beats per minute, a difference of 5 beats. In the 
present load series the difference between the increase 
with no load and with a load of 19.5 kg. Is 5.3 beats, 
though the actual heart rates are considerably higher due 
to the higher rate of stepping (see Table 4).

None of the workers mentioned so far made any 
clear distinction between the effects of the constant work 
load or resistance, the duration of the work and the rate 
at which the work was carried out. The first to do this 
was Bowen (1903). He used two types of exercise, the 
bicycle ergometer and tapping a telegraph key, in both 
cases the resistance and the rate of working were varied 
independently. His general conclusion was that speed has 
a far greater influence on the pulse rate than resistance, 
and that this may be expected because for each muscle there 
is a certain resistance against which it works most 
economically (Heidenhain, 1892) and therefore as the 
resistance is increased up to that point the work may have 
proportionately less effect on the pulse rate* As regards
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the effect of speed, he pointed out that as speed of 
movement increases the extra energy required to overcome 
inertia also increases rapidly and that this is bound to 
have an effect on the pulse rate. Cathcart, Richardson & 
Campbell (1924) found that when the amount of work done in 
unit time remained constant but the rate of performance 
varied, the mechanical efficiency was low with very fast 
and very slow rates and high with medium rates. Results 
similar to Bowen1s were obtained by Cotton, Rapport &
Lewis (1917a) who found that if the amount of work was kept 
constant and the rate of working was increased the maximum 
pulse rate varied accordingly. If, however, the amount of 
work was increased and the rate kept constant the changes 
lacked uniformity.

A very careful study of the whole question was 
published in 1925 by Gillespie, Gibson & Murray. Using a 
hand ergometer they investigated the effects of altering the 
load and the rate of work independently and also the effects 
of performing equal amounts of work with the load and rate 
varying. Readings of pulse rate (by palpation and 
auscultation) and blood pressure were taken before, during 
and after the exercise which lasted for 30 minutes. They 
found that the highest pulse rate attained increased with 
the load, but not strictly linearly in that the rate tended
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to accelerate proportionately more with heavier loads, an 
effect which is not seen in the present load experiments 
possibly owing to the very great difference in the duration 
of the work. When the rate of working was varied they 
observed the maximum pulse rate to be directly proportional 
to it, as was the percentage increase in pulse rate. When 
the duration of work was varied (load and rate of work 
being constant) the pulse rate one minute after work ended 
was as a rule higher when the work was of longer duration, 
as in my experiments. They did not observe the time of 
return to normal but stated that the pulse rate fell more 
slowly after longer work-periods, in contrast to my results 
which show that the rate of deceleration is the same for 
all three durations of exercise.

Similar experiments on dogs under very accurately 
controlled conditions were carried out by Essex, Herrick, 
Baldes & Mann (1939) but their results were less consistent 
than those obtained by Gillespie et al. for man. A further 
differentiation between the effects of duration and speed 
of working was made by Merklen (1926). His conclusions 
were that: ”...the intensity of the cardiac acceleration is 
governed less by the duration of the work carried out or its 
total amount, than by its momentary magnitude (grandeur 
momentanee) or by the rapidity of its execution, that is to
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say by the power developed. On the other hand the duration 
of that cardiac acceleration or period of return to normal 
is much more under the influence of the duration than of 
the speed of working”. The present results are in good 
agreement with this generalisation and in Pig. 29 it can 
be seen that the return to normal is influenced far more 
by the number of climbs (duration) than by the speed at 
which the exercise was performed.

As has already been pointed out, the severity of 
the exercise in practically all the above cases was far in 
excess of that performed by my subjects and it is thus 
interesting to note that the present results are in good 
general agreement with most of the previous findings. 
Moreover, the results are more consistent than in much of 
the earlier work. The clue to this may lie in an 
observation of Gillespie et al. (1925) that: 
nthe differences in the rise of pulse rate with work 
varying in severity are more apparent in the rapid primary 
rise than in the subsequent slow increase which occurs as 
work proceeds”. Thus detailed observation during 
comparatively short exercises may well give more consistent 
results than more widely spaced observations with heavier 
work, especially where maximum rate is concerned.
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SUMMARY.

The effects on the heart rate of load carrying 
during the step test, and of varying the speed and duration 
of the exercise, were investigated. The variation of the 
different heart rate indices with load, speed and duration 
is discussed. In general, increasing the total work done 
by means of load carrying has a greater effect on the 
heart rate than a similar increase caused by extending the 
duration of the exercise. An increase in the speed of 
working, however, has a greater effect than either of the 
above factors. The time of return to normal is an 
exception, as it depends mainly on the duration of the 
exercise. These results, obtained with a btief, light 
exercise are in good agreement with those of other workers 
for more severe exertion*



alone,
doctor

"The skilful doctor knows what is wrong by observing 
the middling doctor by listening, and the inferior 
by feeling the pulse11.

*

Sun-Szu-Mo, in the "Pulse Classic" 
circa 2000 B.C.
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CHAPTER 10.
THE EFFECT OF EXERCISE ON THE HEART RATE OF CARDIAC 
PATIENTS WITH SPECIAL REFERENCE TO AURICULAR FIBRILLATION.

(Series C, B.C. and B.N.)

In order to compare the normal effects of 
exercise on the heart rate with those of patients 
suffering from various cardiac lesions, three sets of 
experiments were carried out. In the first set a number 
of ambulant cardiac patients performed the standard 
two-step test. These experiments were called Series C 
(ambulant cardiacs) and the results could be compared with 
those of Series A and B (normal men and women). The second 
series consisted of cardiac patients confined to bed, and a 
very light exercise (arm stretching) was devised for them. 
This was called Series B.C. (bed cardiacs). Finally, in 
order to give normal criteria for this bed cardiac series 
a group of healthy subjects performed the same arm stretching 
exercise in the recumbent posture. This was known as 
Series B.N. (bed normals).

In the cardiac patients the type of response to 
exercise varies so widely that it would be completely 
misleading to calculate a general mean for the heart rate 
indices. The cardiacs must therefore be divided into groups 
both by type of lesion (valvular disease, fibrillation,
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heart block, etc.) and by clinical condition as regards 
amouht of activity possible (good, fair, poor tolerance, 
etc.), before it Is possible to take averages which have 
any meaning. Further, whether the patient is on digitalis 
or not must be considered, as this will alter the level of 
the heart rate throughout the test. Thus the cardiac 
patients must be dealt with in small groups.

One other point is that occasionally a comparison 
is made between the curves of heart rate in the cardiacs 
and In the normals (Series A and B). The average age of 
the normals is somewhat lower than that of the cardiacs, 
though the difference Is not great as can be seen from the 
age columns in Tables ® and 10. Moreover, Dill & Brouha 
(1937) and Robinson (1939) have shown that there is very 
little change in the heart rate response to moderate 
exercise over the age range covered by my subjects.

METHODS.
Series C. The subjects were forty ambulant patients with 
cardiac lesions of various types and grades. These patients 
performed the standard exercise of climbing two steps each 
ten inches high five times, the rate of stepping being 96 
per minute. No load was carried, and the exercise began and 
ended in the sitting posture. The procedure was thus exactly 
as in Series A and B and the recording and analysis of the



tracings was carried out as described for these series 
(Chapters 3 and 4).

One of the objects of this investigation was to 
find out whether any of the heart rate indices or the curve 
of heart rate during exercise was correlated with the 
patient1s clinical condition. Accordingly, an estimate of 
the patient*s capacity for exertion was made and was called, 
for convenience, the *Tolerance Estimate*. The following 
classification was adopted for all the Series C patients. 

Excellent (E) - Symptomless, normal tolerance. No limitations 
Very Good (V.G.) - Symptomless, except on severe exertion.

Well compensated.
Good (G) - Symptoms only on moderately severe exertion.

Normally symptomless.
Fairly Good (F.G.) - Symptoms (especially dyspnoea) on long

gradients. Not on level or normal stairs 
Fair (F) - Symptoms (especially dyspnoea) on stairs. Not 

on level unless walking fast.
Poor (P) - Easily tired and breathless on exertion.

Sometimes breathless even on level at normal 
walking speed.
These correspond roughly to Groups 1 and 2 of the 

Functional Capacity Classification of the American Heart 
Association (1926), but are somewhat more detailed.
Series B.C. This consisted of thirteen cardiac patients,
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all of whom were confined to bed in hospital* The series 
was intended to provide a check on the results of Series C 
and to permit the investigation of the effects of treatment 
on the response to exercise under the controlled conditions 
of a hospital ward. The procedure adopted was as follows

The chest electrodes and stethograph were strapped 
on in the usual manner and the patient then lay resting 
quietly for fifteen minutes* Orthopnoelc patients were 
allowed to remain propped up at their accustomed angle but 
otherwise the subjects lay flat on their backs with the head 
supported by a small pillow and the arms by the sides* The 
exercise consisted in moving the arms from a position at 
shoulder level with the tips of the fingers touching the 
shoulders, to full stretch over the head at right angles to 
the plane of the bed* This arm stretching movement was 
repeated twenty times* The subject kept time to a metronome 
beating seconds so that each complete up and down movement 
occupied two seconds, and the whole exercise lasted forty 
seconds. The heart beats and respiration were recorded on a 
smoked drum in the usual way.
Series B.N. In this series twenty two medical students (ten 
women and twelve men) performed the arm stretching exercise 
described above. Each subject rested supine on the bed for 
fifteen minutes before the exercise was begun.

The heart rates in Series B.C. and B.N. were counted
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in five second intervals before, during and after the arm 
stretching exercise, exactly as in Series A and B. The 
usual indices (initial rate, maximum rate, etc.) were also 
worked out for both series.

RESULTS and DISCUSSION.
Series B.N. For the reasons given above it will be necessary 
to divide the subjects of Series C and B.C. into groups 
according to the type of heart lesion and to discuss the 
results in each group separately. Series B.N., however, can 
be treated as a whole, and as it provides the normal for 
comparison with Series B.C. it will be dealt with first.

Fig. 25 shows the mean heart rate curve of the 
twenty two normal subjects In five second intervals before, 
during and after the 40 seconds of arm-stretching exercise. 
There is a sudden increase in rate at the beginning of 
exercise followed by a slight fall, probably due to the 
passing off of the initial psychological acceleration. The 
curve then climbs slowly to a maximum and after the end of 
exercise decelerates rapidly, the return to normal being 
accomplished in about twelve seconds. The general picture 
is as might be expected for normal subjects performing a very 
light exercise, |nd agrees well with the average type of 
curve obtained by Bowen (1903) for subjects tapping a telegraph 
key. it was found that this curve of heart rate was much 
more useful for comparison with the results of the bed cardiac
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patients than were the mean individual heart rate indices 
such as maximum rate or actual increase in rate* The latter 
are therefore not tabulated here but are quoted when it is 
necessary to compare them with the results in the bed cardiac 
patients•
Series C and B»C. The results in the cardiac patients will 
be discussed under the following headings: (a) valvular 
disease of the heart; (b) angina pectoris; (c) coronary 
thrombosis; (d) effort syndrome; (e) heart block;
(f) hyperthyroidism; and (g) auricular fibrillation. In each 
group the results will be given first for the ambulant 
patients (Series C) and then for the bed cardiacs (Series 
B.C.)

; *v V- % 9 , As 
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(a) VALVULAR DISEASE OF THE HEART.
Series C. This group consisted of twelve patiehts (7 males 
and 5 females) all suffering from simple valvular disease of 
the heart. Details of their condition will he found in 
Table 8. Their tolerance estimates varied from * excellent* 
to * fair1, and none were on digitalis. Table 9 gives the 
mean values for the various heart rate indices in the 
four •tolerance estimate1 groups. There is obviously no 
inverse correlation between the clinical tolerance and the 
early resting rate or initial rate. In fact the poorer 
groups have consistently lower Initial rates than the 
better groups. This result was unexpected and is difficult 
to explain, unless It be that the habitual limitation of 
exercise in the poorer groups allows the heart rate to 
settle at a lower level. It is also obvious that 
tachycardia is not inconsistent with excellent tolerance. 
Suarez, Pasciolo & Taquini (1946) found that only In cases 
of mitral disease did the basal heart rate vary directly 
with the degree of failure. As the fVery good1, •good1 
and •fair* groups consisted largely of such cases, their 
results were not confirmed here. Allan (1925) showed by 
means of a model that tachycardia aggravates the effects of 
mitral lesions, but Albers (1942) found that the type of 
heart disease did not appear to have any essential influence
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on the increase in pulse rate resulting from work.
The mean initial rates are however higher than those of 
the normals in Series A and B (Early Resting Rate 83.0, 
Initial Rate 88.1, see footnote). This is in agreement 
with the results of Peabody & Sturgis (1922) and Woolham 
& Honeyburn (1927). It is noteworthy that the 
psychological increase in rate immediately prior to 
exercise which was such a conspicuous feature in the healthy 
subjects is almost completely absent in the V.D.H. cases. 
This is contrary to the findings of Peabody & Sturgis 
(1922) who noted no difference between the pre-exercise 
rise in cardiacs and normal subjects. It may be due to 
the fact that the Initial rate is already so high. The 
variation in the mean maximum rate with the tolerance 
estimate is very small, though there is a distinct 
difference between the Excellent* and * fair* groups.
Even more remarkable is the fact that the general level of 
maximum rate is, if anything, a trifle lower than in the 
normal subjects (131.4) but Kahn (1919) found that in 
compensated mitral regurgitation there might be only a 
very slight increase of heart rate after exercise. A 
somewhat similar result was obtained In two compensated

(Footnote: For comparison with Table 9, the corresponding
average values for the normals (Series A + Series B) are 
given in brackets throughout this section in order to 
avoid frequent reference back to Table 1 where the full 
normal results will be found.)
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cardiacs by McGuire, Shore, Hannenstein & Goldman (1939) 
and they suggested coronary insufficiency as a possible 
cause. The matter will be further discussed below in the 
section on the heart rate during exercise In anginal 
patients. The time to reach the maximum rate Is, on the 
average, longer than In the normals (16.0); and the 
acceleration of the heart rate Is slower (2.8). Neither 
index varies regularly with the exercise tolerance. The 
next three Indices, extra beats produced by the exercise, 
percentage Increase and actual increase on initial rate all 
rise as the tolerance estimate becomes poorer. The mean 
values in the V.D.H. cases are, however, considerably 
lower than in the normals (16.7, 51.2 and 43.4 respectively). 
This is probably due to the high initial rates of the 
cardiacs. Peabody & Sturgis (1922) using a slightly more 
severe exercise than the present one, found the mean actual 
increase In heart rate of patients with V.D.H. to be 
slightly greater than in normals but the differences were 
not marked. The post-exercise rate, which Is higher than 
in the normals (95.0), increases steadily with decreasing 
tolerance. This is interesting as the maximum rate does not 
increase regularly, and presumably means that deceleration 
is delayed In the poorer tolerance groups. That this is the 
case is shown by the time to return to normal which Increases



very markedly with decreasing tolerance (Table 9.)
In the •excellent* and »very good* groups the time of return 
is comparable with the normal average (23.4) but In the 
•good* and »fair* groups it Increases very rapidly. This 
delayed recovery is In agreement with the results of 
Propst (1924), Woolham & Honeyburn (1927) and Bansi & 
Grosscurth (1930); though Spohr & Lampert (1930) found an 
Increased recovery time in only 50 per cent, of their 
cardiac patients.

The effect of exercise on the cardiac output of 
cases with valvular disease has been studied by Means & 
Newburgh (1915), Grosscurth & Bansi (1932) and LIndhard
(1937). The increase of stroke volume with exercise was 
generally less than in healthy subjects, but the mechanism 
by which It was brought about remained the normal one.
Keys & Friedell (1939) employed the discrepancy between 
the stroke output of the heart and the net amount of blood 
circulated to measure the efficiency of the valves in such 
patients.

When the occurrence of sinus arrhythmia in the 
V.D.H. patients was examined, it was found that over all the 
incidence was much less than in the normals and that It 
diminished very markedly In the poorer tolerance groups 
as the following table shows:
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Tolerance Estimate
Sinus Arrhythmia

Excellent Very Good Good Pair 
(2 cases) (3 cases) (2 cases) (5 cases)

Absent 0 0 0 4
Slight 1 1 1 0
Marked 0 2 1 1
Very marked 1 0 0 0

This would give some support to the theory (Mackenzie, 1910) 
that marked sinus arrhythmia is a sign of a healthy heart, 
though it must be emphasised that many normal subjects show 
no respiratory arrhythmia.
The Curve of Heart Rate during Exercise. (V.D.H. cases)•

Graphs of the mean heart rates before, during and 
after the step test are given in Pig. 26. For the sake of 
clarity only three curves have been drawn; the fvery good* 
and •good* tolerance groups whose graphs were very similar, 
being taken together and labelled 'good1 for this purpose. 
For comparison, the heart rates in the normal subjects 
(Series A 4- Series B) are given in Fig. 27 drawn to the same 
scale. On the average, the initial acceleration in the 
cardiacs is slightly less than in the normals as was pointed 
out above. This is in agreement with the results of 
Borgard (1937) though the difference was far more marked in 
his cases. It will be noted from Fig. 26 that it is only in
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the later part of the exercise that the tolerance groups 
become differentiated. There is an analogy here with the 
results of Taylor (1944). Working with normals of different 
fitness groups, he found that only during exercise did his 
heart rate curves sort themselves out to indicate the 
dTitness groups correctly. The deceleration after the 
exercise shows considerable differences between the groups, 
as was brought out by the * return to normal* index 
discussed above.
The Sitting - Standing Increase in the V.D.H. Patients•

For comparison with the normal response, the 
postural increase in heart rate between sitting and quiet 
standing was recorded in six of the V.D.H. patients. Two 
had ‘excellent* tolerance and four had *fair* tolerance.
Fig. 28 shows the graphs of heart rate in 5 second periods 
for the change of posture in the six V.D.H. cases and in 
the seven normal subjects mentioned in Chapter 7. It can 
be seen that the actual increase on standing is much less 
and the acceleration slower in the cardiac patients but 
that the maximum rate reached when erect is much the same in 
both groups, though the sitting rate In the cardiacs is 
considerably higher. Cabot & Bruce (1907) found that the 
difference in pulse rate between the lying and standing 
postures largely disappeared in uncompensated valvular
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disease and when the heart was seriously weakened from any 
cause. In the present instande the smaller postural 
increase in the cardiacs would seem to be largely due to the 
initial tachycardia. By subtracting the sitting-standing 
curves from the sitting-standing-exercise curves as in 
Chapter 7, the exercise components of the normals and 
cardiacs were obtained and are graphed In Fig. 29. The 
main difference between the two groups is that whereas the 
exercise component of the normals shows a steady 
acceleration up to the end of exercise, in the cardiacs 
there is a definite falling off in this component before the 
end of exercise. In Chapter 7 it was shown that the drop in 
rate during exercise in the normals was due to the falling 
off in the postural component, and it would therefore appear 
that there may be some other factor limiting the 
acceleration during exercise in the cardiacs. Separate 
graphs of the exercise component in the •excellent1 and 
’fair* groups of V.D.H. patients are shown in Fig. 30.
Both show the decrease In rate towards the end of exercise, 
and the higher maximum rate and slower deceleration in the 
poorer tolerance group are well shown.
Series B.C. V.D.H. Cases.

In the Bed Cardiac series there were four cases of 
simple valvular disease, three female and one male. None 
were on digitalis. Two were cases of mitral stenosis,
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one had aortic incompetence and one mitral stenosis and 
aortic incompetence. All were confined to bed. Pig. 31 
shows the average curves of heart rate during the 40 
seconds of arm stretching exercise in the four V.D.H. 
cases (Curve A) and in the 22 normal subjects (Curve C).

It will be seen that there are considerable 
differences in the general shape of Curves A and C. In 
the patients with valvular disease (Curve A) the recumbent 
pre-exercise rate is extremely high, 114 beats per minute 
compared with 76 in the normals. During the exercise the 
patients1 curve continues to rise rapidly for the first 
fifteen seconds and then flattens out. There is no 
evidence of the drop in rate soon after the beginning of 
exercise shown by the normals (Curve C). In the discussion 
on Series B.N. it was suggested that this fall was due to 
the passing off of the initial psychological acceleration.
It was also shown above that very little psychological 
Increase occurred in the ambulant V.D.H. patients, and the 
same was found to be the case here. In addition, any 
slight decrease in rate due to this cause would tend to be 
swamped by the greater exercise increase of the bed cardiacs.

The mean actual increase in rate due to the 
exercise was 25 beats per minute in the cardiacs and 14 in 
the normals, in marked contrast to the results obtained for
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the ambulant V.D.H. patients. After the exercise the 
deceleration was much slower in the cardiacs, the return to 
normal taking 32 seconds as compared with 12 for the normals. 
It thus seems clear that even this very mild exercise 
Imposed a much greater strain on the bed cardiacs.
The Effect of Rest and Treatment.

The effect of treatment on the response to the 
exercise was studied in two of the bed patients with valvular 
disease. The first patient was a woman of 33 with mitral 
stenosis and a dilated heart. Her curves of heart rate 
during the arm-stretching exercise are given in Pig. 32.
The upper graph shows the response shortly after admission 
to hospital when the patient was confined to bed and was 
somewhat dyspnoeic. The lower curve was taken six weeks 
later just before dismissal. The cardiac condition was much 
improved and the patient had been allowed up for the past 
fortnight. The treatment given was simply rest and a light 
diet. It will be seen that the two curves are very similar, 
even to a tendency for the rate to become fixed over several 
intervals. The later curve is largely a repetition of the 
earlier, but at a much lower general level of heart rate.
The clinical improvement here has therefore had very little 
effect on the acceleration of the heart during the exercise 
but has enabled that acceleration to take place from a much 
lower baseline than before. The return to normal is, however,
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more complete In the later tracing*
The second patient was a woman aged 25 suffering 

from mitral stenosis and aortic incompetence. Graphs of 
her heart rate during the exercise are given in Pig. 33.
The upper curve was recorded six days after admission when 
the patient was orthopnoeic and the liver was large and 
pulsatile. The exercise caused little acceleration over 
the very high initial rate and the deceleration after 
exercise was very slow. The lower curve was taken two weeks 
later after treatment with Guy*s pill. The day before this 
tracing was recorded the pulse showed some irregularity and 
two days later definite coupling appeared. The initial rate 
is very much reduced, probably mainly due to the digitalis, 
but the response to exercise is now very much greater and 
the deceleration after exercise is considerably more rapid. 
In this case, therefore, there was a definite change in the 
pattern of acceleration during exercise, as well as a 
lowering of the baseline. It is also interesting that 
though in this case digitalis was pushed almost to the point 
of coupling at the time of recording, the heart rate was 
still very mobile.

The heart rate curve from an additional bed 
cardiac with valvular disease is given in Fig. 31, Curve B. 
The patient was a man aged 22 suffering from aortic 
incompetence. At the time this tracing was taken he was
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convalescent and was allowed up for four hours per day* 
His curve closely resembles the normal bed exercise graph 
(Curve C), but the actual increase in rate throughout the 
exercise is somewhat greater.

In general, it would appear that as treatment 
succeeds and the cases become convalescent the curve of 
heart rate falls towards the normal. Karpovich, Starr 
& Weiss (1944) and Karpovich, Starr, Kimbro, Stoll &
Weiss (1946) found that the post exercise rate after a 
step test was a useful guide to convalescence after 
rheumatic fever, contrary to the earlier results of 
Mann (1918).
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(b) ANGINA PECTORIS.
Series C. Graphs of the heart rate during the standard 
two-step test in the three cases of angina pectoris are 
given in Pig. 34, together with the mean curve for normal 
males. Curve A was from a male aged 42 whose clinical 
tolerance was estimated as Tfair!. The electrocardiogram 
showed numerous ventricular extrasystoles but was otherwise 
normal. Curve B was from a man aged 56 whose tolerance 
estimate was fpoorf. There was marked arteriosclerosis and 
X-ray showed an enlarged heart and uncoiled aorta. The 
electrocardiogram showed left ventficular preponderance.
Curve C gives the response in a man aged 31 with a 1 fairly 
good1 tolerance estimate. A double aortic murmur was 
present, probably due to syphilitic aortitis. The 
electrocardiogram showed marked left ventricular 
preponderance and the P-R interval was normal.

The main feature of all three curves from the 
anginal patients is the low maximum rate during the exercise, 
the mean being about 15 beats per minute lower than In the 
normals or the simple V.D.H. cases. The rate of deceleration 
was about the same as in the V.D.H. cases.

Eppinger, Kisch & Schwartz (1927) pointed out that 
certain anginal patients are characterised by inability to 
increase the heart rate normally during exercise, and
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Proger, Mlnnich & Magendantz (1934) confirmed this and also 
found that atropine increased the heart rate but not the 
capacity for work in such cases. They also noted the 
development of extrasystoles during exercise in some cases 
shortly before the onset of pain and their disappearance 
before the end of exercise. Ventricular extrasystoles were 
seen in two of my cases but they disappeared during the 
exercise as this irregularity usually does. In none of my 
cases did the standard exercise produce any anginal 
symptoms, however. In order to test this finding of 
Proger et al. one of my anginal patients performed rapid 
stepping until the onset of typical pain, but there was 
still no evidence of extrasystoles during the exercise, 
though a burst of them did occur about three minutes after 
the end of exercise. Such extrasystoles appeared to be 
associated with emotion rather than with the exercise itself. 
Pig. 35 shows a typical burst of extrasystoles which occurred 
when one of the angina patients was suddenly spoken to. An 
electrocardiogram from this subject (lead IV F) showing that 
the extrasystoles arose from both ventricles is also 
included in the figure.

Bierring, Larsen & Nielsen (1936) Investigated the 
changes in heart rate after maximal exercise on the bicycle 
ergometer in two cases of angina. The main feature was an 
unusually rapid drop in heart rate to below the resting level,
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accompanied by transient gross changes in the E.G.C. This 
effect was not seen in my cases in which the mean time of 
return to normal was 39.5 seconds compared with 21.4 
seconds in the normals. Exercise has been used by 
Holzmann & Wahrmann (1936), Schott (1939) and Evans &
Bourne (1941) to accentuate abnormalities In the 
electrocardiogram. They found that a fairly strenuous 
exercise test produced changes in the E.C.G. suggesting 
myocardial disease in about half the cases showing no 
abnormality at rest. Riseman & Brown (1939) showed that the 
breathing of oxygen increased the capacity for work of 
patients with angina pectoris. Bourne & Scott-Bodley
(1938) have pointed out that angina of effort is in 
itself not a dangerous symptom and that the prognosis 
depends entirely on the underlying vascular disease.

With regard to the limitation of heart rate during 
exercise in the patients with angina the most obvious 
explanation would be that the inadequacy of the coronary 
circulation in some way limits the acceleration of the 
heart as suggested by McGuire et al.(1939) for those cases 
Of simple valvular disease in which the heart failed to 
accelerate normally. Anrep & Segall (1926b) showed that in 
the innervated heart-lung -preparation acceleration of the 
heart did not augment the coronary flow. Landis, Brown,
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Fauteux & Wise (1946) found that after ligation of coronary 
arteries in the dog the resting heart rate rose, but the 
increase of heart rate due to a standard exercise beoame 
less. According to Wayne & Laplace (1933) the appearance 
and disappearance of anginal pain is much more closely 
related to the heart rate than to the arterial pressure.
Thus the limitation of the rate during exercise might play 
a definite part in delaying the onset of pain. Against 
this theory is the fact that In coronary thrombosis the 
heart rate may be either normal, rapid or slow. If it is 
slow the cause is usually the development of heart block 
(White, 1937). Careful examination of the present tracings 
during the exercise period showed no evidence that the 
limitation of rate was due to dropped beats, as would be 
expected if a partial heart block had occurred. A point 
from the present series in favour of the coronary 
insufficiency theory is that in two of the three cases there 
was definite evidence, X-ray or electrocardiographic, of 
left ventricular hypertrophy. Harrison, Ashman & Larson 
(1932) showed that in hypertrophy there is probably a 
relative inadequacy of blood supply to the heart muscle even 
in the absence of narrowing of the coronary arteries. In 
addition, one of my cases had aortic regurgitation and as 
Fishberg (1937) pointed out, the low diastolic pressure in
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the aorta In this lesion may well cause Inadequate coronary 
flow. It Is interesting that the cases with hypertrophy 
(Curves B and C in Fig. 34) have the lowest maximum rates 
during the exercise and the most rapid deceleration after 
It, while the case of aortic regurgitation (Curve C) has 
the lowest maximum of the three. While this is perhaps 
worth pointing out, it is appreciated that these differences 
are not great enough to be significant In such a small series
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(g) coronary thrombosis.
Series C. It was only possible to obtain a record from one 
case of coronary thrombosis. The patient was a man aged 28 
who had been twice in hospital, the first time with undoubted 
coronary thrombosis confirmed electrocardiographically.
Two years later he was again admitted with a complaint of 
dyspnoeanand cardiac pain. The E.C.G. showed multiple 
ventricular extrasystoles and slurring of the QRS complex.
The tolerance estimate was !poorf when the present record 
was obtained five months after his second admission to 
hospital. A portion of his tracing is given in Fig. 36, and 
shows that multiple ventricular extrasystoles were still 
present with a definite tendency to coupling of beats. The 
extrasystoles disappeared for short periods during and 
immediately after the exercise, as might have been expected. 
The curve of heart rate during the standard exercise is given 
In Fig. 37, Curve C. It shows the same low maximum rate as 
the angina patients, but also a rapid drop In rate after the 
exercise to a level far below the Initial rate, as described 
by Blerring et al. (1936) for their angina cases.
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(d) EFFORT SYNDROME^
Series C. There were two cases of effort syndrome. Beth 
were men,, one aged 41 and tfche other 44. They complained of
chest pain and dyspnoea on exertion and both had a history 
of nervous breakdown*. Their tolerance estimates were fgoodT 
and * fairly good1 respectively. The curves of heart rate 
during the step-teBt are shown In Fig. 37, Curves A and B,

Opinion seems tD be sharply divided concerning the 
effect of exercise on the heart rate in effort syndrome.
Thus Meaklns & Gunson (1917), Cotton, Rapport & Lewis 
(1917a), Parkinson (1917a), Lewis (1917) and Bourne (1940) 
found that their patients had high resting rates and a 
greater rise of rate after exercise with a slower return 
than had normal subjects. On the other hand Mabon (1919), 
Parkinson (1941) and Wood (1941) found little or no 
abnormality In the post-exercise rate or the return to normal, 
though their subjects also had high resting rateB.
Parkinson (1917b) showed that the tachycardia was not 
controlled by full doses of digitalis. In the present 
Instance both subjects had Initial rates of over 100 per 
minute, but the maximum rates recorded during exercise were 
not abnormally high. The deceleration after exercise was 
delayed in both esaaa and the times of return to normal 
were 49,5 seconds for furve A and 27 seconds for Curve B 
(Fig. 57). Thus the one feature of this condition on which
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all observers agree is the high resting heart rate* This 
would favour the psychological explanation of effort 
syndrome as put forward by Wittkower, Rodger & Wilson (1941), 
Chamberlain (1941) and Jones & Scarisbrick (1942); though 
their views were not entirely accepted by Cohn et al. (1944). 
As was brought out in the Royal Society of Medicine 
discussion on effort syndrome (1941), the effects would 
appear to be due to central stimulation rather than to 
hypersensitivity of any peripheral mechanism.
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(e) HEART BLOCK.
One case of complete heart block and two cases of 

partial heart block were investigated.
Series C. The patient with complete heart block was a man 
aged 56 whose tolerance was estimated as ffairly good*. This 
subject performed the standard step test on two separate 
occasions at an interval of almost exactly one year. On the 
second occasion an E.C.G. taken at rest gave an auricular 
rate of 69 beats per minute and a ventricular rate of 32 
beats per minute. The heart rates during the step test are 
shown in Pig. 38, Curves C and D. It will be seen that the 
heart rates at rest are identical on both occasions and are 
absolutely constant, but that the exercise does succeed in 
increasing the rate by a very small amount. On the second 
occasion the patient stated that he felt definitely better 
than during the previous year and this is possibly correlated 
with the slightly greater flexibility of the ventricular rate 
(Curve C, Pig. 37). Gilchrist (1934) found that in patients 
with complete heart block the greater the increase in 
ventricular rate on exercise the less incapacitating were 
the cardiac symptoms. In the present case, however, the 
actual difference in maximum rate on the two occasions was 
too slight to permit of any definite conclusions being drawn.

During the first examination of this patient, in 
addition to performing the standard 5 ascents of the two steps
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he also performed a second test consisting of 20 ascents at 
the standard speed. This quadrupling of the usual exercise 
caused marked dyspnoea and was undertaken to see whether 
more severe exercise would force the heart rate still 
higher. Graphs of the heart rate during the standard 
exercise (5 ascents) and the prolonged exercise (20 ascents), 
performed within half an hour of each other, are given in 
Pig. 39. Curve B shows the slight but definite increase 
in rate caused by the standard 5 ascents. No extrasystoles 
were seen throughout this tracing. Curve A shows the effect 
of 20 ascents (exercise to breathlessness). The rise of 
heart rate here is much greater and tends to occur in a 
series of steps, but there is a good deal of minor variation 
in rate during the exercise. When exercise ends the rate 
returns fairly smoothly to a baseline about 3.5 beats per 
minute above the initial rate. Then, beginning about 45 
seconds after the end of exercise the smooth curve Is 
Interrupted by sudden increases in rate reaching a maximum 
of 50 beats per minute. These occurred, of course, while the 
patient was still sitting quietly and were due to 
extrasystoles giving the appearance of occasional coupled 
beats. This portion of the tracing is reproduced in Pig. 40. 
Typical ventricular extrasystoles are seen, and the length 
of the returning cycle is exactly equal to that of the
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ideoventricular rhythm itself, the usual finding in complete 
heart block (Lewis 1925). Such extrasystoles did not 
appear either before or during the prolonged exercise itself, 
and none were seen on the tracings before, during or after 
the standard (5 ascents) exercise in this patient .

The second case was one of partial heart block In 
a woman aged 66 suffering from dizziness and hypertension 
(S.B.P. was over 200 m.m.). Her clinical tolerance 
estimate was »poorf. The heart rate during the standard 
step test Is shown in Pig. 38 Curve B. As might have been 
expected the resting rate before exercise is more variable 
than in the patient with complete block, but the true 
acceleration produced by the exercise is very little greater 
than in the previous case. The sudden acceleration at the 
end of exercise is entirely due to a single ventricular 
extrasystole. No other extrasystole occurred throughout 
the tracing.
Series B.C. The third case was a man aged 74 who was 
admitted to hospital after collapsing in the street. The 
diagnosis was coronary artery thrombosis, and E.C.G.
Indicated an infarction on the posterior aspect of the heart. 
The pulse rate on admission was only 40 per minute, but It 
increased gradually until when the tracing was taken on the 
fourth day it was just over 50. The infarction would appear 
to have caused a varying degree of block as the heart rate
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was sometimes irregular and the single E.C.G. which was 
taken two days before the tracing showed no definite 
evidence of block. However, it would seem that at the time 
the present tracing was recorded a high degree of block was 
present as Is shown by the absolute steadiness of the 
resting rate (Pig. 38, Curve A). The standard 
arm-stretching exercise produced a variation In the rate, 
which after swinging up and down during the first part of 
the exercise finally settled at 54 beats per minute. Almost 
Immediately after the end of exercise the rate dropped to 
the steady pre-exercise value of 51.6 beats per minute. No 
extrasystoles were seen throughout this tracing.

The main conclusions with regard to the heart 
block patients were that a very mild exercise did produce 
some acceleration in all the cases, that the onset of this 
acceleration was delayed compared with the normal, and that 
the pre-exercise emotional rise of heart rate did not occur. 
DISCUSSION:

The fact that the cardiac nerves can influence the 
ventricular rate in complete heart block was demonstrated 
by Hering (1905 a and b). He found that in the dog 
stimulation of the accelerator nerves had the more definite 
effect. In the following year l&ihl (1906), also working on 
dogs, showed that vagus stimulation slowed the ventricles 
in complete heart block. Einthoven & Wieringa (1913) found
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that vagal stimulation could affect not only the main bundle 
but also Its branches. In the turtle heart Izquierdo (1929) 
found that strong sympathetic stimulation gradually removed 
the heart block after a long latent period. That the more 
natural stimulation of exercise could also Increase the 
ventricular rate in dogs In which the bundle of His has been 
cut was shown by Erlanger & Blackman (1910). In spite of 
this, many of the standard textbooks on heart disease 
continued to doubt whether exercise could increase the pulse 
rate in complete heart block in man. Fredericq (1912) 
however, showed that in man such an increase could occur, and 
this was confirmed by Liljestrand & Zander (1927). The 
latter described the Increase of heart rate on exercise in an 
athletic young man with complete heart block confirmed 
electrocardiographically. The ventricular rate rose rapidly 
to double the resting value and the electrocardiogram showed 
that the increased rate was caused by acceleration of the 
ideoventricular centre and not by extrasystoles. The authors 
realised that this case was unusual in the rapidity and degree 
of acceleration produced and suggested that the lesion must 
have been in the A.-V. node itself, leaving the distal portion 
of the node both in connexion with the cardiac nerves and with 
the Bundle of His. Gilchrist (1934) reviewed the literature 
on heart-block and exercise and added several cases of his own. 
He used a step test somewhat similar to the present one and
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fouhd that exercise did increase the ventricular rate in 
complete block but that the degree of response varied 
considerably in different individuals. He did not, however, 
record the heart rate during the actual exercise.

As It is unusual for any great increase in heart 
rate to take place in such patients the question of their 
cardiac output during exercise is of Interest. In 
Liljestrand & Zander*s patient the cardiac output responded 
normally but, as was pointed out above, this was clearly an 
unusual case. Alt, Walker & Smith (1930) determined the 
cardiac output in two cases of complete block during exercise 
on the bicycle ergometer. In one case the ventricular rate
doubled during exercise, due partly to the occurrence of
extrasystoles, and the output per beat was only moderately 
Increased. In the other case the heart rate fell slightly 
during exercise and this was accompanied by an enormous 
increase in the stroke volume, the value reached being the 
highest reported in the literature. Confirmation was thus 
obtained for the theory, long held, that failure to increase 
the heart rate must be compensated by increase in stroke 
volume. This would account for Herxheimer*s observation (1932) 
that in a few instances outstanding athletic performances 
have been given by subjects with total heart block.

With regard to the effect of the cardiac nerves on
heart block In the human subject there seems little doubt that
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the vagus can exert a definite influence in cases of partial 
block, the P-R Interval being shortened by exercise 
(Parkinson & Drury, 1917) or the conduction defect may even 
be abolished (Allan, 1928). According to Miller (1942b), 
Logue & Hansen (1944) and Halminen (1945) atropine also 
shortens the P-R interval in many cases of partial or 
intermittent b}.ock, but fails to have any effect in cases of 
chronic complete heart block. The marked individual 
variation in the heart rate response of such patients can 
probably be explained by the varying distance of the lesion 
from the A-V node. The nearer the lesion is to the node the 
greater would be the response, as is well illustrated by the 
case of Liljestrand& Zander quoted above.

Certain of the features of the cardiac acceleration 
shown by my heart block patients during exercise could be 
explained on the theory that in this condition the 
sympathetic innervation plays a more definite role than usual. 
This would explain the gradual and delayed onset of the 
acceleration, as it has been shown by Hunt (1899) and 
Samaan (1935b) that this is a characteristic of sympathetic 
stimulation of the heart. It would also account for the 
absence of the psychological acceleration which is primarily 
due to the withdrawal of vagus restraint (Bowen, 1903,
Samaan 1935a). In two of the present tracings the heart rate 
was augmented by extrasystoles, in one case during the
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exercise and in the other a considerable time after exercise 
had ended. Such extrasystoles in cases of heart block have 
been noted by Wenckebach & Winterberg (1927), and they 
occurred during exercise in one of the two cases investigated 
by Alt, Walker & Smith (1930). This phenomenon could also be 
explained by the action of the sympathetic, as it is known 
(Howell 1946) that stimulation of the sympathetic may produce 
extrasystoles by enhancing the activity of ectopic pacemakers. 
As a result of one experiment, Frede^ricq (1912) concluded 
that exercise acceleration of the heart rate in a dog with 
experimental heart block was due solely to the accelerater. 
nerves, but his evidence was by no means conclusive*
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(f) HYPERTHYROIDISM.
Series B.C. The effect of treatment on the response of the 
heart rate to bed exercise was studied in two patients with 
Graves* disease.

The first case was a woman aged 22 who had a 
B.M.R. of +43$, much tremor but no exophthalmos:. The blood 
pressure was 125/68. The curves of heart rate during the 
standard arm-stretching exercise are given in Fig. 41.
Curve A shows the response in the untreated patient. The 
initial and post exercise rates are very high but the 
acceleration during exercise is slow and the actual increase 
in rate is only about half that seen in the control series. 
Curve B was obtained three weeks later after the patient had 
been treated for five days with Lugol*s iodine (five minims 
t.i.d.). The B.M.R. was now +30$ and tremor was still 
present. The blood pressure was unchanged. The graph shows 
that the initial and post exercise rates have greatly 
diminished, but the most striking feature is the flatness of 
the curve during exercise. The actual maximal increase in 
rate remains the same as in Curve A but is mainly due to a 
sudden transitory increase late in the exercise. It will be 
noted that this increase passes off while the exercise is 
still in progress. Curve C was taken 12 days after Curve B 
and eight days after the operation of partial thyroidectomy. 
It will be seen that the graph is now very similar to that of
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the normal subject performing the bed exercise.
(c.f. Fig. 25). The acceleration at the beginning of 
exercise is now rapid and the actual increase in rate is 
much greater than in the two previous curves.

The second case of hyperthyroidism was a man aged 
46. He was nervous and excitable, had lost weight, and 
complained of palpitation and breathlessness on exertion. 
There was slight exophthalmos. The B.M.R. was +14$. In 
view of the somewhat atypical heart rate findings it should 
be pointed out that a partial thyroidectomy produced marked 
improvement and the clinical diagnosis was not in doubt.
The first bed exercise test was performed shortly after 
admission and before any medication had been given (Fig. 42, 
Curve A). The resting heart rate was below 70 per minute 
in spite of the other symptoms of hyperthyroidism, and this 
was confirmed over several days. It is possible that this 
case belonged to the !vago-tonief type of Graves* disease 
mentioned by Fishberg (1937), in which the cause of the 
slow pulse is obscure. The entire curve for the exercise 
is very similar to the normal one as regards shape and 
maximum rate reached, though the actual increase in rate is 
greater because of the low initial rate. The second bed 
exercise (Fig. 42, Curve B) was performed ten days after the 
operation of partial thyroidectomy. In this case the initial 
rate is much higher and the acceleration due to the exercise
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Is very slight. The Increased resting rate was accounted for 
by the fact that this patient had a febrile attack shortly 
after the operation and the pulse rate was still affected by 
this when the test was performed. It is interesting, however, 
that under these circumstances the exercise produced only a 
very slight and transient increase in heart rate.
DISCUSSION.

According to Fishberg (1937) it is generally agreed 
that the tachycardia of hyperthryoidism is part of the 
regulating mechanism by which the cardiac output is raised to 
the level required by the increased metabolic rate. An 
editorial in the British Medical Journal (1942) summarised 
the evidence that the raised cardiac output in Graves* 
disease is entirely maintained by the tachycardia, the stroke 
volume remaining unchanged. It was shown by Yater (1931) 
that thyroxin has a specific effect on the heart muscle 
fibres. He found that if the heart of a hyperthyroid rabbit 
was isolated and perfused it beat much faster than the 
isolated heart of a normal rabbit, and that the accelerated 
rate persisted even after cutting the Bundle of His. This 
work was later confirmed by Leblond & Hoff (1944). In the 
present cases perhaps the most striking feature is the manner 
in which the heart rate mirrors the changes in metabolic rate, 
though this is more evident in the resting heart rates than 
in the actual response to exercise. It is of interest that
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both the hyperthyroid patients have one test in which the 
resting heart rate was raised very little by the exercise.
In the first case (Pig. 41, Curve B) the patient was under 
treatment with iodine. According to Means & Leman (1938) 
and Goodman & Gilman (1941) the action of iodine In 
thyrotoxicosis is to inhibit the passage of thyroxine from 
the gland Into the blood. The patient*s condition under 
iodine treatment would then closely rdsemble that after 
partial thyroidectomy. But in this patient after operation 
the heart rate became mobile again (Pig. 41, Curve C). In 
the second case (Pig. 42, Curve B), the failure of the heart 
rate to respond to exercise occurred after thyroidectomy.
The factor which was common to both cases was a high resting 
rate. It is therefore probable that the failure to respond 
was due to the heart rate being already sufficient' to carry 
the circulatory needs of the exercise when the disturbing 
influence of the hyperthyroidism was removed and in the 
absence of organic heart disease.
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(g) AURICULAR FIBRILLATION.
The response of the heart rate to exercise in 

patients with auricular fibrillation Is of great interest 
because of the abnormal mechanisms involved. In Series C 
(standard step test) twenty tracings were recorded from 
thirteen ambulant patients with fibrillation. In Series B.C. 
(bed cardiacs, arm stretching exercise) only three 
fibrillation patients could be obtained, but in one of 
these eight serial tracings were taken showing the effect of 
treatment over a period of more than a month. Table 10 
gives details of all these patients Including their 
estimated tolerance groups.

RESULTS.
Series C. (Ambulant patients).

Table 11 gives the usual heart rate Indices in the 
fibrillation cases grouped by tolerance estimate for 
comparison with similar data given in Table 9 for the cases 
of valvular disease and in Table 1 for the normal subjects. 
Unlike the V.D.H. cases, many of the fibrillation patients 
in the poorer tolerance groups were under treatment with 
digitalis and these are tabulated in separate columns in 
Table 11. There Is no definite correlation between any of 
the indices and the tolerance estimate in the fibrillation 
patients. This was the expected result, as the completely
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irregular ventricular rhythm characteristic of 
fibrillation produces sudden arbitrary changes in heart rate 
in the successive five second intervals counted. Certain 
general characteristics, however, can be seen in Table 11. 
Apart from the single case with *good! tolerance the 
maximum rates reached during the step test were much higher 
than in either the normals or the V.D.H. cases. This also 
holds good for the percentage and actual Increases over the 
initial rates, and for the post-exercise rates. The time to 
reach the maximum rate is generally prolonged compared with 
the normal series and the acceleration of the heart rate, 
though slightly less on the average than In the normals, is 
definitely greater than in the V.D.H. cases. Owing to the 
complete irregularity of the heart rate the method of 
calculating the time of return to normal is valueless in 
fibrillation and so this index is not included here.
The Curve of Heart Rate during Exercise.

Fig. 43 shows the mean curves of heart rate during 
exercise for the different tolerance groups In all the 
fibrillation patients who were on digitalis. For comparison, 
the mean curve of the normal subjects is also Included in the 
figure. Two of the curves (̂ Fairly Good* and »Fairf) show 
a distinct fall in heart rate during the first five seconds 
of the exercise, a phenomenon which is of course never seen
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In normal cases. In general, compared with the normal 
curve, the acceleration Immediately after the beginning of 
exercise in the digitalized fibrillation patients is less; 
but later in the exercise very marked acceleration occurs, 
reaching a higher value than in the normals. Thus in 
Pig. 43 all the curves except !poor! show a steeper slope 
in some portion of their course than does the normal curve. 
This sudden delayed acceleration was very characteristic of 
the fibrillation cases and will be discussed in detail later. 
It will also be seen that after the end of exercise the 
heart rate falls very slowly compared with the normal, 
especially in the poorer tolerance groups. There was no 
correlation between the estimated tolerance and the 
behaviour of the heart rate during exercise as shown by 
these curves. As was pointed out above, this was to be 
expected; and in any case different degrees of digitalization 
in these patients might well mask any such correlation.

The curves of heart rate during the step test in 
four fibrillation patients who were not on digitalis are 
given in Pig. 44. In general they show the same 
characteristics as the digitalized patients; these include 
the drop in rate at the beginning of exercise (in two cases), 
the marked delayed acceleration (in three cases), and the 
continuation of a high heart rate after the exercise is over.
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Curve A is an exception as regards acceleration but this may­
be linked with the fact that it starts from the highest 
initial rate of all. Curve B, from a patient with mitral 
stenosis and fair tolerance has the highest maximum rate 
reached by any patient, 235.2 beats per minute averaged 
over a five second period. A portion of the actual tracing 
is given in Pig. 45. It is surprising that such an extreme 
frequency was reached during a very mild exercise lasting 
only twenty seconds in a patient who could get about 
reasonably well.

In both the digitalized and non-dlgitalized groups 
the curves of heart rate for the patients with fpoorf 
tolerance do not as a rule show such high instantaneous 
values of acceleration as the other tolerance groups.
Series B.C. (Bed cardiacs).

Pig. 46 shows the curves of heart rate during the 
standard arm-stretching exercise in two cases of auricular 
fibrillation, one on digitalis (Curve B) and one not 
'(Curve A). A fall in rate at the beginning of the exercise 
occurs in one case and both show the typical delayed steep 
acceleration. In general, this very light exercise produced 
the same kind of curve in the bed patients as did the step 
test in the ambulant patients* This is well illustrated in 
Pig. 47. Curve A shows the response of a fibrillation 
patient to the step test and Curve B the response of the same
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patient to the bed exercise test eighteen months later after 
he had been admitted to hospital. The general similarity of 
the two curves is evident. The normal curves for both step 
and arm-stretching exercises are also included in the 
figure (Curves C and D), and the delayed exaggerated response 
of the patient to both exercises as compared with the normal 
can be seen.
Variations in a Single Subject.
Series C. It might be expected that owing to the complete 
irregularity of the ventricular rate in fibrillation there 
would be very great variations in the shape of the heart rate 
curve even in the same patient on the same day. Pig. 48 
shows three curves of the response of the heart rate to the 
standard step test taken at fifteen minute intervals in the 
same fibrillation patient. The curves were taken in the order 
A, B, C. The curves do indeed show some variation, but not 
perhaps so much as the complete arrhythmia would lead one to 
expect. In general, the acceleration tends to decrease in 
successive tests. These results were confirmed in two other 
fibrillation patients.
The Effect of Clinical Condition.
Series C. It was shown above that there was no correlation 
between the heart rate curves and the clinical tolerance of 
different fibrillation patients. In view of the fairly 
consistent curves given by any individual patient however, it
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seemed possible that clinical improvement or deterioration 
in a given subject might be reflected in his heart rate 
response. It was possible to try this in two of the 
ambulant fibrillation cases. The heart rates during the 
standard step test are shown in Fig. 49. Curve A is from a 
patient on digitalis whose toldrance classification was 
!fairly good*. Curve B is from the same patient one year 
later. He was still receiving the same dose of digitalis 
and had felt gradual improvement in his condition since 
Curve A was taken. This improvement may be reflected In 
the generally lower level of Curve B. Curve C shows the 
Response In another fibrillation patient also on digitalis. 
His tolerance classification was 'poor1. Marked coupling ojB 
beats was present throughout this tracing. Curve D Is from 
’the same patient six months later when his general condition 
had become definitely worse. He was still on the same 
dosage of digitalis. In this case the second tracing shows 
a much greater acceleration of the heart rate by the exercise, 
and no coupling was seen. Though these results do suggest 
that the heart rate curves of these patients may vary with 
their clinical condition it Is also possible that the 
variations were due to different degrees of digitalization, 
though the actual dosage did not vary. This explanation 
would be especially likely in the second case. An 
interesting feature of this figure is the way In which the
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characteristic shape of the curve for each patient is 
maintained even after a long interval and in spite of 
changes in clinical condition. Thus curves A and B both 
show a * peak1 type of curve with marked oscillations after 
the end of exercise, whereas Curves C and D are of the 
1 plateau* type with a relatively smooth post exercise fall 
in rate. The tracing from which Curve C was taken showed 
the actual onset of a period of coupling. A reproduction of 
part of this tracing is given in Fig. 50 and the commencement 
of coupling in a burst of extrasystoles can be seen to occur
about 35 seconds before the beginning of exercise. Theout
coupled beats persisted through/exercise and were still 
present when the patient left the laboratory some fifteen 
minutes later. This patient may have been of the type 
referred to by Goodman & Gilman (1941) in whom relatively 
small doses of digitalis may cause coupling, as he was taking 
only gr. i tab.dig.pulv. once daily.
The Effect of Treatment.
Series B.C. In one of the hospital cases of fibrillation it 
was possible to follow the effects of treatment, first with 
digitalis then with quinidine, on the response to the standard 
bed exercise over a period of more than a month. This patient, 
a man aged 34, was admitted to hospital with a history of 
palpitation and dyspnoea of five weeks duration. He was very
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distressed and orthopnoeic on admission and the ventricular 
rate at rest was 130 per minute. The electrocardiogram 
showed typical coarse fibrillation. He was given Digoxin 
0.5 mg. four times a day. The first tracing was taken three 
weeks after admission and the response to the standard 
arm-stretching exercise is given in Fig. 51, Curve A. The 
mean resting rate has fallen to about 110 beats per minute 
but it is still very variable, reaching 130 in some 5 second 
periods. The exercise caused a rise to a maximum of just 
over 140 beats per minute. The next test (Fig. 51, Curve B) 
was performed a fortnight later. The effects of rest and 
digitalis have now become apparent and the resting rate has 
dropped to about 70 per minute. The actual increase in rate 
due to the exercise is practically the same as In Curve A 
and there is a striking similarity in the behaviour of the 
two curves during exercise. They both show a peak between 
15 and 20 seconds preceded by a delayed acceleration, and a 
second peak just before the end of exercise. Immediately 
after Curve B was taken the Digoxin was stopped, and two 
unsuccessful attempts were made to restore normal rhythm 
with Q,uinidine. Tracings were taken during both these 
attempts, but, as the graphs were very similar to Curve A 
(Fig. 51) they are not reproduced here. The next exercise 
test (Fig. 52, Curve C) was performed one week after Curve B
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and twelve hours after the patient had completed a third 
course of quinidine, (four doses of 0.4 gm. quinidine
sulphate at 3 hourly intervals). As can be seen from
Curve C this attempt to restore normal rhythm was also 
unsuccessful. In this curve the immediate acceleration at 
the beginning of exercise is much greater than In Curves A
and B and the drop in rate after exercise ends is delayed.
Curve D, taken three days later immediately after a fourth 
unsuccessful course of quinidine, shows the same general 
type of response to the exercise, the ventricular rhythm 
still remaining totally irregular. Curve F was taken five 
days after Curve D and during this interval the patient had 
the following treatment:

First day - Tinct. Digitalis m.xx.t.i.d.
Second day - Quinidine sulph. 0.4gm. 4 hrly. for 4 doses.
Third day - No medication.
Fourth day - No medication.
Fifth day - Quinidine sulph. 0.4 gm. 4 hrly. for 2 doses.

The ventricular rhythm then suddenly became slow 
and regular and Curve F was recorded about an hour afterwards. 
The resting rate was now well within the normal limits of 
steadiness and the exercise caused even less increase in rate 
than was shown by the average curve for normal subjects 
(Curve Ei, Fig. 51), the actual increase in rate being just
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half that of the normals. Part of the actual records taken 
before fend after return to normal rhythm are shown In 
Fig. 53. In the latter case the rhythm can be seen to be 
absolutely regular apart from occasional auricular 
extrasystoles, one of which occurred during the exercise.
The patient was then given decreasing doses of quinidine for 
four days. After three more days free from medication 
Curve G (Fig. 52) was taken. This final curve showed a 
greater response to the exercise than Curve F and indeed 
closely resembled the normal curve (Curve E). The rhythm 
was regular apart from two ventricular extrasystoles which 
occurred during the exercise.
The Postural and Exercise Components of the Step Test.
Series C. An attempt was made in four of the ambulant 
auricular fibrillation cases to analyse the curves taken 
during the step test Into the »postural* and * exercise* 
components, as was done in the case of the normals and the 
V.D.H. cases. The sudden arbitrary variations in rate, 
however, made it impossible to obtain consistent results and 
the graphs are not reproduced here. The change from the 
sitting to the standing posture generally produced a slow 
rise in heart rate over a period of about 30 seconds in the 
fibrillation patients; though in one case the rate fell on 
standing. The only consistent feature of the * exercise* 
component was the delayed acceleration already mentioned In
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connexion with the total curves for exercise. This delayed 
acceleration will now be discussed in detail.
The Delayed Acceleration during; Exercise.
Series C. In Series C, out of a total of 22 fibrillation 
tracings analysed, 21 showed a definite sudden increase in 
heart rate about half way through the exercise. The single 
exception was the case In which very marked and persistent 
digitalis coupling was present. Fig. 54 reproduces four 
actual tracings of fibrillation patients during exercise, 
showing the sudden acceleration. A normal tracing is also 
given for comparison. The effect was seen in both 
digitalized and non-digitalized patients; and with the 
exception of the single case mentioned above in which the 
dose was such as to cause coupling, the sudden onset of the 
acceleration was not affected by digitalis. The average 
delay from the beginning of exercise to the commencement of 
the acceleration was 12 seconds, and its average duration 
25 seconds. It was pointed out above that this sudden 
delayed acceleration could be seen in many of the graphs of 
heart rate plotted at 5 second intervals during exercise in 
the fibrillation patients. The actual sudden increase In 
rate, however, was greater than would appear from these 
graphs because it rarely happened that the abrupt onset of 
the acceleration coincided with the beginning of one of the
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5 second periods in which the tracings were counted.
To obtain a more accurate measure of the delayed acceleration 
the heart rate was counted over Intervals of three seconds 
Immediately before and immediately after its onset. In 
addition, a count was made over the three-second period in 
which the heart rate attained its maximum value. The average 
results for the 22 tracings showed that over the three seconds 
immediately following the commencement of the acceleration 
the heart rate had increased by 35 beats per minute or 31. , 
compared with the rate over the previous three-second Interval. 
This gives the very high average acceleration of 12 beats per 
minute per second, and confirms the impression gained from the 
tracings of the abruptness of its onset. The maximum rate 
after the acceleration showed an increase of 48 beats per 
minute or 42$ over the immediate pre-acceleration rate. It 
is to be emphasised that all this took place not at the 
beginning of exercise, but approximately half way through the

exercise period.
It therefore seemed to be worth while to attempt to 

analyse the frequency response in these patients even more 
accurately than was possible from the kymograph tracings so 
far employed. It was found that with care reasonably stable 
photographic electrocardiograms could be obtained during the 
actual step test by means of an amplifier and Matthewfe*



- 169 -

oscillograph; and, on occasion, even with the string 
galvanometer. On these records the intervals between 
individual beats could readily be analysed to the nearest 
fiftieth of a second, and these intervals could be graphed 
for successive beats throughout the entire exercise.
Fig. 55 shows one such graph. The abscissa shows the 
individual beats reckoned from the beginning of exercise and 
the ordinate gives the time intervals between successive 
beats, converted to beats per minute for convenience in 
interpretation. The complete irregularity of rhythm 
typical of auricular fibrillation is well shown throughout 
the graph, but It can also be seen that a definite change 
takes place at the nineteenth beat after the beginning of 
exercise. Up to that point the heart rate swings around a 
mean of approximately 100 beats per minute, reaching a 
maximum of 130 on occasion; and the exercise has therefore 
had comparatively little effect. At the nineteenth beat the 
sudden acceleration begins and thereafter the heart rate 
swings about a much higher mean, approximately 150 beats per 
minute. In this patient the acceleration persisted for some 
considerable time after the end of exercise, and was 
interrupted by sudden brief slowings both during and after 
exercise. It was not possible to record these fast 
electrocardiograms continuously for very long periods so the
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pre-exercise record was necessarily short. However, fiareful 
examination of the usual kymograph tracing (Pig. 56) taken 
prior to and then simultaneously with the fast 
electrocardiogram, made it clear that in this patient no 
such acceleration occurred during the resting period before 
exercise. Another graph of the successive intervals between 
beats in a different fibrillation patient is given in 
Pig. 57. This shows some marked differences from the previous 
graph. The irregularity is greater and it can be seen that 
very fast rates up to the maximum of 200 per minute occur in 
bursts while the patient is at rest before exercise has begun. 
This is also visible in the kymograph tracing, Pig. 58. 
Nevertheless, a definite acceleration occurs at the twelfth 
beat after the beginning of exercise and though the 
acceleration is interrupted by a transient fall in rate, the 
mean level of heart rate is higher thereafter. It was found 
that in general the fibrillation patients could be divided 
into two groups. In the first group, which comprised 
two-thirds of the patients, the heart rate behaved as in 
Pigs. 55 and 56; no very fast groups of beats occurred at 
rest and the sudden delayed acceleration during exercise was 
usually very definite. In the second group, of which 
Pigs. 57 and 58 are typical, fast beats occurred at rest and 
the delayed exercise acceleration, though present, was not so
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clearly defined. One feature of both groups was that the 
heart rate, as measured by single beat intervals, had a 
definite maximum which was usually repeated several times. 
Thus in Pig. 55 this maximum was 176 beats per minute and in 
Fig. 57, 200 beats per minute. This was only apparent on 
careful beat to beat analysis and was perhaps due to the 
fact that the fundamental phenomenon in auricular 
fibrillation, the circus wave, recurs with a definite 
frequency. There was no clear relation between the 
1 coarseness* of the fibrillation waves and the occurrence of 
fast groups of beats at rest, however.

It was mentioned above that it was possible, with 
care,to obtain reasonably good electrocardiograms during 
exercise with the Matthews* oscillograph and sometimes with 
the string galvanometer. Such records were examined to see 
whether any marked electrocardiographic changes took place 
at the onset of the delayed acceleration. Examples of such 
electrocardiograms are shown in Pigs. 60, 61, 62 and 63 but 
it will be more convenient to deal with the interpretation of 
these in the general discussion on fibrillation.
Series B.C. The delayed acceleration was also seen in most 
of the curves of heart rate taken during the arm-stretching 
exercise, but was less consistent and less well marked than 
in the ambulant fibrillation patients. This was probably due 
to the extremely mild nature of the exercise performed by the
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bed patients. It Is, however, clearly visible in the graphs 
of Pigs. 46, 47 and 51.

DISCUSSION.
It is now universally accepted that the fundamental 

abnormality in auricular fibrillation is a wave of contraction 
which travels in a circular path through the auricular muscle, 
the 1 circus movement1; and that this travelling wave 
supersedes the sino-auricular node as pacemaker. This theory 
is based on the work of Mayer (1908), Mines (1914) and 
Carrey (1914). The evidence was summarised by Garrey (1924) 
and Lewis (1925), while an exhaustive review of the 
literature was recently published by Rijlant (1945). One 
observation, however, which is difficult to explain on the 
theory of the single circus wave was published by Brams &
Katz (1931). They showed that if auricular fibrillation was 
induced in the dogfs heart and the two auricles were then 
separated from each other the fibrillation still continued 
in each separate chamber with very little change in the rate 
of the fibrillation waves.

Blumgart (1924) was the first to attempt a 
quantitative estimate of the effect of exercise on the heart 
rate in cases of fibrillation. The exercise consisted in 
stepping twenty times on and off a chair seventeen inches 
high, and the test was carried out by six controls and nine 
patients. Heart rates were recorded before and immediately
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after the exercise by polygraph in the controls and by string 
galvanometer in the fibrillation cases. No records were 
obtained during the exercise period. He concluded that 
fibrillating hearts responded to a given test exercise by a 
disproportionate rise in ventricular rate and by a delayed 
return to normal. Both these findings are upheld by the 
present results ss can be seen from Pigs. 43 and 44.

Blumgart also found that digitalis In ordinary doses 
failed to prevent the exaggerated response to exercise as 
shown by the difference between pre- and post-exercise rates 
in the same patients before and after treatment withtLnct. 
digitalis m.10 t.i.d. for a month. In fact, the actual 
increase in rate was slightly greater under digitalis. In 
the present series it was not possible to compare the results 
for the same patients while on and off digitalis, but It can
be seen from Table 11 that the actual increase in heart rate
of the digitalized cases was much greater than in the normals 
so that here also digitalis has failed to protect completely
against an exaggerated rise in rate. The actual increase,
however, in the non-digitalized patients is on the average 
considerably greater than in patients of the same tolerance 
group who were receiving the drug. In general, if we consider 
the patients in the *poor tolerance* group of whom four were 
on digitalis while three were not, all the indices except the
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acceleration of the heart rate are higher in the 
non-digitalized group. Digitalis, therefore, while falling 
to abolish the exaggerated increase in rate, did diminish 
it to a considerable extent In my cases.

The mechanism by which digitalis slows the heart in 
such cases has been the subject of much investigation with 
rather conflicting results. Nielsen & Abdon (1937) from a 
survey of the earlier literature and from their own work 
concluded that digitalis and allied substances act on the 
heart muscle sensitizing It to the normal vagal tone.
Abdon, HammarskjSld & Nielsen (1938) carried this theory a 
stage further when they showed that digitalis sensitizes heart 
muscle, including that of the human heart, to acetylcholine. 
Boas (1931a) was of the opinion that in fibrillation the 
ventricular rate is governed by the balanced activity of the 
vagus and accelerator nerves. If vagus tone is preponderant 
the rate was slow and stable, whereas if the sympathetic was 
predominant the ventricular rate is raj)id and mobile and 
requires larger doses of digitalis to stabilize it. The 
question of whether digitalis could slow the ventricular rate 
in fibrillation in the absence of heart failure was studied by 
Levy & Boas (1938). They concluded that it could do so, 
contrary to orevious opinion. As was stated above, Blumgart 
(1924) found that ordinary doses of digitalis had no effect on 
the increase of heart rate due to exercise. Lewis (1934) was
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in agreement with this, saying that though digitalis can 
control the rate in fibrillation patients at rest or in very 
mild exercise, this is rarely possible in conditions of freer 
exercise. On the other hand, Weinstein, Plaut & Katz (1940) 
demonstrated that digitalis when used in large therapeutic 
doses definitely lessened the ventricular acceleration due to 
a standard exercise test in ambulant fibrillation cases. The 
effect produced would therefore appear to depend rather 
critically on the dose of digitalis.

This is of interest in connexion with the work of 
Gold, Kwit, Otto & Pox (1939) who analysed the relative 
importance of the vagal and extra-vagal mechanisms by which 
digitalis slows the ventricle in fibrillation. They found 
that the slowing caused by small doses of digitalis (up to 
about 60 per cent of the full dose) could be counteracted by 
large doses of atropine, so that it was largely due to vagal 
stimulation. When full doses of digitalis were given, 
atropine could no longer increase the ventricular rate and the 
slowing was then clearly due to extravagal actions of digitalis. 
The main extravagal action was said to be the increase in the 
refractory period of the A-V conduction system. In 1941,
Modell, Gold & Hothendler applied these results to the 
exercise acceleration of the ventricle in fibrillation 
patients• They concluded that in the average fibrillation
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patient the exaggerated acceleration during exercise was due 
chiefly, if not entirely, to decrease in vagal tone. In 
such cases blocking the vagus by atropine accelerated the 
ventricles to the same maximum level as extreme physical 
exertion. ’Extra-vagal* digitalization with large doses 
prevented the exaggerated response to exercise through direct 
action on the A-V conducting system, in accordance with the 
theory. They also pointed out that the ventricular rate at 
rest does not Indicate whether digitalis has caused slowing 
by the * vagal1 or the Extravagal* mechanism, but that there 
are two simple ways of detecting ’extravagal* digitalization. 
Either two mg. of atropine may be given intravenously or the 
patient may be made to exercise. If neither of these 
procedures raises the ventricular rate to over 100 per minute, 
then enough digitalis has been given to cause slowing by the 
extravagal mechanism. Judged by the latter test, the 
extravagal mechanism can only have been prominent in one of 
the digitalized cases of the present series and there it was 
associated with marked coupling of beats. In this case the 
standard exercise only accelerated the ventricular rate from 
71 to 89 beats per minute.

With regard to the effect of quinidine it was noted 
above that after normal rhythm had been restored by the drug 
the curve of heart rate during exercise closely resembled the 
normal one (see Figs. 52 and 53). This is In agreement with
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the results of Alt, Walker & Smith (1930) though the 
exercise they employed was much more prolonged and the 
heart rate was only taken by palpation at Intervals of two 
or four minutes•

Results given by Iliescu in Blumgart’s article
(1924) indicated that when the ventricular rate rises on 
exercise in fibrillation patients the auricular rate 
generally falls. This is in accordance with the usual 
inverse behaviour of the auricular and ventricular rates in 
this condition. In the present series it was Impossible to 
determine the fibrillation rate of the auricles during the 
exercise with sufficient accuracy to give valid results, but 
the pre-exercise fibrillation rates could be counted from 
the electrocardiograms In eight cases and varied from 375 
to 600 per minute. An attempt was made to correlate the 
pre-exercise fibrillation rate with the amount of the delayed 
acceleration of ventricular rate during exercise in these 
cases. Taking three-second periods Immediately before and 
after the onset of delayed acceleration, it was found that 
the slower the fibrillation rate the greater was the actual 
increase in ventricular rate, as the following table 
shows:
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Pre-exercise fibrillation Actual increase in
rate. ventricular rate at onset of
(Oscillations per minute). delayed acceleration.

(beats per minute).

600 20
500 26
500 30
444 30
420 36
408 40
408 46
375 52

This presumably indicates that when the vagal inhibition is 
lifted during exercise the ventricular rate can rise 
relatively more to meet a low auricular rate than a high 
one, as might be expected from the general theory of 
transmission from auricles to ventricles in fibrillation.

Further studies on the effect of exercise in 
fibrillation cases were carried out by Boas (1929) and 
Boas & Goldschmidt (1930), using the cardiotachometer. No 
quantitative data were given, but the exaggerated increase 
of heart rate on exercise described by Blumgart (1924) was 
confirmed. They found that their cases could be divided into 
two groups, those with labile and those with stable 
ventricular rates, corresponding to those with highly strung
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and phlegmatic temperaments respectively. Harris & Lipkin 
(1931) investigated the effect of mild exercise on the 
cardiac output of six patients with auricular fibrillation. 
The increase of stroke-volume during exercise was 
significantly depressed compared with six normal subjects, 
but a high percentage of oxygen utilization was a 
dharacteristic feature of fibrillation. Katz & Feil (1923) 
had previously shown that in fibrillation the duration of 
ventricular systole was shorter than in normals at 
corresponding rates. Several observers have shown that in 
auricular fibrillation there is a reduction of * physical 
efficiency* as judged by various tests. Thus Hunt & Pembrey 
(1921) using their *pulse ratio* test found three cases to 
be only 31$ efficient, and Hewlett (1924) found that the 
average vital capacity of fibrillation patients was 62$ 
of the normal. It is of interest in this connexion that 
Jones & Schlapp (1945) showed that the induction of 
auricular fibrillation reduces the work capacity of the 
cat heart by approximately one-third. In spite of this, 
Harrison (1939) has pointed out that the onset of auricular 
fibrillation is often an asset rather than a liability to 
a failing heart, chiefly because digitalis can act more 
effectively in the presence of fibrillation. According to 
Altschule (1938) digitalis produces a definite increase in
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the cardiac output of such patients.
One of the most interesting points about auricular 

fibrillation is that though the normal pacemaker, through 
which the nervous control of the heart rate usually operates, 
is superseded by a rapid and irregular * circus movement1 
the ventricle can still respond to exercise and even to the 
phases of respiration. The mechanism by which such 
alterations of ventricular rate may be brought about during 
fibrillation has been investigated by many workers. It Is 
known that in the normal heart the chief factor In the 
acceleration of exercise is the withdrawal of vagus restraint. 
Consequently the effect of the vagus on the fibrillating 
heart Is of particular interest. As regards the auricle, 
Winterberg (1907) and Rothberger & Winterberg (1914) showed 
that stimulation of the vagus caused the fibrillary twitchings 
to become finer and more rapid. This was confirmed by Lewis, 
Drury & Bulger (1921) who worked out the mechanism In terms 
of the changes in refractory period (reduction) and in rate 
of conduction (increase), as they affected the circus 
movement. Similar results for auricular flutter were reported 
by Wilson (1924). With reference to the effects of vagal 
stimulation on the ventricular rate in auricular fibrillation, 
Kronecker & Spallitta (1905), Phillips (1905) and Robinson 
(1913a and 1916) showed that the ventricle was slowed during
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experimental fibrillation in the dog when the vagus was 
stimulated. Lewis (1909) proved that the slowing was due to 
an increase in heart block. In 1914, Robinson reported a 
case of auricular fibrillation in the human subject in which 
pressure on the vagus slowed the ventricular rate; and 
Crawford (1923) found that cases of fibrillation showed a 
greater response to atropine than normal subjects. Lewis
(1925) summarised the position as follows: "If we examine
all the known ways of reducing the ventricular rate while 
the auricles fibrillate, we find that heart-block may always 
be ascribed as the cause”. It has long been known that the 
vagus can affect the A-V node and the bundle of His 
(Herz & Goodhart 1908; Wilson 1915a and b) and recently 
Jourdan, Froment, Gallavardin & Baud (1945) showed that 
atropine increased the A-V nodal rhythm in dogs in which the 
S-A node had been destroyed; while Miller and Perelman (1945) 
found that change of posture may have an effect on the human 
heart rate even when the S-A node is out of action.

According to Kilgore (1919) a number of fibrillation 
cases show a fairly consistent tendency to have shorter 
intervals between the heart-beats during late expiration or 
early Inspiration than during the opposite part of the 
respiratory cycle, that is, the reverse of ordinary sinus 
arrhythmia. An attempt was made to see whether this effect
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was readily visible with the present method of recording 
by getting the fibrillation patients to breathe deeply,
Wo consistent results were obtained as can be seen from 
Pig. 59 which shows two typical records. This is not 
surprising as Kilgore was only able to demonstrate the 
phenomenon by detailed analysis and statistical treatment 
of a large number of pulse curves.

Prom all the above work it may be supposed that 
during exercise in auricular fibrillation the vagus tone Is 
diminished causing a fall in fibrillation rate and an 
improvement in conduction through the specialized tissues 
of the heart. Both factors will permit the ventricles to 
respond to a higher proportion of auricular impulses. While 
this accounts adequately for the general rise in ventricular 
rate it does not explain the delayed acceleration which Is 
such a conspicuous feature of the present series. It will 
be seen from Pig. 54 that during the delayed acceleration 
the rhythm often appears to become more regular and It was 
thought possible that the sudden acceleration might be due 
to the fibrillation having changed temporarily to flutter,
In which the ventricle could more easily follow the high 
auricular rate. Robinson (1913b) and Wingers (1923) were of 
the opinion that vagus stimulation could convert auricular 
flutter Into fibrillation, and Altschule (1945) ahow4d that
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there was a definite correlation between excessive vagal 
activity and the onset of fibrillation in man. Therefore 
the inhibition of vagal tone during exercise might possibly 
have the reverse effect and convert fibrillation into flutter 
by Increasing the refractory phase of auricular tissue.
Miller (1942a) reported a case in which atropine converted 
fibrillation to flutter In man. In order to test this theory 
electrocardiograms were taken during the period of delayed 
acceleration, and some examples are shown in Pigs. 60 - 63. 
The actual onset of the delayed acceleration can be seen in 
Pig. 60 Curve E, and in Pig. 61 Curves A and B. There is no 
evidence in any of these records of a change from 
fibrillation to flutter. The same negative result Is found 
in Pig. 62 Curve B, and Pig. 63 Curve B taken Immediately 
after the end of exercise while the acceleration was still 
present. Moreover, if the intervals between beats are 
carefully measured during the acceleration they are found to 
vary in spite of a naked-eye appearance of regularity. This 
fact is also brought out in Pigs. 55 and 57 and is an 
additional argument against a change to flutter.

Another possibility was that since digitalis acts 
partly through vagal stimulation it might be supposed that 
in digitalized patients this effect would oppose the 

withdrawal of vagal restraint by which exercise normally
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accelerates the heart. If this *holding downr effect of 
digitalis took some time to overcome hut then suddenly gave 
way, the delayed acceleration would result. This explanation, 
however, is unlikely because the delayed acceleration occurs 
equally in non-digitalized patients and no definite 
correlation could be obtained between the dosage of digitalis 
and the time of onset of the acceleration.

Boas (192S) suggested that in the 1 labile* type of 
fibrillation patient the sympathetic nerves might play a 
dominant part in producing ventricular acceleration. As 
sympathetic effects on the heart are characterised by a 
considerable latent period this might have accounted for the 
delayed acceleration. The results of Modell, Gold &
Rothendler (1941), however, are definitely against Boas* 
theory, and render It improbable that direct sympathetic 
stimulation has any important role in producing the exercise 
acceleration of fibrillation patients. The latent period 
(about 12 seconds) is such that sympathetic acceleration of 
the heart by means of adrenaline liberated from the suprarenals
cannot be excluded, however,

Aoart from this possibility it would seem, therefore, 
that the delayed acceleration is most probably mediated 
through the vagus nerves. It might be argued that though in 
normal rhythm the action of the vagus on the S—A node is 
almost instantaneous, in fibrillation, where it must operate
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mainly through effects on the conducting system, there might 
be a considerable delay. There is little published 
information on this point, but from examination of the 
records illustrating the articles of Phillips (1905),
Lewis (1909), Robinson (1916) and Lewis, Drury & Bulger (1921) 
it would appear that when the vagi are stimulated during 
auricular fibrillation in the dog* s heart slowing of the 
ventricles occurs after a delay of only about one second.
Lewis (1925, p. 348) published an electrocardiogram in which 
pressure on the carotid sheath in man slowed the ventricle 
during auricular fibrillation after a latent period of just 
over one second. Hill (1933) on compression of the exposed 
vagus nerve in man during normal rhythm found the latent 
period to be of the order of two to three seconds. This last 
observation is difficult to reconcile with the very brief 
latent period (less than one cardiac cycle) observed when the 
normal heart accelerates at the beginning of exercise or slows 
during a sudden fright, and it would seem that the results 
obtained by such abnormal procedures may not be strictly 
applicable to similar events occurring in the intact 
organism. It is therefore quite possible that there may be 
a delay in the lifting of the normal vagal restraint during 
exercise under the special conditions of auricular 

fibrillation.
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A final possibility is that the Bainbridge reflex 
plays a part in causing the delayed acceleration* though the 
work of Sharpey-Schafer & Wallace (1942) seems to show that 
a rise of venous pressure in man does not always cause an 
increase in heart rate. Normally, this reflex would appear 
to have a high threshold in man, but the increased resting 
venous pressure often found in fibrillation might be 
expected to counteract this and render the reflex more 
effective.

The rise in venous pressure at the beginning of 
exercise is almost certainly not instantaneous, though there 
seems to be very little information on this point. In 
Hooker1s experiments on human subjects readings were only 
taken at intervals of one minute (Hooker 1911), but McCrea, 
Eyster & Meek (o928) found that the venous pressure usually 
rose by about 5 cm. in the first half-minute of exercise on 
a bicycle ergometer, and that the heart rate rose rather 
more slowly than the venous pressure. In animal experiments 
Bainbridge (1915) found the delay before the heart began to 
accelerate to be proportional to the rate of Injection of 
saline into the veins, and Sassa & Miyazaki (1920) showed 
that cardiac acceleration only occurred If the distension of 
the right auricle lasted for several seconds, a very brief 
distension produced no effect. The average latent period in
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their experiments was pbout four seconds. Anrep & Segall 
(1926a) working with the innervated heart-lung preparation 
found that when the venous pressure was raised the heart 
began to accelerate a few seconds after the cardiac output 
was increased. It is probable therefore that in man there 
will be a delay of several seconds before the venous 
pressure rises sufficiently to trigger the Bainbridge reflex.

It is possible that several of the factors 
mentioned above may combine to produce the delayed 
acceleration under the conditions of diminished sensitivity 
prevailing when the S-A node has ceased to be the pacemaker; 
and In this connexion it is to be noted that the heart Jglock 
cases, in whom the ventricles were also not under the control 
of the S-A node, showed a similar delay in the onset of 
cardiac acceleration during exercise.
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SUMMARY.

The effect of the standard step-test on the heart 
rate of ambulant cardiac patients was investigated. Records 
were also taken of the heart rate in bed cardiacs during a 
brief standard arm-stretching exercise.

The following conditions were studied:
(a) Valvular disease of the heart. These patients 

showed very little anticipatory increase in heart rate 
before exercise began, and the general level of 
maximum rate reached during the step-test was slightly 
less than in the normal subjects. There was no 
correlation between the clinical exercise tolerance 
and any heart rate index, except the return to normal. 
The effect of treatment on the bed cardiacs was 
investigated and it was shown that as treatment becomes 
effective the curve of heart rate becomes generally 
lower, though in some cases the pattern of cardiac 
acceleration is changed.

(b) Angina pectoris and (c) Coronary thrombosis.
These conditions were characterized especially by a 
very low maximum rate during exercise.

(d) Effort syndrome. The main difference between
these patients and the normals was In their high resting 

heart rates.
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(e) Heart block. In all three cases the mild 
exercise did produce some cardiac acceleration which 
was delayed compared to the normal. The pre-exercise 
emotional increase in heart rate was absent in these 
patients.

(f) Thyrotoxicosis. One patient showed typical 
tachycardia at rest and a small increase in heart rate 
during exercise before treatment. After thyroidectomy 
the response to exercise closely resembled the normal. 
The other patient gave atypical results, both as regards 
B.M.R. and heart rate response to exercise.

(g) Auricular fibrillation. In this condition the 
maximum heart rates during exercise were much higher 
than in the normals or the V.D.H. patients. In several 
cases there was a brief fall in rate at the beginning of 
exercise. Almost all the ambulant fibrillation cases 
showed a characteristic delayed acceleration 2>f the 
heart, beginning about half way through the exercise 
period. Various theories are put forward to explain 
this phenomenon, which does not appear to have been 
described before.

In all cases the preyiousditerature is discussed
In relation to the present findings.



"One of a gigantic size, and of an athletic habit 
hath not naturally the same kind of pulse with a dwarf;.... 
and we often meet with people, seemingly of the same habit 
and constitution,- who have nevertheless pulses of different 
kinds; from which it appears of what advantage it is to be 
acquainted with the constitutions of people in health, to 
be able to judge with greater certainty of the nature of 
diseases•"

Stedman (1769) p. 29.
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CHAPTER 11.

THE RESPONSE OF THE HEART RATE TO EFFORT AS AN INDEX OF 
PHYSICAL FITNESS. ” “— —
(Series S.T.C.).

The possibility that some of the heart rate indices 
might be correlated with physical fitness was mentioned in 
Chapter 5, when the literature on cardiac tolerance tests 
was reviewed. In all the series dealt with up to the present 
no such correlation could be attempted, as an Independent 
estimate of the subjects’ fitness could not be obtained.
During the war, however, an opportunity arose to perform a 
cardiac tolerance test on volunteers from the Senior Training 
Corps whose fitness had been estimated independently during 
their tests for Certificates "A" and MBW.
METHOD.

Forty-five students volunteered for the test. Their 
ages ranged from 17 to 19 years. As the volunteers were all 
in reasonably good health, the grading was simply done round 
an average fitness. It was considered that the standard 
exercise test as used with Series A, while suited to its 
purpose of comparing normals with ambulant cardiac patients, 
would be too mild to bring out minor differences in fitness 
among a group of healthy males. For the present purpose, 
therefore, the standard test was modified and its severity 
increased by making the subjects climb the two steps ten 
times carrying a load of 30 kg. The rate of stepping was
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96 per minute, and the exercise was started from the sitting 
posture. The modified test thus differed from the standard 
test of 5 ascents with no load at 96 steps per minute only 
in the load carried and in the increased number of ascents. 
The average total work done during the modified test was 
approximately three times that of the standard test; 492 
kg.nu as compared with 173 kg.m. The mean rate of working 
in the modified test was 742 kg.m. per minute compared with 
the 432 kg.m. per minute of the standard test.
RESULTS.
General. The results for the various heart rate indices are 
given In Table 12. Compared with the results for Series A 
in Table 1 the indices here are practically all higher, as 
would be expected from the increased rate of working. An 
apparent exception is the mean acceleration, which has 
decreased; but owing to the method of calculating this index 
a decrease naturally results from the prolongation of the 
exercise. The coefficients of variation are in fairly good 
agreement with those of Table 1. For comparison with the 
milder exercise of Series A the coefficient of correlation 
between post-exercise rate and maximum rate was calculated 
with the following result:
Coefficient of correlation = + 0.83.
Corrected standard error s 0.15.
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It is interesting that the correlation coefficient is e*actly 
the same as that for Series A (males) and shows that the 
severer exercise did not alter the very significant degree 
of correlation between the two indices. The regression 
equation for Series S.T.C. was:
Maximum Rate ■ 0.664 Post-exercise Rate + 72.

The very high Initial rate in the S.T.C. series (93.3 beats 
per minute) was again due to the anticipation of exercising 
with a load. As was pointed out in Chapter 9 this great 
preliminary increase is peculiar to load-carrying experiments. 
It was probably enhanced in the present instance because most 
of the subjects were quite unused to such procedures.

Fig. 64 shows a graph of the mean heart rates In 
5 second periods during the exercise. Apart from the higher 
initial rate it is, for the first 20 seconds of exercise, in 
good agreement with the similar graph in the load series for 
32.2 kg. load (Fig. 20). As before, the postural component 
has been completely swamped by the acceleration due to the 
load carrying. Over the last ten seconds of exercise there 
Is no increase in heart rate, Indicating that the "steady 
state" has been reached. The deceleration after exercise is 
remarkably uniform, though the curve must flatten out very 
considerably beyond the period actually graphed as the 
average time of complete return to the initial rate was 81



- 193 -

seconds after the end of exercise (Table 12).
The Correlation of Indices with Physical Fitness.

As a preliminary, an estimate of the fitness of each 
subject was obtained from the Physical Training Corps 
Instructor who had observed them carefully during all their 
tests for Certificates "A" and "33". The subjects were 
classed as "Above Average", "Average or "Below Average".
This classification could only be applied to 41 subjects and 
only these were included in the preliminary survey. The mean 
values for initial rate, maximum rate, actual increase and 
percentage increase of heart rate In the tolerance test were 
then calculated for each class. The results wre given in 
Table 13, which shows that there was very little difference 
between the "Above Average" and "Average" groups but that the 
"Below Average" group had a very much higher mean initial rate 
and maximum rate, though the actual increase was practically 
the same for all groups. The marked fall in percentage 
increase in the "Below Average" subjects was of course due to 
their high initial rate. It was then decided to attempt actual 
correlations between some of the heart rate indices and the 
physical fitness. It was therefore necessary to give a 
numerical value to the fitness of each subject and this was 
carried out as follows. The Certificates "A" and "B"
Physical Efficiency Standard consisted of fourteen tests,
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Including sprinting, running, walking and climbing. For 
each test successfully passed at the first attempt one mark 
was allotted. The Physical Instructor's estimate was then 
taken and three marks were given for "above average", two 
marks for "average" and one mark for "below average".
Finally, the most strenuous test In the course was separately 
marked. This consisted in running and walking for 10 miles 
In full kit in under two hours. The marking was as follows: 
Completing run in 1 hr.30 min.to 1 hr.35 min. - 6 marks

" 1 hr.35 min.to 1 hr.40 min.
" 1 hr.40 min.to 1 hr.45 min.
" 1 hr.45 min.to 1 hr.50 min.
" 1 hr.50 min.to 1 hr.55 min.
" 1 hr.55 min. to 2 hours 

The maximum number of marks possible was thus 23; 14 for 
passing all tests at first attempt, 3 for "above average" 
instructor's estimate, and 6 for completing the 10 mile run 
in lj- hours. The above data were only complete^-obtainable 
for 34 of the subjects and they alone were used In the 
attempts at correlation. The range of physical fitness was 
from 11 to 22 on the above scale. It was of course realised 
that this method of marking was purely arbitrary, but it was 
to be expected that it would give some measure of a subject's 
physical capabilities.

5 "
4 "
3 "
2 "

1 mark.
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The first correlation attempted was between physical 
fitness and the maximum rate in the cardiac tolerance test.
The coefficient of correlation v = -0.614 with a corrected 
standard error of 0.174. As the correlation coefficient was 
more than 3.5 times the standard error there was a 
significant correlation between fitness and maximum rate, 
the negative sign indicating that the higher the fitness 
the lower the maximum rate.

A significant though lesser degree of correlation 
was found between physical fitness and the post-exercise 
rate, the correlation coefficient r s 0.503 with a 
corrected standard error of 0.174.

There was no significant correlation between fitness 
and absolute increase in heart rate or between fitness and 
acceleration of heart rate, the coefficients being:
Absolute increase and fitness,v s - 0.099; S.E. a 0.174. 
Acceleration and fitness, Y s + 0.035; S.E. * 0.174.

When group correlation tables were constructed It 
was obvious by inspection that there was also no correlation 
between fitness and initial rate, percentage increase on 
initial rate, or time of return to normal.
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Sinus Arrhythmia,

For comparison with the results in Series A the 
occurrence of sinus arrhythmia was determined in the S.T.C. 
series. The results were as follows:
Sinus Arrhythmia Series S.T.C. 

(percentage)
Series A 
(percentage)

Absent 9.0$ 9.3$
Slight 20.0$ 29.3$
Marked 44.0$ 54.7$
Very Marked 27.0$ 6.7$

The respiratory arrhythmia was thus even more marked in 
the S.T.C, series than in the original series. There was 
no correlation between the degree of sinus arrhythmia 
shown by a subject and his physical fitness index. 
DISCUSSION.

The results of a number of fitness tests were 
discussed in Chapter 5, but a few further points may be 
mentioned here. In view of the fact that training generally 
decreases the resting heart rate (Dawson, 1919; Cotton,
1932) it is curious that there was no correlation between 
fitness and the initial rate. This is however in agreement 
with the results of Brouha & Heath (1943) and Gallagher & 
Brouha (1944) who found no satisfactory relation between 
the resting heart rate and the individual*s ability to 
perform work. As regards the maximum rate, Taylor (1944)
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found that only during the exercise did the heart rate 
curves sort themselves out to indicate the fitness groups 
correctly. The present results are in agreement with this 
in so far as the correlation with the maximum rate during 
exercise is greater than with the post-exercise rate; 
though a significant correlation was here obtained with the 
latter. The fact that no correlation could be obtained 
between fitness and the acceleration of the heart rate is 
in agreement with Dill & Brouha (1937) who found that 
athletic training did not increase the speed with which the 
heart accelerates at the beginning of work. The significant 
relationship between fitness and the post-exercise rate 
might have been expected from the results of Cogswell, 
Henderson & Berryman (1946) who showed that the latter 
decreased with training, and from those of Taylor & Brozek 
(1944) who were of the opinion that the heart rate after a 
standard amount of work is probably the most useful single 
criterion of fitness. On the other hand, Woolham & 
Honeyburn (1927) found no correlation between fitness and 
the immediate post-exercise rate in schoolboys. In view of 
the large number of fitness tests which depend on the time 
of return to normal (e.g. Johnson, Brouha & Darling, 1942 
and Johnson & Robinson, 1943) it is surprising that no 
correlation was obtained between this index and fitness in
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the present series. The general conclusion from the present 
experiments was that when a moderate exercise of short 
duration is employed as the test, the only heart rate indices 
which may be of value in estimating physical fitness are the 
maximum rate during exercise and the immediate post-exercise 
rate.
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SUMMARY-.

Forty-five students, whose physical fitness had 
been independently estimated, performed a modified version 
of the standard step test (10 ascents carrying a load of 
30 kg.). The values and variability of the heart rate 
indices are compared with those of Series A (normal males).
A significant correlation was found between physical fitness 
(on an arbitrary scale) and the maximum heart rate during 
exercise. A significant, though less complete, correlation 
was obtained between fitness and the post-exercise rate.
There was no significant correlation between fitness and the 
following heart rate indices: acceleration, absolute increase, 
initial rate, percentage increase and time of return to 
normal. These findings are discussed in relation to the 
results of other workers.



”0n this subject, the opinion of those, whose 
profession it is to train men to the performance of great 
muscular feats, when they speak the truth, is of much more 
consequence than that of any medical man."

Robert Knox (1815), p. 62.
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CHAPTER 12.
THE HEART RATE OF A MARATHON RUNNER DURING EXERCISE.

A great deal has been written about the effect of 
athletic training on the heart rate and it is not proposed 
to deal with the progressive effects of such training on 
individual subjects here. The opportunity, however, occurred 
of obtaining as subject a long-distance runner who had once 
been of Olympic standard; and it was thought that it might 
be of interest to compare his reactions to the standard 
exercise with those of the ordinary medical students. In 
addition, it was found possible to record his heart beats 
continuously throughout a 6 mile run on a motor-driven 
treadmill.

The subject was D.M. Wright, a well-known Scottish 
amateur Marathon runner. He won the Marathon at the British 
Empire Games in 1930 and was fourth in this race' at the 
1932 Olympic Games. From 1935 to 1942 he did not run in 
competitions but in the latter year, at the age of 46, he 
restarted competitive running. Since then he has run in 41 
races and won 35, setting up several local records. The 
present tracings were recorded in 1943 when Wright was 47
years of age.

There are two points of medical interest in 
connexion with Wright as a Marathon runner. First, it is
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unusual for a man aged 47 to be able to compete successfully 
against younger men in endurance events. Second, it was 
found that Wright had a well marked apical systolic murmur.
The murmur was not conducted and was almost certainly 
•functional1; though it was definitely not associated with 
a tachycardia, as such murmurs usually are (Luisada &
Mautner, 1943). Herxheimer (1932) and Jokl & Suzman (1940) 
have recorded instances of organic valvular disease in 
successful marathon runners, however. Wrightfs mean resting 
blood pressure was found to be 110/70, a remarkably low 
value for a man of 47.
METHOD:

The standard two-step test was performed exactly 
as in Series A (5 ascents at 96 steps per minute with no load).

The six mile run was carried out on a motor driven 
treadmill similar to that described by Benedict & Murschauser 
(1915). The machine was set for level running and the 
distance traversed and the average speed were obtained at 
intervals from a revolution counter connected to one of the 
rollers. Heart beats were recorded electrically on a 
kymograph by the method described in Chapter 3; the only 
modification being that it was found advisable to earth the 
subject through a pad applied to the small of the back, as 
otherwise the static electricity generated by the friction
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of the running shoes on the endless belt interfered with the 
clear recording of the heart beats. Respiration was recorded 
by an ordinary stethograph and tambour.

The subject stated that conditions were very 
similar to those obtaining during an actual race, except that 
there was a tendency to overestimate the distance run. This 
might be accounted for by some slip between the shoes and the 
endless track.
RESULTS:
(a) The Standard Two-Step Test.

There were two objects in view here, first to 
compare the response of this trained athlete with that of the 
average medical student of Series A; and second, to see 
whether a run on the treadmill caused any marked alteration 
in the response to the standard two-step test.

Fig. 65 shows a kymograph tracing of Wright1s 
performance in the two-step test. Before exercise begins the 
heart beats display the slow regular rhythm typical of the 
trained long-distance runner, and the heart rate remains 
comparatively low throughout the brief exercise. There is no 
evidence of sinus arrhythmia. In general, It was found that 
Wrightfs initial and maximum rates were much lower than the 
average for Series A and that his actual increase in rate 
was also lower. These points are brought out in Fig. 66 in



-  203  -

'willcli graphs of the heart rate during the standard exercise 
are shown. Curve A Is the mean heart rate for the male 
medical students of Series A, while Curve B shows a typical 
result for Wright before a run on the treadmill. It will be 
seen that apart from the points mentioned above, Wright*s 
curve closely resembles the normal one. Curve C shows 
Wright*s response to the same standard step-test ten minutes 
after the end of a short run (about half a mile) on the 
treadmill. Compared with Curve B, taken before the run, the 
general level of Curve C is lower; which would seem to
indicate that the brief run had a beneficial effect on the
response to the step test. To investigate this point further, 
when Wright carried out the full run of 5.9 miles on the 
treadmill some six weeks later he was asked to perform the 
standard two-step test ten minutes before and again ten 
minutes after the run. The results are shown in Pig. 67,
Curve A being the response of the heart rate before the run
and Curve B the response ten minutes after the run. As in the 
previous figure the initial and maximum rates are definitely 
lower in the curve taken after the run, but the actual increase 
in rate due to the step test is practically identical in the 

two curves. After the 6 mile run the deceleration following 
the step test is slower, but this may be due to the 
considerable difference in the initial rates. The consistently 

lower initial and maximum rates in the step test after running
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are probably due to a relaxation of psychological tension, 
but they would also seem to indicate that a run of six miles 
was insufficient to cause any signs of circulatory strain in 
this subject.
(b) The Six Mile Run.

The kymograph tracing of the start of the run is 
reproduced in Pig. 68. The steady acceleration of the heart 
rate, beginning immediately the treadmill was started and 
continuing for about one minute, is clearly visible. The 
respiratory tracing shows that very soon after the start the 
breathing settled down into a definite though somewhat 
irregular rhythm, the normal breaths being interrupted at 
intervals by single deep respirations. This continued 
throughout the entire run. The subject felt that on this 
occasion he took his deep breaths a little more often than 
usual because of the slight constriction of the electrode 
and stethograph strajbs round his chest. Graphs of the heart 
rate and respiration rate counted in 30 second periods 
throughout the run are shown in Fig. 69. The speed of 
running in miles per hour is also given. One minute after the 
start the heart rate had increased from the resting (standing) 
rate of 60 to 116 per minute, and continued to fluctuate 
around this level. At the same time the respiration rate 
increased from the rather high resting level of 25 to about 
40 per minute. The speed at this time was about 6 m.p.h.
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At the end of 5 minutes the subject increased speed to 
7.3 m.p.h. and the heart and respiration rates rose 
accordingly. Shortly afterwards Wright reported that he had 
got his fsecond wind* and thereafter the heart rate slowly 
fell until about half way through the run. At this point 
he again increased speed slightly and the heart rate rose, 
but in spite of a further small increase in speed to nearly 
8 m.p.h. near the end of the run it then remained fairly 
constant until the finish. No definite change in . 
respiration occurred at or following 1 second wind1, but 
in general the fluctuations of respiratory rate were greater 
than those of heart rate. At the end of the run the 
respiratory rate dropped almost immediately to the 
pre-exercise level; whereas the heart rate, after an immediate 
steep fall, returned more slowly. It is interesting that a 
man of 47 could run a distance of 6 miles at an average speed 
of 7.5 m.p.h. without his heart rate rising above 130 per 
minute at any point.
(c) The Heart Rate during the Start of a Run.

A more detailed picture of the rise of heart rate 
at the beginning of the run was obtained by analysing the 
record in 5 second intervals during the first two minutes of 
exercise. The result is shown in Curve A of Pig. 70. It 
will be seen that the heart rate increased rapidly for the
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first fifteen seconds and then more slowly until a fairly 
steady rate was reached after 50 seconds.

In order to find out whether there was much 
variation in the cardiac acceleration at the start of a race, 
a further series of tests were made as follows. At intervals 
of half an hour Wright made three separate starts, but the 
run was stopped after about two minutes in each case. The 
results are graphed as Curves 3, C and D in Pig. 70. It will 
be seen that in spite of small variations in the speed of 
running there was remarkable uniformity in the curves. This 
is all the more noteworthy because almost a year elapsed 
between Curve A and Curves 3, C and D.
DISCUSSION:

The relatively slow resting heart rate of trained 
athletes has been described by many writers. One of the first 
to study it in detail was Florence Buchanan (1909) who 
concluded that after training the slow rate was due to groups 
of longer diastolic pauses scattered irregularly amongst 
normal ones of the same length as before training. A similar 
phenomenon had been noted after exercise in trained men by 
Pembrey & Todd (1908). No evidence of such irregularity was 
seen in the present case. Buytendijk (1928) found that the 
mean resting heart rate of the Marathon runners in the Olympic 
Games of that year was 58 beats per minute, which is in
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excellent agreement with the present results. Very low 
resting rates (below 50 per minute) have been recorded by 
Cotton (1932) and White (1942) in highly trained athletes.
The general view is that the bradycardia of trained men Is 
due to an Increase of the normal vagus tone and the evidence 
for this was reviewed by Steinhaus (1933); though recently 
Mflller (194§) concluded that peripheral changes, particularly 
in the muscles, may play a larger part than has hitherto 
been realised. A corollary of Milller,s work is that 
training must be very specific for each form of sport, and 
evidence in favour of this has been provided by B/je (1944) 
and Brouha (1945).

Dill & Brouha (1937) using a treadmill, found that 
training did not increase the speed with which the heart 
accelerated at the beginning of work. This was confirmed in 
the present case for the step test as can be seen from the 
rising slope of the curves in Pigs. 66 and 67. With regard to 
the actual increase in heart rate during exercise, Hunt & 
Pembrey (1921) and Jung, Cisler & Mflller (1946) recorded 
smaller increases in heart rate for a given exercise In trained 
men than in untrained men; and Taylor, Erickson, Henschel &
Keys (1945) obtained the reverse effect after three weeks of 
bed rest in normal subjects. These results were confirmed in 
Wright*3 case for the step test, and would also be in
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accordance with the very low maximum rate recorded during the 
six mile run. As was pointed out above, one of the most 
striking features of this run was the steadiness of the 
heart rate. This is in agreement with the suggestion of 
Dill & Brouha (1937) that the ability to maintain a 1 steady 
state* for long periods is a characteristic of the trained 
man. Their study included records from the veteran runner 
De Mar, then aged 47, and it is interesting that his curve 
of heart rate for moderate exercise on a treadmill closely 
resembles that of Wright, both qualitatively and quantitatively. 
Nylin (1945) noted that Hfigg, the long distance runner, 
developed marked sinus arrhythmia after exercise, but in 
Wright*s case no respiratory arrhythmia was seen at any time.

In general, these results confirm for the 
circulatory system the finding of Benedict & Cathoart (1913) 
that the average efficiency of the trained subject is greater 
than that of the ordinary man.
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SUMMARY.

A highly trained long-distance runner performed the 
standard exercise and the results were compared with those 
of the normal subjects. He also ran six miles on a treadmill, 
the heart beats and respiration being recorded continuously. 
The maximum heart rate attained during the run was 130 beats 
per minute, and in general the heart rate remained very 
steady. The curve of acceleration of the heart rate at the 
beginning of a run was also found to vary very little on 
successive occasions.

The literature on the response of the heart rate 
to exercise in trained men is discussed in relation to the 
present results.



"A strong extension of the Legs and Arms by the 
Power of the Will, has quickened the Pulse twenty beats 
In a minute, and at the same time made It so low, that it 
could scarcely be felt.”

Bryan Robinson (1732), p. 177.
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CHAPTER 13.

THE RESPONSE OF THE HEART RATE TO STATIC EFFORT.

The exercises dealt with up to this point have been 
predominantly of the dynamic variety, involving the rapid 
brief contraction and relaxation of muscles. The main 
characteristic of the static type of effort is sustained 
contraction of muscle groups, and there is some evidence that 
the circulatory adjustments to this kind of effort are 
different from those of the more usual dynamic type.

To investigate whether such a difference exists in 
the frequency response of the heart during a brief static 
effort comparable to the step test, preliminary experiments 
were carried out on a group of eight healthy male students. 
METHOD:

Heart beats and respiration were recorded on a 
kymograph as in the step test experiments. The subject sat on 
a chair and relaxed as completely as possible for five minutes 
At the end of this time the recording apparatus was started 
and thirty seconds later the order to "pull" was given. 
Thereupon the subject grasped the handles of two "Terry" 
springs which were suspended in the horizontal position 
immediately In front of him, and pulled them out as rapidly 
as possible to a standard distance. This was indicated by 
pointers and was equivalent to a pull of 7.5 kg. with each arm
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The subject then kept the pointers at the 7.5 kg. mark for 
twenty seconds until the order to "let go" was given, when 
he returned the springs to zero and again relaxed. The back 
was supported throughout the experiment to ensure that only 
the arm and shoulder muscles could be employed. The heart 
rate was counted from the kymograph record in five second 
periods before, during and after the effort; the moment of 
beginning the pull being taken as the zero point.
RESULTS:

The type of tracing obtained under these conditions 
was remarkably uniform, and a typical record is shown in 
Fig. 71. It will be seen that there was an immediate 
acceleration of the heart rate at the beginning of the pull, 
but after about ten seconds this gave way to a marked slowing 
which lasted until the springs were released when a second 
marked acceleration occurred. The respiratory record shows 
that there was no tendency to fix the chest during the static 
effort; after the initial irregularity in breathing had 
passed off the respirations became regular and somewhat 
deeper than during rest.

When the mean heart rates during successive five 
second periods were graphed for the whole series, the initial 
acceleration, subsequent slowing and release acceleration 
were well shown (Fig. 72). The shape of the curve during the
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actual pull was not unlike that of the average response to 
the step test shown in Pig. 13, in that hoth show a drop in 
heart rate during the actual effort. In the case of the 
step test this proved to he due to the withdrawal of the 
postural component of the work and It seemed probable that 
a dual mechanism was also showing itself in the heart rate 
curve of the static effort.

It was of course realized that when the subject 
pulled out the springs, maintained them in tension and then 
released them, both dynamic and static effort were involved; 
and that with such a brief holding time the proportion of 
dynamic to static component was probably fairly high.
Further, the dynamic portion of the effort could be split up 
Into positive work while the spring was being pulled out and 
negative work while the spring was being released. The twin 
accelerations were thus almost certainly due to the dynamic 
muscular movements involved in pulling out the springs and in 
returning them to rest. In order to check this and to see 
whether it would be possible to separate the effects of the 
static and dynamic components of such a brief mixed effort 
on the heart rate, a further series of experiments was carried 
out. The technique was similar to that described in Chapter 7 
for the analysis of the postural and exercise components of 

the step test.
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METHOD:
The experiments were carried out on a series of 

fifteen male students. Each subject first performed the 
static effort test exactly as in the preliminary series, 
pulling out the springs to a load of 7.5 kg., holding them 
there for 20 seconds and then releasing them. The subject 
then remained at rest for ten minutes, by which time the 
heart rate and respirations had returned to normal. The 
experiment was then repeated exactly as before, except that 
this time the distal ends of the springs were uncoupled from 
the wall and the springs were suspended from a trapeze so 
that they could swing easily forward with negligible pull. 
Thus only the dynamic effort of flexing the arms during the 
pull and of extending them during release was required. The 
position of the arms and the amount of flexion needed 
remained exactly as in the previous test. This might be 
called the ,!Sham Static Effort” experiment. The heart beats 
were recorded and counted as in the preliminary series, but 
a stethograph was placed round the abdomen as well as round 
the chest in order to see whether there was any marked 
fixation of the abdominal muscles which might play a part in 
the heart rate changes.
RESULTS:

The type of tracing obtained was again remarkably 

uniform. Typical tracings for fihe two experiments in the
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same subject are reproduced In Pigs. 73 and 74. It will be 
seen that no serious interruption of either thoracic or 
abdominal respiratory movements occurred in either case.
The average heart rates during successive five second 
periods were graphed for the whole series of fifteen subjects, 
(Pig. 75), the upper curve showing the heart rates during the 
7.5 kg. pull and the lower curve the heart rates during the 
^sham" static effort. The upper curve thus represents the 
dynamic component plus a static effort of 7.5 kg. while the 
lower represents dynamic effort plus the very slight static 
effort involved in keeping the arms bent for twenty seconds 
against negligible resistance. Both curves show a well 
marked initial acceleration, subsequent slowing and release
acceleration.

If the effects of the static and dynamic components 
on the heart rate are additive., as was found to be the case 
with the postural and exercise components of the step test, 
it should be possible to obtain the response of the heart 
rate to the purely static component by subtracting the heart 
rates in each 5 second period of the lower curve from those 
of the upper. When this was done the graph shown in Pig. 76 
was obtained. The curve rises in almost a straight line to 
a maximum at the end of the effort and then falls again at 
practically the same even rate. If this slow steady 
acceleration does Indeed represent the response to the 7.5 kg.



- 215

static component alone It would be expected that If the same 
pull of 7.5 kg. were maintained for a much longer period the 
heart rate would show a steady increase, since the static 
component would continue to act after the effect of the 
initial dynamic component had passed off. Pig. 77 shows this 
to be the case for three subjects pulling on the springs 
until they could no longer maintain the pointers steady on 
the 7.5 kg. marks. The heart rates were counted in 5 second 
intervals throughout and all three curves show the initial 
acceleration and subsequent fall due to the dynamic component, 
but after this has passed off the heart rate does rise 
steadily. Immediately following the end of the prolonged 
static effort there is a very sudden drop in the heart rate 
in all cases. When this immediate post-exercise deceleration 
was compared with that following the step test in Series D 
in which both the duration of exercise and the heart rate at 
the end of exercise are reasonably comparable, it was found 
that the drop in rate was greater after the static effort, at 
least during the first ten seconds of the recovery period. 

DISCUSSION:
It would seem, therefore, that the above results can 

be adequately accounted for by supposing that the dynamic and 
static components of the effort each affect the heart rate and 
that the effects are additive. In view of the work of Bowen 
(1903) it is not surprising that a slight muscular movement
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such as flexing the arms should cause a well marked cardiac 
acceleration* Cathcart & Stevenson (1922) found that negative 
work Is performed with a lower energy expenditure than 
positive work and this may be reflected in the graphs of 
Pigs. 72 and 75 which show that the initial acceleration 
was greater than the release acceleration.

As regards the differences between static and 
dynamic effort, the experiments of Lindhard (1920 and 1923) 
seemed to Indicate that static effort is in the main anaerobic, 
and that the statically contracted muscles impede the 
bloodstream mechanically. The static effort in his experiments 
consisted in hanging by the hands from a horizontal beam. 
Cathcart, Bedale & McCallum (1923), using a different type of 
static effort which did not cause such marked fixation of the 
chest, were unable to confirm Lindhardfs results; though the 
observation of Mflller (1939) that the maximum duration of a 
static effort was not affected by reducing the oxygen content 
of the atmosphere is in favour of the anaerobic theory.
White & Moore (1925) found that during a static effort 
lasting ten minutes the pulse rate in most cases showed a 
steady rise, with a rapid fall at the end of the effort.
They were chiefly interested in the venous pressure, and 
concluded that the pumping action of the skeletal muscles 
was not an essential factor In causing increased venous 
return during exercise. This question of the absence of the
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muscle pump during static effort led to investigation of the 
effects of this type of effort on the cardiac output, and 
G-rollman (1931) was able to show that active muscular movements 
caused a much greater increase in cardiac output than static 
or slow movements. Up to this point the interest in static 
effort had been mainly metabolic and the recording of the 
pulse rate was merely incidental. In 1938, however,
Asmussen & Hansen attempted to record the changes in 
respiration, oxygen consumption, minute volume of the heart 
(by Grollmanfs method), blood pressure and heart rate in a 
subject sitting on the floor and extending his legs against 
moderate or severe resistance. The effort lasted either one 
minute or three minutes. The pulse rate was recorded from an 
arm cuff and was used in conjunction with the minute volume 
to calculate the output per beat. Their pulse rate curves 
showed a sudden acceleration at the beginning, a plateau 
maintained during the effort and a very sudden drop in rate 
immediately after the exercise ended. This rapid post-exercise 
fall in heart rate was accompanied by a marked increase in the 
output per beat. They accounted for this by supposing that at 
the end of the effort the throttling effect of the statically 
contracted muscle fibres on the circulation disappears, the 
blood flows rabidly through the dilated muscle vessels back to 
the heart and shows itself in a secondary increase of the 
minute volume. In support of the supposed throttling effect
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on the circulation they observed that during the static 
effort there was a marked rise of diastolic blood pressure, 
which in dynamic work usually only increases slightly. If, 
as they suggest, the increase in minute volume at the end of 
the effort is due to a sudden rush of venous blood to the 
heart it is difficult to account for the simultaneous rapid 
fall in the heart rate. One would expect that the Bainbridge 
reflex would either prevent such a fall or would cause a 
secondary rise in heart rate after a fairly short latent 
period. No such secondary rise appears in Asmussen &
Hansen* 3 figures but it may perhaps be significant that some 
evidence of such a delayed secondary acceleration occurs in all 
three of the curves of Pig. 77 following the prolonged static 
effort. It is possible that two factors, one physical and 
one mental may combine to produce the very rapid deceleration 
of the heart rate after prolonged static effort. If the 
theories of Lindhard and Asmussen & Hansen regarding the 
throttling effect of the statically contracted muscle fibres 
are correct, it might be supposed that immediately after 
cessation of such contraction the muscle capillaries would 
fill up with blood and thus cause a temporary reduction in the 
venous return to the heart which would assist the fall in 
pulse rate. Asmussen & Hansen (1938) actually found tnat in 
some cases after severe static effort the minute volume of the
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heart did show a sudden brief fall before the marked rise 
with which they were mainly concerned. In my opinion the 
mental factor is also important. It is probable that part, 
at any rate, of the cardiac acceleration during prolonged 
static effort is due to emotional factors. Such effort is 
an uncomfortable procedure; the muscles ache, tremor begins 
and the subject sets his teeth and hangs on. This is bound 
to have an effect on the heart rate and the sudden removal 
of the discomfort as the subject relaxes at the end of the 
effort may play its part in the steep fall of the heart rate.



- 220

SUMMARY.

In a brief effort containing both static and 
dynamic components, it is shown that each of these 
components has an effect upon the heart rate and that the 
effects are additive.

The dynamic component causes a brief rapid rise 
of heart rate, whereas the static component produces a slow 
steady increase in rate. This is confirmed by experiments 
on prolonged static effort. The differences of circulatory 
adjustment to static and dynamic effort are discussed and 
the findings related to those of other workers.



"As my only wish in presenting these experiments 
has been to correct a few notions regarding the physiology 
of the human body, and to advance that estimable science,
I shall feel gratified with an examination of my experiments, 
whether that lead to a refutation or to a confirmation of the 
opinions maintained throughout this essay”•

Robert Knox, (1815), p. 167.
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CHAPTER 14.

THE MECHANISM OF CARDIAC ACCELERATION.

It now remains to deal with the various mechanisms 
which have been described as causing the acceleration of the 
heart during exercise, and to see how far the results 
obtained in the foregoing chapters may be interpreted in 
terms of these. The number of papers on this subject is so 
great that only the key references are quoted here.
Although there is considerable controversy over points of 
detail, most workers seem to agree that the following are 
the factors most likely to play a part in the exercise 
acceleration of the heart:-
(a) Influences from the higher centres in the

cerebral cortex.
(lo) The blood pressure regulating mechanism, with

receptors in the carotid sinus and aortic arch on the 
output side of the heart.

(c) The Bainbridge reflex, with receptors in the
great veins on the input side of the heart. This
mechanism is linked with the question of the output 
per beat of the heart and with the effect of the 
pumping action of the muscles during exercise.
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(3) Various hormonal, chemical and thermal
mechanisms. These are much more Indefinite and 
controversial than the first three.

Most of the above factors operate by sending 
afferent impulses to the cardiac centres, though some In the 
last group may affect the pacemaker directly.
The Efferent Nervous Mechanism.

On the efferent side there are the two controlling 
nerves to the heart, the vagus and the sympathetic. The 
efferent Impulses controlling the heart rate are usually 
described as originating in the cardio-lnhibitory and 
cardio-accelerator centres in the medulla. The 
cardio-inhibitory centre seems to be fairly well defined as 
a result of animal experiments such as those of Miller & 
Bowman (1915); and, as might be expected, It is closely 
identified with the vagus necleus. The existence of a 
separate cardio-accelerator centre, however, has not yet been 
proved experimentally; though presumably It would be connected 
mainly with the sympathetic nervous system. As regards the 
final distribution of the efferent cardiac nerves there seems 
to be no doubt that in addition to supplying the 
sino-auricular node both sets of fibres are also distributed 
to the conducting system. This was proved for the vagus by 
the work of Hering (1905b), Erlanger (1909), Robinson (1916),
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Xisch (1944) and Jourdan et al. (1945); and for the 
sympathetic by Hering (1905a), Fredericq (1912), Woolard 
(1926)and Izquierdo (1929),

It is obvious that the acceleration of the heart 
rate on exercise might be caused either by an increase of 
sympathetic tone or by an inhibition of vagus tone or by a 
mixture of both, and many workers have attempted to define 
the part played by each during exercise. McWilliam (1893) 
was of the opinion that the vagus had the major role in the 
regulation of heart rate and this was confirmed by Hunt 
(1899), though Hooker (1907) showed that acceleration could 
take place independently of the cardio-inhibitory centre.
All these workers, however, were concerned with the general 
reflex control of the heart rate rather than with exercise 
acceleration per se.

The earlier literature, which was very inconclusive, 
on the nervous control of exercise acceleration was summarized 
by Gasser & Meek (1914b) who were the first to produce clear 
experimental evidence. Working on dogs, they showed that at 
the beginning of voluntary exercise the cardiac acceleration 
was mainly due to a decrease in vagus tone, though in their 
view the resting heart rate was largely determined by the 
sympathetic. This latter observation is contrary to the later 
work of Crawford (1923) and McDowall (1931) which seemed to 
indicate that the resting rate was mainly a function of vagal
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tone. Samaan (1935a) re-investigated the factors responsible 
for the exercise acceleration in dogs and confirmed the 
finding of Gasser & Meek that the immediate acceleration at 
the onset of work was due to a reduction of vagus tone, 
though he pointed out that psychical factors play a large 
part in this event. The persistence of the tachycardia 
during exercise was attributed to three main factors; 
continuation of the depressed vagus tone, liberation of 
adrenaline in response to nervous impulses via the splanchnic 
nerves; and thirdly, slight augmentation of cardio-accelerator 
tone. In his view, the chief function of the sympathetic was 
to provide the nedessary 1 drive* when the antagonistic vagus 
inhibition was removed.

Bouckaert & Heymans (1937) obtained similar results 
but Brouha, Cannon & Dill (1936) found that totally 
sympathectomized dogs were still capable of acceleration of 
the heart rate on exercise to a level above that of the 
denervated heart, and attributed this to the presence of 
cardio-accelerator fibres in the vagus. Such fibres had 
previously been described by Morgan & Goland (1932). This 
phenomenon was further investigated by Brouha, Dill & Nowak 
(1937) and the contradiction was resolved, in part at any 
rate, by their observation that a marked exercise acceleration 
in the absence of the sympathetic does not develop until
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about three weeks after sympathectomy. Further experiments 
by Brouha & Nowak (1939a and b) confirmed this, and the 
authors again stressed their opinion that the acceleration 
was due to fibres contained in the vagus and originating in 
the vagal nucleus. Strong evidence for the existence of 
such fibres in the dog was presented by Kabat (1940), though 
in his view they probably play no part in the normal 
acceleration of the heart due to emotion or exercise. He 
found that the effects of stimulating these fibres closely 
resembled those of true sympathetic stimulation; for example, 
acceleration was produced only after a latent period of 
several seconds and continued for some time after stimulation 
had ceased. From this similarity in time relations he 
concluded that the vagal accelerators were probably adrenergic. 
Haney, Lindgren & Youmans (1945) also found that such fibres 
may occur in both vagus nerves in the dog. As was mentioned 
in Chapter 8, Heymans and his co-workers showed that sinus 
arrhythmia was mainly due to variations in vagal tone.

The general inference would seem to be that the 
vagus is by far the more important efferent pathway to the 
heart, though whether it acts purely through cardiac 
inhibition or whether it also contains true accelerator fibres 
in man is very doubtful. In Chapter 10 it was pointed out 
that certain of the results in the present series of heart
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block and auricular fibrillation patients seemed to indicate 
that when the S-A node was not in control the exercise 
acceleration of the ventricles showed some of the features 
characteristic of sympathetic stimulation, though the latent 
period was such that the possibility of adrenaline secretion 
could not be excluded.
The Afferent Nervous Mechanism.

The various afferent stimuli which may affect the 
heart rate will now be discussed in relation to the present 
results•
(a) Influences from the cerebral cortex.

These would include effects on the resting rate, 
the anticipatory rise of heart rate immediately before the 
beginning of exercise and probably the immediate cardiac 
acceleration at the beginning of the exercise itself. The 
emotional increase in heart rate which occurs shortly before 
exercise begins was discussed at some length in Chapter 6, 
when it was shown to appear very markedly in the normal 
subjects. In the experiments on the effect of load (Chapter 
9) It was found that this anticipatory Increase in heart rate 
was espeically prominent and was approximately a function 
of the load to be carried, even though the effects of the 
load were not felt in any way until exercise actually commenced. 
This was confirmed in the S.T.C. Series (Chapter 11).
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In contrast to the normal subjects, the psychological Increase 
prior to exercise was found to be either absent or much 
diminished in the cardiac patients of all groups* In some 
cases this was no doubt due to the fact that the resting rate 
was already much above the normal level.

The actual mechanism by which emotion alters the 
heart rate remains obscure, though a good deal of attention 
has been paid to it. There are really two problems here; 
the first being that of the anticipatory increase prior to 
exercise, and the second the question of whether the higher 
centres play any part in the immediate acceleration at the 
beginning of exercise itself. The first question would seem 
to be allied to the changes of heart rate which occur during 
fear, anger and other generalemotions. Gillespie (1924) 
showed that mental work could produce a considerable increase 
in heart rate but his experiments gave no indication of the 
mechanism involved. Britton, Hinson & Hall (1930) analysed 
the factors involved in the regulation of the heart rate of 
the cat during emotional excitement and found that the vagus, 
the sympathetic and the secretion of adrenaline each played a 
part. The observation of FI sch (1933) that the pulse rate 
of psychical excitement could be lowered by increasing vagal 
inhibition through the oculo-cardiac or Valsalva reflexes 
does little to solve the problem, as it is generally agreed
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that strong vagal inhibition takes precedence over sympathetic 
stimulation (Kuntz 1929). The rapidity with which emotional 
changes may be reflected by the heart rate led Whitehorn, 
Kaufman & Thomas (1935) to suppose that they must be mediated 
through release of vagal inhibition. Contrary results were, 
however, obtained by Bond (1943) who concluded that the 
sympathetic accelerators were largely responsible. It also 
seems clear from the recent work on effort syndrome that 
psychological influences can maintain an elevation of the 
resting heart rate over very long periods of time.

Whatever their final path, it is to be presumed that 
emotional impulses have their origin in the higher centres, 
the most likely situations being the cortex or the hypothalamus. 
In this connexion it is of interest that Hoff & Green (1936) 
obtained cardiac acceleration by stimulating various areas of 
the cortex in cats and monkeys. That such paths must exist 
is also shown by the sporadic cases of true voluntary 
acceleration of the heart rate which occur throughout the 
literature. One such case was carefully studied by Favill & 
White (1917) who produced evidence that the voluntary increase 
was chiefly due to stimulation via the sympathetic, and not to 
withdrawal of vagal inhibition. A similar case was investigated 
by Carpenter, Hoskins & Hitchcock (1934) and this subject was 
found to be capable of voluntarily increasing his heart rate
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by twenty five per cent, over the initial level.
As regards the second question, whether impulses

from the higher centres play a part in the immediate 
acceleration of the heart rate at the beginning of exercise, 
several workers have shown that the latent period for this 
acceleration may be less than one cardiac cycle and this is
confirmed by the present tracings (see Chapter 6). This
fact certainly indicates a nervous mechanism. Johannson 
(1895) advanced the theory that impulses along the motor 
paths to the voluntary muscles may affect the 
cardio-accelerator centre in the medulla, though he gave no 
reason for choosing the accelerator centre rather than the 
inhibitory one. Aulo (1909) and Martin & Gruber (1913) 
supported Johannson*s theory as a result of experiments in 
which passive muscular movements caused no cardiac 
acceleration, in marked contrast to even mild voluntary 
movements. Unlike Johannson, they considered that the 
cardio-inhibitory centre was depressed as a result of impulses 
from the motor cortex. A similar theory was also put forward 
by Krogh 8c Lindhard (1913). An observation made by Samaan 
(1935a) may be significant in this connexion. Dogs trained to 
exercise on a treadmill were placed on a stationary board 
above the apparatus, and it was found that immediately the 
treadmill beneath was started there was an acceleration of the



- 230 -

heart which lasted for five to ten seconds, although the 
dogs had made no movement. This, presumably, might raise 
the question of how far such an acceleration is in the 
nature of a conditioned reflex.

The results of Jacobson (1929 & 1930) may throw 
some light on the mechanism of both the * anticipatory* and 
the * exercise* psychological accelerations. He found that 
if a subject imagines or even recollects various muscular 
movements, action potentials appear in the muscles in 
question. Thus the *idea* of an act may cause a state of 
*subminimal* activity in the organ concerned so that it is 
the more prepared for the actual performance of the act, 
a theory which may well apply in the case of the heart.

From the evidence given above, it would appear 
that the anticipatory acceleration may be brought about mainly 
by sympathetic stimulation, whereas the immediate acceleration 
on exercise is almost certainly due to release of vagal 
inhibition. If'psychological influences play a considerable 
part in the immediate acceleration, as they probably do, 
it seems curious that the final mechanism should be diffenent 
in the two cases. There seems to be no doubt, however, that 
the time relations of the two.accelerations are different; 
the anticipatory acceleration appearing gradually whereas 
the exercise acceleration commences abruptly.
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(to) Reflexes from the working muscles and from the output 
side of the heart.

In 1898 Athanaslu & Carvallo put forward the theory 
that the working muscles send afferent impulses to the central 
nervous system which depress the cardio-inhibitory centre. 
Their evidence was very inconclusive, but recently Alam & 
Smirk (1938) have described a reflex mechanism in man by 
which metabolites accumulating in active muscles cause 
acceleration of the heart rate. The time-relations, however, 
make it most unlikely that this reflex takes part in the 
initial acceleration of exercise, though the authors consider 
that it may play a minor role in the acceleration during 
vigorous exercise. Asmussen, Nielsen & Wieth-Pedersen (1943) 
performed experiments in which muscles were caused to contract 
by electrical stimulation and concluded that when the 
* steady state* is reached the circulation is controlled by 
reflexes from the working muscles rather than by impulses 
from the cerebral cortex.

It has long been known that a rise in blood pressure 
causes a fall in heart rate and vice versa, and this mechanism 
has been worked out in detail, chiefly by Hering, Starling 
and Heymans and their collaborators in the investigation of 
the sino-aortic reflex (see Anrep, 1936). A simple method of 
demonstrating this reflex in man was given by Asmussen, 
Christensen & Nielsen (1938). By compressing and relaxing
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the bloodflow through both legs they caused marked 
alterations in the blood pressure, and the pulse rate clearly 
showed the inverse changes. As a result of experiments on 
the effects of gravity on the human circulation, Asmussen 
& Knudsen (1942) concluded that the pressure-sensitive reflex 
which controls the blood pressure does not control the cardiac 
output. A somewhat similar view had previously been suggested 
by Hess (1930).

It is indeed obvious that during muscular exercise, 
when the heart rate and blood pressure rise together, the 
sino-aortic reflex mechanism is largely overruled. It would 
seem that this afferent pathway produces its main effects on 
the vasomotor centre and that Marey*s law is based on a 
relatively weak reflex arc. Some evidence that the carotid 
sinus reflex may actually assist the rise of blood pressure 
during exercise has been pQt forward by McDowall (1941).
(c) Reflexes from the input side of the heart; the output 

per beat.
A great deal of work has been done on the right 

auricular reflex since it was first described by Bainbridge 
(1915). An account of some of these investigations has 
already been given in the discussion on auricular fibrillation 
(Chapter 10). As a result of animal experiments Sassa & 
Miyazaki (1920) concluded that the Bainbridge reflex operates 
chiefly through diminution in vagus tone but also partly
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through augmentation of accelerator tone. It is extremely 
difficult to assess the Importance of the Bainbridge reflex 
during a brief exercise in the human subject. The results 
of McCrea, Eyster & Meek (1928) seemed to indicate that 
during prolonged exercise there was a definite balance 
between the venous pressure and the heart rate, and that the 
more severe the exercise the more consistent were the results. 
In such exercise the venous pressure may rise by about 100 
mm. of water and this was thought to be sufficient to trigger 
the right auricular reflex in man. Sharpey-Schafer & Wallace
(1942) found that when large quantities (up to 2000 c.c.) of 
saline, serum or blood were rapidly injected into the veins of 
normal subjects there was frequently no increase of heart 
rate. Examination of their experimental data shows, however, 
that if the venous pressure increased by over 90 mm. of water 
there was usually an increase in heart rate. It is thus 
possible that even in severe exercise the threshold value for 
the right auricular reflex in man is scarcely exceeded. This 
gives support to the earlier view of White (1924) that this 
reflex cannot be so important during exercise as is usually 
believed. This does not imply, of course, that the activity 
of the muscle pumps in keeping the heart well supplied with 
blood during exercise is any less Important.

Another factor which is clearly linked with the 
increase in heart rate during exercise is the question of the
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output per beat of the heart* As is well known, there are 
two main possibilities concerning the behaviour of the heart 
when an increased demand is made on the circulation. The 
first theory postulates that the stroke volume is variable, 
and that the reserve capacity of the circulation lies in 
variations of both the output per beat and the frequency of 
the heart. The second theory postulates that the output per 
beat remains nearly constant, and that the demands on the 
circulation during activity are met mainly by variations in 
the frequency of the heart beat. A factor of safety Is 
provided during exercise because the tissues are then able 
to take more oxygen out of a given volume of blood (increased 
coefficient of oxygen utilisation). This theory of the 
constant output per beat was supported by Henderson (1923 & 
1925), and Henderson, Haggard & Dolley (1927) found that the 
output per beat remained relatively constant during rest and 
moderate exertion in ordinary subjects, but that It might be 
considerably increased in athletes performing strenuous 
exercise.

The alternative theory, that of variable output per 
beat, was put forward by Bainbridge (1919) and was supported 
by the experiments on man carried out by Means & Newburgh 
(1915), White (1924), Lythgoe & Pereira (1925) and Liljestrand, 
Lyeholm & Nylin (1938). Animal experimente by ISppan & Torrey
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(1926), Marshall (1926b) and Harrison, Blalock, Pilcher & 
Wilson (1927) alsd confirmed this theory, which is now held 
by most workers. An Interesting corollary to the theory of 
variable output per beat was stated by Plesch (1937).
In his view, when the minute-volume of the heart is Increased, 
the rate and output per beat are regulated so as to produce 
minimum strain on the heart muscle. Starling & VIsscher
(1926) observed that, within limits, slowing the heart enables 
it to do a given amount of work more economically. On Plesch*s 
theory one might expect that after exercise has begun and the 
venous return has increased, the greater output per beat 
would permit a diminution in the cardiac acceleration. This 
was at first thought to be a possible explanation of the 
decrease in heart rate observed towards the end of exercise 
in Series A and B (Figs. 13 and 14), but this was later proved 
to be due to the withdrawal of the postural component of the 
exercise.

As was mentioned above, it is known that athletes* 
hearts are usually capable of considerable Increase in the 
stroke volume during effort, and this no doubt partly accounts 
for the relatively low maximum heart rate observed in an 
athlete during a six mile run (Chapter 12). The results of 
Tuttle & Salit (1945) are in agreement with this.

The general statement of Harris & Lipkin (1931) 
that: "the normal individual reacts to exercise as far as



- 236 -

possible by increase in stroke-volume, the diseased more by 
an increase in the pulse frequency11, is difficult to reconcile 
with the relatively small increase in heart rate on exercise 
shown by many of the present cardiac patients, though it 
may hold for the special case of auricular fibrillation.
This problem was fully discussed in Chapter 10.
(d) Chemical and Physical Influences affecting the heart rate.

A large number of attempts have been made to 
determine whether the adrenals play any part in the 
acceleration of the heart rate during exercise. Gasser &
Meek (1914a) as a result of experiments on dogs concluded 
that the secretion of adrenaline may be a factor of 
Importance during severe exercise, though later (1914b) they 
attributed the adrenaline secretion to the asphyxia caused by 
vagotomy. The classical investigations of Cannon & Britton
(1927) on the cat seemed to indicate, however, that 
comparatively mild exercise, such as walking, could cause 
an increase in heart rate through adrenal secretion. Bond
(1943) showed that in cats and dogs emotion may also affect 
the heart rate by causing secretion of adrenaline, but only 
after a latent period of about twelve seconds. Pilcher,
Wilson & Harrison (1927) found that adrenaline increased the 
cardiac output of normal dogs. Terry & Peters (1933) observed 
that adrenaline can cause ventricular extrasystoles, and it Is
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possible that adrenalin© secretion may have played a part 
in causing the delayed extrasyst.les seen after severe 
exercise in one of my heart-blocto patients (Fig. 39). It 
is, however, extremely difficult to differentiate the 
possible effects of direct sympathetic stimulation of the 
heart In man from those which might be brought about via 
stimulation of the adrenals.

With regard to the effect of muscle metabolites 
on the heart rate, Petersen 8 c  Gasser (1914) were of the 
opinion that these substances have no significant part in 
the exercise acceleration; but Cannon, Linton 8 c  Linton 
(1924) suggested that though they have no direct effect on 
fche heart rate they may produce acceleration by stimulating 
the adrenals.

It has been shown that a rise in the carbon dioxide 
content of the blood may accelerate the heart (Schneider & 
Truesdell, 1922b; Marshall, 1926a and McDowall 1929) but the 
concentrations required are such as to render it unlikely that 
this effect is important during normal exercise.

The effect of increased temperature of the blood 
during exercise was at one time considered to be of importance, 
particularly in causing the persistent increase in heart rate 
during the post-exercise period (Mansffeld , 1910). Later work 
by Gasser & Meek (1914a) on animals, and by Martin, Gruber & 
Lanman (1914) on man, showed that the temperature factor is
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prolonged and severe effort.
The Interrelations of the Various Factors.

Hunt (1897) attempted to determine the effect on 
the heart rate of simultaneously stimulating the vagus and 
accelerator nerves at various frequencies. Working on dogs, 
cats and rabbits, he concluded that the result of 
simultaneous stimulation of the two nerves was approximately 
the algebraic sum of the results of stimulating them 
separately. In 1934 Eosenblueth & Simeone performed similar 
experiments on cats and obtained a different result. They 
found that the effect of simultaneous stimulation of the 
two sets of nerves was not the algebraic sum but the 
resultant of the two influences. In their view, stimulation 
of the accelerators or decelerators multiplies the existing 
rate by a factor which may be greater or less than one, and 
does not simply add or subtract a certain number of beats. 
When simultaneous stimulation occurs the two multiplicative 
effects take place independently, as if each set of nerves 
was acting alone. It is very difficult, however, to say how 
far the results of these animal experiments can be appli4d to 
the delicate control of the heart rate In man. Darrow (1942) 
was of the opinion that the clinical value of the pulse rate 
depended little or not at all on its role as a sympathetic -
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parasympathetic indicator.
Conclusions from the Present Experiments.

The heart rate during the step test is probably 
the resultant of three main factors; psychological Influences, 
posture and the actual stepping exercise. When an attempt 
was made (Chapter 7) to analyse the effects of the postural 
and exercise components, the emotional factor was kept as 
constant as possible by using subjects who were well 
accustomed to the apparatus. One of the remaining factors 
w£s then eliminated while all the other conditions of the 
experiment remained as before. The same methods were 
employed in the analysis of the effects of the 1 static* and 
*dynamic* components of the spring-pulling test (Chapter 13).

Under these circumstances It was possible to show 
that even relatively minor components of a mixed exercise 
cause a definite effect on the total heart rate curve during 
work. Too little is known of the exact pathways hy which 
such small increments of work produce their effects on the 
heart rate to permit of any statement as to whether the 
responses must be mediated through similar channels In order 
that they may be additive. As regards the additive effects 
of the dynamic * postural’ component and the 'exercise* 
cormoonent at the beginning of the step test, it might 
reasonably be supposed that tnese are mediated by the same
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pathways, since the type of movement is the same in both.
This may not be the case, however, with the ’static* and 
'dynamic* components of the spring-pulling test.

The time-relations of the cardiac accelerations due 
to the various components are also of interest. For example, 
in the case of the dynamic postural component of the step 
test the act of standing erect only occupies about two 
seconds, but the resulting cardiac acceleration does not 
reach its maximum until after about eight seconds and the 
heart rate does not settle to the level dictated by the 
gravity component until after about twenty seconds (Fig. 15, 
Curve C). In the mixed exercise these time-relations are 
strictly adhered to, as was well shown in the duration 
experiments (Fig. 22). It is as if each component gave 
rise to a burst of activity which lasted for a definite time 
and then declined, and this rise and decline seems to produce 
its effect on the heart rate even though other components 
with different time-relations are acting simultaneously. This 
simple relationship only appears to hold, however, if the 
simultaneous components are reasonably similar in strength.
If one component is much more powerful than the other, the 
effect of the weaker Is no longer detectable. This was 
demonstrated in Fig. 20, in which the effect of the decline 
in the postural component of the step test disappears when the
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exercise component increases with heavier loads. Similarly, 
though the rise and fall of heart rate due to the dynamic 
comp@nent is clearly visible when pulling out the springs 
at the beginning of the prolonged static effort test, when 
the static component is relatively small; the 'release' 
acceleration at the end of the prolonged effort is not 
detectable, as the static component is then exerting such a 
powerful influence (Fig. 77). This release acceleration Is 
easily seen, however, at the end of a brief static effort 
(Fig. 72). The fact that a small addition to the work Is 
much more effective in producing an increase in hecjrt rate 
at the beginning of exercise when the heart rate is low than 
later when it is high, would favour Hunt's additive theory 
rather than Rosenblueth & Simeone's multiplicative one.

A similar rule seems to hold for the total effect 
of exercise on the heart rate, as it was shown In Chapter 6 
that where the initial rate was high the absolute Increase in 
rate produced by a given exercise was generally small.
Extreme examples of this were also given in Chapter 10 in the 
section on hyperthyroidism. The matter was discussed on 
p.59 in relation to the theory of Cotton, Rapport & Lewis 
(1917a) that "the circulation is capable at a given moment of 
a certain resoonse to a given effort, and it appears to be a 
matter of indifference whether this response has been called
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forth to some extent before the chief stimulation has heen 
applied providing it has been called forth through similar 
channels". A corollary to this would be that the maximum 
rate of the heart during exercise is governed by the 
metabolic needs of the body rather than by the actual signals 
of the intensity of the exercise, which presumably would tend 
to raise the rate by a more or less standard amount for a 
given exercise.

The present results also afford some support to the 
general theory that the initial acceleration during exercise 
in man is due to a sudden reduction in vagal tone, but that 
later In the exercise the effects of sympathetic stimulation, 
and possibly of adrenaline, make their appearance (Bowen,
1904; Samaan 1935a). As was pointed out above, the earlier 
work on the very brief interval between the commencement of 
exercise and the onset of cardiac acceleration is fully 
confirmed by the present tracings In normal subjects, and the 
time-relations are such that only withdrawal of vagal 
Inhibition would account for them. Evidence has also been 
given in Chapter 10 that this immediate acceleration is very 
much reduced in cases of auricular fibrillation and heart 
block, so that control through the normal pacemaker would 
seem to be essential for its occurrence. It is impossible to 
say from the present results whether this initial acceleration



is purely psychological or whether the emotional Increase is 
reinforced by other means such as impulses from the working 
muscles. It may be significant that in those conditions In 
which the immediate acceleration is subnormal, the pre­
exercise psychological increase In heart rate is also very 
much diminished or even absent. A further point is that the 
immediate acceleration (during the first five seconds of 
exercise) varies very little with the load carried (Fig. 20), 
though later the curves diverge according to the load. A 
similar effect Is seen In the patients with valvular disease 
(Fig* 26) in whom the differing valvular disabilities would 
act as varying loads. These results would seem to Indicate 
that whatever the actual mechanism which signals the work 
load, it does not become effective until after the first few 
seconds of exercise. This is not the case with the effect of 
rate of working, as Fig. 24 shows that the acceleration during 
the first five seconds of exercise is less at 48 steps per 
minute than at 96 per minute. It may be significant that work 
load is a condition imposed from outside, so to sp4ak; 
whereas rate of stepping is presumably dictated from the 
cerebral cortex. In general, it was shown in Chapter 9 that 
the rate of working chiefly affected the increase of heart 
rate during the exercise, whereas the duration of work largely 
determined the time of return to normal. This might be



244 -

explained by the fact that a longer duration of exercise 
would allow the secondary factors such as the sympathetic 
and adrenaline to exert their influence, as these are known 
to have a much longer latent period and a longer 
*afterdischarge* than effects mediated through the vagus.

In 1946 Gray put forward quantitative evidence for 
a multiple factor theory of the control of respiratory 
ventilation, i.e. that the amount of lung ventilation is
determined by the sum of the partial effects of the chemical,
thermal and reflex agents affecting respiration. It would 
appear likely that a somewhat similar mechanism Is responsible 
for the control of the heart rate.

 ̂ ebn nslfr aa;'. o os rnnni.-.o t n'd . ■

' , ■ 2 ' p I  o  tl v-T-fl y  m.'.ii..---’ n o o n i e s  i-s o f  ■ • ■

■ ‘ Z £'■ O O i'J-V\ ̂ 0 0 0 0 C S OaOT !..• -
■■v.rv, ’V. ■.> bearing ,b: d  Is on one Iso,-;- - -

c;rn b o a r t  r a t e  compc-ne.nzz .during



- 245 - 
SUMMARY.

The various mechanisms, nervous and otherwise, 
which may bring about the acceleration of the heart rate 
during exercise are described and key references given.

The anticipatory rise in heart rate before 
exercise begins is discussed in detail and It Is shown that 
the present results favour the theory that the Immediate 
acceleration at the beginning of exercise is also largely 
psychological. A condition Imposed from outside, such 
as work-load, does not affect the immediate acceleration, 
though it may cause a marked anticipatory rise of heart rate.

With reference to the interrelations between the 
various factors it is shown that the present results favour 
an additive theory rather than a multiplicative one.

One of the main points brought out in the present 
study is that relatively minor components of a mixed exercise 
produce a detectable effect on the total heart rate curve 
during work. The bearing of this on the interrelations of 
the various heart rate components during exercise Is discussed.



- 246 -

REFERENCES

ABDERHALDEN, E. (1935)
Handbuch der biologisohen Arbeit sine t hod© n.
Abt. 5, Tail 8, p. 905. Berlin, Urban & Schwartzenberg.

ABDON, N.O., HAMMARSKJOLD, S.O. & NIELSEN, N.A. (1938)
On the mechanism of the chronotropic digitalis effect. Skand. Arch. Physiol. 78, 8.

ADDIS, T. (1922)
Blood pressure and pulse rate levels.
Arch. Int. Med. 29, 539.

ADRIAN, E.D. & BUYTENDIJK, F.J.J. (1931)
Potential changes in the isolated brain stem of the 
goldfish.
J. Physiol. 71, 121.

ALAM, M. & SMIRK, F.H. (1938)
Observations in man on a pulse accelerating reflex from 
the voluntary muscles of the legs.
J. Physiol. 92, 167.

ALBERS, D. (1942)
Untersuchungen fiber den Einfluss von dosierter 
ergometrischer Arbeit auf die Pulsfrequenz von Herzkranken. 
Arbeitsphysiol. 12, 15.

ALLAN, G.A. (1925)
A schema of the circulation with experiments to determine 
the additional load on the apparatus produced by conditions 
representing valvular lesions.
Heart 12, 181.

ALLAN, G.A. (1928)
The influence of variations of vagal tone on a case of 
partial heart-block.
Glasgow med. J. 109, 30.



- 247 -

ALT, H.L., WALKER, G.L. & SMITH, W.C. (1930)
The cardiac output in heart disease. Effect of exercise 
on the circulation in patients with chronic rheumatio 
valvular disease, subacute rheumatic fever and complete 
heart block.
Arch, intern. Med. 45, 958.

ALTSCHUIE, M.D. (1938')
The pathological physiology of chronic cardiac decompensa­
tion .
Medicine 17, 75.

ALTSCHUIE, M.D. (1945)
The relation between vagal activity and auricular fibrilla 
tion in various clinical conditions.
New Engl. J. Med. 233, 265.

AMERICAN HEART ASSOCIATION (1926)
A nomenclature for cardiac diagnosis.
Amer. Ht. J. 2, 202.

ANKEP, G.V. (1936)
Cardiovascular Regulation.
Lane Medical Lectures, Stanford Univ. Press.

ANREP, G.V., PASCUAL, W., & RflSSIER, R. (1936)
Respiratory variations of the heart rate (Parts I and II). 
Proc. Roy. Soc. (B)., 119, 191.

ANREP, G.V• & SEGALL, H.N. (1926a).
The central and reflex regulation of the heart rate.
J. Physiol. 61, 215.

ANREP, G.V. & SEGALL, H.N. (1926b)
The regulation of the coronary circulation.
He art, 13, 239 .

ASMUSSEN, E., CHRISTENSEN, E.H., & NIELSEN, M. (1938)
fiber die Beeinflussung der Pulsfrequenz durch Jlnderungen 
des arteriellen Blutdruckes.
Skand. Arch. Physiol. 79, 32.



- 248 -

ASMUSSEN, E., CHRISTENSEN, E.H., & NIELSEN, M. (1939)
Die Bedeutung der Kflrperstellung ftir die Pulsfrequenz bei 
Arbe it.
Skand. Arch. Physiol. 81, 225.

ASMUSSEN, E. & HANSEN, E. (1938)
tJber den Einflifss statischer Muskelarbeit auf Atmung und 
Kreislauf.
Skand. Arch. Physiol. 78, 283.

ASMUSSEN, E., & KNUDSEN, E.O.E. (1942)
On the significance of the presso-sensible and the chemo- 

sensible reflexes in the regulation of the cardiac output. 
Acta Physiol. Skand. 3, 152.

ASMUSSEN, E., NIELSEN, M., & WIETH-FEDERSEN, G. (1943)
On the regulation of circulation during muscular work.
Acta Physiol. Skand. 6, 353.

ATHANASIU, J. & CARVALLO, J. (1898).
Le travail musculaire et le rhythme du coeur.
Arch. Physiol, norm. path. 10, 552.

AULO, T.A. (1909)
Muskelarbeit und Pulsfrequenz.
Skand. Arch. Physiol. 21, 146.

BACKWELL, (1921), quoted by McDOWALL (1938)
Private communications to Professor McDowall.

BAINBRIDGE, F.A. (1915)
The influence of venous filling upon the rate of the heart. 
J. Physiol. 50, 65.

BAINBRIDGE, F.A. (1919)
Physiology of Muscular Exercise.
London, Longmans Green.



- 249 -
BAINBRIDGE, F.A. (1920)

The relation between respiration and the pulse rate.
J. Physiol. 54, 192.

BANSI, H.W. Sc GROSSCURTH, G. (1930)
Funktionsprflfung des Kreislaufs durch Messung der
Herzarbeit.
Klin. Wschr. 9, 1902.

BARACH, J.H. (1916)
The energy index of the circulatory system.
Amer. J. med. Sci. 42, 84.

BARRINGER, T.B. (1916)
Circulatory reaction to graduated work as a test of the 
heart1s functional capacity.
Arch, intern. Med. 17, 363.

BARRINGER, T.B. (1917)
Studies of the heart’s functional capacity.
Arch, intern. Med. 20, 829.

BARRINGER, T.B. (1922)
Exercise tolerance in heart disease.
J. Amer. med. Ass. 79, 2205.

BARRINGER, T.B. Sc TESCHNER, J. (1915)
Treatment of cardiac insufficiency by new method of 
exercise with dumbe 11s and bars.
Arch, intern. Med. 16, 795.

BARROW, W.H. Sc ONER, R.A. (1943)
Electrocardiographic changes with exercise.
Arch, intern. Med. 71, 547.

BELL, G.H., HELL, J.R., KNOX, J.A.C. Sc SMELLIE, A.R. (1937)
Physiological lecture demonstration apparatus.
J.Sci. Instr. 14, 330.

BELL, G.H. & KNOX, J.A.C. (1938)
Recording of pulse rate during exercise.
J.Physiol. 93, 36P.



- 250 -

BELL, G.H., KNOX, J.A.C. & SMALL, A.J. (1939)
Electrocardiograph electrolytes.
Brit. Heart J. 1, 229.

BENEDICT, F.G. (1915)
A Study of Prolonged Fasting.
Publ. Carneg. Instn. 203, p. 118.

BENEDICT, F.G. & CATHCART, E.P. (1913)
Muscular Work.
Publ. Carneg. Instn. 187.

BENEDICT, F.G. & MURSCHHAUSER, H. (1915)
Energy Transformations during Horizontal Walking.
Publ. Carneg. Instn. 231.

BIERRING, E, LARSEN, K. & NIELSEN, E. (1936)
Some cases of slow pulse associated with electrocardio­
graphic changes in cardiac patients after maximal work on 
the Krogh ergometer.
Amer. Heart J. 11, 416.

BILLINGS, M.L. & SHEPARD, J.F. (1910)
The change of heart-rate with attention.
Psychol. Rev. 17, 217.

BLUMGART, H. (1924)
The reaction to exercise of the heart affected by auricular 
fibrillation.
Heart 11, 49.

BOAS, E.P. (1928)
The Cardiotachometer. An instrument to count the totality
of heart beats over long periods of time.
Arch, intern. Med. 41, 403.

BOAS, E.P. (1929)
The ventricular rate in auricular fibrillation, studies 
with the cardiotachometer.
Amer. Ht. J. 4 , 499.



- 251 -

BOAS, E.P. (1931a)
Digitalis dosage in auricular fibrillation.
Amer. Ht. J. 6, 788.

BOAS, E.P. (1931b)
The heart-rate of boys during and after exhaustingexercise.
J. clin. Invest. 10, 145.

BOAS, E.P. & GOLDSCHMIDT, E.F. (1930)
Studien mit dem Kardiotachometer tfber Frequenz und 
Rhythmus des Herzschlags.
Klin. Wschr. 9, 1115.

BOAS, E.P. & GOLDSCHMIDT, E.F. (1932)
The Heart Rate.
London, Bailliere Tindall & Cox.

BOCK, A.V., VANCAULAERT, C., DILL, D.B., FOLLING, A. & 
HURXTHAL, L.M. (1928)

Dynamical changes occurring in man at work.
J. Physiol. 66, 136.

BOERHAAVE, H. (1757)
Academical lectures on the Theory of Physic.
London, printed for J. Rivington etc. Vol. 6.

B/JE, 0. (1944)
Energy production, pulmonary ventilation, and length of 
steps in well-trained runners working on a treadmill.
Acta Physiol. Skand. 17, 362.

BOND, D.D. (1943)
Sympathetic and vagal interaction in emotional responses 
of the heart rate.
Amer. J. Physiol. 138, 468.

BOOTHBY, W.M. (1915)
A determination of the circulation-rate in man at rest and 
at work.
Amer. J. Physiol. 37, 383.



- 252 -

BORGARD, W. (1937)
Herzfrequenz und Herzleistungssteigerung.
Arbeit sphysiol. 9, 505,

BOUCKAERT, J.J. & HEYMANS, G. (1937)
Some observations on the sympatheotomized and vagbtomizeddogs.
J. Physiol. 89, 4P.

BOURNE, G. (1940)
Examination of the heart in recruits.
Brit. med. J. 2, 442.

BOURNE, G. Sc SCOTT BODIEY, R. (1938)
Angina of effort.
Brit. med. J. i, 55.

BOWEN, W.P. (1903 )
A study of the pulse rate in man, as modified by muscular 
work.
in Gontrib. to Med. Research ded. to V.C. Vaughan, p. 462. 
George Wahr, Michigan.

BOWEN, W.P. (1904)
Changes in the heart rate, blood pressure, and duration of 
systole resulting from bicycling.
Amer. J. Physiol. 11, 59.

BRAMS, W.A. Sc KATZ, L.N. (1931)
The nature of experimental flutter and fibrillation of the 
he art.
Amer. Heart J. 7 , 249.

BRAUN, L., and FUCHS, A. (1902)
Ueber ein neurasthenisches Pulsphanomen.
Centralbl. f. inn. Med. 23, 1209.

BRIGGS, H. (1921)
Physical exertion, fitness and breathing.
J. Physiol. 54, 292.



- 253 -
BRITISH MEDICAL JOURNAL (1942)

(Editorial). The thyroid gland and the cardiovascularsystem.
Brit. med. J. i, 527.

BRITT INGHAM, H.H. Sc WHITE P.D. (1922)
Cardiac Functional Tests.
J. Amer. med. Ass. 79, 1901.

3RITT0N, S.W., HINSON, A. Sc HALL, W.H. (1930)
Differential factors controlling the heart-rate during 
emotional excitement.
Amer. J. Physiol. 93, 473.

BROADBENT, W. (1890)
The Pulse .
London, Cassell.

BRODIE, T.G. 3c RUSSELL, A.E. (1900)
On reflex cardiac inhibition.
J. Physiol. 26, 92.

BROUHA, L. (1945)
Specificity of training for muscular exercise.
Rev. Canad. Biol. 4, 144.

BROUHA, L., CANNON, W.B. 3c DILL, D.B. (1936)
The heart rate of the sympathectomized dog in rest and 
exercise .
J. Physiol. 87, 345.

BROUHA, L., DILL, D.B. 3c NOWAK, S.J.G. (1937)
Recherches sur 1*acceleration cardiaque chez le chien
sympat he ctomis^\
C.R. Soc. Biol., Paris. 126, 909.

BROUHA, L., GRAYBIEL, A. 3c HEATH, C.W. (1943)
The step test, a simple method of measuring physical fitness 
for hard muscular work in adult man.
Rev. Canad. Biol. 2, 86.



- 254 -
BROUHA, L. Sc HEATH, G.W. (1943)

Resting pulse and blood pressure in relation to physical 
fitne ss.
New England J. Med. 228, 473.

BROUHA, L. 3c NOWAK, S.J.G. (1939a)
Role of vagus in cardio-accelerator action of atropine in
sympathectomized dogs.
J. Physiol. 95, 439.

BROUHA, L., 3c NOWAK, S.J.G. (1939b)
Role of vagus in cardio-accelerator action of exercise 
and emotion in sympathectomized dogs.
J. Physiol. 95, 454.

BROUHA, L. 3c SAVAGE, B.M. (1945)
Variability of physiological measurements in normal young 
men at rest and during muscular work.
Rev. Canad. Biol. 4, 131.

BUCHANAN, F. (1909)
The physiological significance of the pulse rate.
Trans. Oxford Jun. Scientific Club. 34, 351.

BURLAGE, S.R. (1921)
Blood pressures and heart rate in girls during 
adolescence. #
Proc. Soc. exp. Biol. N.Y. 19, 247.

BURNS, D. (1939 )
The Assessment of Physical Fitness.
Brit. Assoc. Address to Section of Physiol.

BUYTENDIJK, F.J.J. (1928)
Ergebnisse der sportHrztlichen Untersuchungen bei den IX
Olympischen Spielen in Amsterdam.
Berlin, Springer.



- 255 -

CABGT, RvC. & BRUCE, R.B. (1907)

The estimation of the functional pbwbr of the cardio­
vascular apparatus.
Amer.. Med. Sci. 134, 491.

CAMPBELL, J.M.H. (1925)
Weight, vital capacity, pulse rate before and after 
exercise, and physical fitness in health.
Guy1 s Hosp. Reps. 75, 263.

CANNON, W.B. & BRITTON, S.W. (1927)
The influence of motion and emotion on medu Iliad renal 
se eret ion .
Amer. J. Physiol. 79, 433.

CANNON, W.B., LINTON, J.R. & LINTON, R.R. (1924)
The effects of muscle metabolites on adrenal secretion. 
Amer. J. Physiol. 71, 153.

CARPENTER, T.M., HOSKINS, R.G. Sc HITCHCOCK, F.A. (1934)
Voluntarily induced increases in the rates of certain 
"involuntary” physiological processes of a human subject. 
Amer. J. Physiol. 110, 320.

CATHCART, E.P. (1943)
Assessment of fitness.
Grlasg. Med. J. 37, 69.

CATHCART, E.P., BEDAEE, E.M. & McCALLUM, G. (1923)
Studies in muscle activity. I. The static effort.
J. Physiol. 57, 161.

CATHCART, E.P., RICHARDSON, D.T. & CAMPBELL, W. (1924)
Studies in muscle activity. II. The influence of speed
on the mechanical efficiency.
J. Physiol. 58, 355.

CATHCART, E.P. & STEVENSON, A.G. (1922)
Energy expenditure in man: the cost of positive, negative
and static work.
J ou r • R. A • iv;. C. 38, 1.



- 256 -

CHAILLEY-BERT, P. & LANGLOIS, J.P. (1921)
Pression art^rielle et travail musculaire.
C.R.Soc• Biol., Paris, 84, 725.

CHAMBERLAIN, E.N. (1941)
The recruit's heart.
Brit. med. J. i, 354.

CHRIST, H. (1894)
Ueber den Einfluss der Muskelarbeit auf die Herzthatigkeit. 
Deutsches Archiv. klin. Med. 53, 102.

COGSWELL, R.C., HENDERSON, C.R. & BERRYMAN, G.H.
(with HARRIS, S.C., IVY, A.C. & YOUMANS, J.B.) (1946)

Effects of training on human pulse rate, blood pressure, 
and endurance, using the step test (Harvard) treadmill 
and electrodynamic brake bicycle ergometer.
Amer. J. Physiol. 146, 422.

COHN, M.E., JOHNSON, R.E., COBB, S., CHAPMAN, W.P. &
WHITE, P.D. (1944)

Studies of work and discomfort in patients with 
neurocirculatory asthenia.
J. Clin. Invest. 23, 934.

COOK, F. & PEMBREY, M.S. (1912)
Further observations on the effects of muscular exercise 
in man.
J. Physiol. 45, IP.

COOK, F. & PEMBREY, M.S. (1913)
Effects of muscular exercise upon man.
J. Physiol. 45, 429.

COTTON, F.S. (1928)
Studies in relation to the pulse rate.
Aust. J. exp. Biol. med. Sci. 5, 101 and 111.

COTTON, F.S. (1932)
The relation of athletic status to the pulse rate in men 
and women.
J. Physiol. 76, 39.



- 257 -
COTTON, F.S. & DILL, D.B. (1935)

Relation between heart rate during exercise and that of 
immediate post-exercise period.
Amer. J. Physiol. Ill, 554.

COTTON, T.F., RAPPORT, D.L. 8c IEWIS, T. (1917a)
After-effects of exercise on pulse rate and blood pressure 
in cases of 'irritable heart'.
Heart 6, 269.

COTTON, T.F., RAPPORT, D.L. 8c IEWIS, T. (1917b)
Observations upon atropine.
Heart 6 , 293.

COTTON, T.F., SIADE, J.G. 8c IEWIS, T. (1917)
Observations upon amyl nitrite.
Heart 6, 311.

COWAN, J. (1939)
Some disturbances of the rhythm of the heart.
Brit. Heart J. 1, 3.

CRAMPTON, C.W. (1915)
The blood ptosis test and its use in experimental work in
hygiene.
Proc. Soc. exp. Biol., N.Y. 12, 119.

CRAV/FORD, J.H. (1923)
The influence of the vagus on the heart rate.
J. Pharmacol. 22, 1.

CRIPPS, L.D. (1924)
The application of the air force physical fitness tests to 
men and women.
M.R.C• Special Reports No. 84.

DAMEZ, M.K., DAWSON, P.M. MATHIS, D. 8c MURRAY, M. (1926)
Cardiovascular reactions in athletic and non-athletic 
girls. Schneider and Crampton tests.
J. Amer. med. Ass. 86, 1420.



- 258 -

DANA, H.W. (1919)
Heart muscle equations.
Amer. J. med. Sci. 157, 750.

DARROW, G.W. (1942)
Physiological and clinical tests of autonomio function 
and autonomic balance.
Physiol. Rev. 23, 1.

DAWSON, P.M. (1919)
Effect of physical training and practice on the pulse rates 
and blood pressures during activity and during rest, with 
a note on certain acute infections and on the distress 
resulting from exercise.
Amer. J. Physiol. 50 , 443.

DEANE, H.E. (1910)
Records of pulse rates after exercises of various kinds in 
trained and untrained people, illustrated by sphygmograms. 
Jour. R.A.M.C. 14, 621.

DEPPE, B. & BIERHAUS, H. (1938)
The dynamics of the human circulation during exercise and 
the recovery phase.
Arch. Kreislaufforsch. 2, 357.

DILL, D.B. & BROUHA, L. (1937)
Etude sur le rhythme cardiaque pendant l'exercice. Ses 
rapports avec l'age et lfentrainement•
Travail Humain 5, 1.

DOCK, W. (1928)
The distortion of the E.C.G. by capacitance.
Amer. Heart J. 4, 109.

DONDERS, F.C. (Trans, by Moore, W.D.) (1868)
On the rhythm of the sounds of the heart.
Dublin Quart. J. med. Sci. 45, 225.



259 -

DREYER, G. & HANSON, G.F. (1920)
Assessment of Physical Fitness.
London, Cassel & Co.

DUNBAR, H.F. (1935)
Emotions and bodily changes.
Columbia Univ. Press.

EDGCOMB, W. & BAIN, W. (1899)
The effect of baths, massage and exercise on the blood
pre ssure.
Lancet, i, 1552.

EINTHOVEN, W. (1903)
Die Galvanometrische Registrierung des menschlichen 
Elektrokardiogramms, zugleich eine Beurtheilung der 
Anwendung des Capillar-elektrometers in der Physiologie. 
Pflug. Arch. ges. Physiol. 99, 472.

EINTHOVEN, W., FAHR, G. & DE WAART, A. (1913)
Uber die Richtung und die manifests Grosse der 
Potentialschwankungen in menschlichen Herzen und uber den 
Einfluss der Herzlage auf die Form des Elektrokardiogramms. 
Pflug. Arch. ges. Physiol. 150, 275.

EINTHOVEN, W. & WIERINGA, J.H. (1913)
"Ungleichartige Vaguswirkungen auf das Herz, elektro- 
cardiographisch untersucht.
Pflug. Arch. ges. Physiol. 149, 48.

ELBEL, E.R. & GREEN, E.L. (1946)
Pulse reactions to performing step-up exercise on benches
of different heights.
Amer. J. Physiol. 145, 521.

ELLIS, L.B. (1932)
Circulatory adjustments to moderate exercise in normal 
individuals.
Amer. J. Physiol. 101, 494.



- 260 -

EPPINGER, H., KISOH, F. 8c SCHWARZ, H. (1927)
Das Versagen des Kreislaufs.
Springer, Berlin.
(quoted by Simonson 8c Enzer, 1942)

ERICKSON, L., SIMONSON, E., TAYLOR, H.L., ALEXANDER, H. 8c 
KEYS, A. (1946)

The energy cost of horizontal and grade walking on the 
motor-driven treadmill.
Amer. J. Physiol. 145, 391.

ERLANGER, J. (1909 )
Uber den Grad der Vaguswirkung auf die Kammern des 
Hundeherzens.
Pflug. arch. ges. physiol. 127, 77.

ERLANGER, J. 8c BLACKMAN, J.R. (1910)
Further studies in the physiology of heart-block 
in mammals. Chronic A.V. heart-block in the
dog.
Heart, 1, 177.

ESSEX, H.E., HERRICK, J.F., BALDES, E.J. 8c MANN, F.C.
(1939 )

The influence of exercise on blood pressure, pulse rate 
and coronary blood flow of the dog.
Amer. J. Physiol. 125, 614.

EVANS, C.L. (1912)
The gaseous metabolism of the heart and lungs.
J. Physiol. 45, 213.

EVANS, C. 8c BOURNE, G. (1941)
Electrocardiographic changes after anoxaemia and exercise 
in angina of effort.
Brit. Heart J. 3, 69.



- 261 -

FALCONER, W. (1796)
Observations respecting the pulse; intended to point out 
with greater certainty, the indications which it signifies 
especially in feverish complaints.
London, T. Cadell, Jun. & W. Davies (pamphlet).

FAVILL, J. 8c WHITE, P.D. (1917)
Voluntary acceleration of the rate of the heart-beat.
Heart 6, 175.

FUEL, H., PETTI, M. & PARK, 0. (1943)
The Schneider Index as modified by diseases of the 
circulation.
Arne r. Ht. J. 26, 1.

FINIAYSON, J. (1895)
"Galen”; two bibliographical demonstrations.
Glasgow, Macdougall.

FISHBERG, A.M. (1937)
Heart Failure .
London, Henry Kimpton.

FLACK, M. & BOWDIER, A.P. (1920)
The selection of candidates for flying.
M.R.C. Report No. 53, p. 81.

FLEISCH, A. (1930)
Der Pulszeitschreiber, ein Apparat zur aufzeichnung der 
zeitlichen Pulsintervalle als Ordinate.
Z. ges. exp. Med. 72, 384.

FLEISCH, A. (1933)
Uber des Verhalten der Pulsfrequenz bei seelischer 
Erregung, registriert mit einem neuen Zeitordinat- 
en schreiber.
Arch. ges. Psychol. 87, 532.

FIEISCH, A. & BECKMANN, R. (1932)
Die raschen Schwankungen der Pulsfrequenz registriert mit 
dem Pulszeit schreiber.
Z, ges. exper. Med. 80, 487.



- 262 -

FLOYER, J. (1707)
The physician* s pulse-watch.
London, printed for Sam. Smith etc.

FOLTZ, E.E., IVY, A.C. & BARBORKA, C.J. (1942)
The use of double work periods in the study of fatigue 
and the influence of caffeine on recovery.
Amer. J. Physiol. 136, 79.

FORMEY, J.L. (1933)
Versuch einer Wundigung des Pulses (1823). An attempt 
at an estimation of the pulse.
Translated and abstracted in the Dublin Journal of Medical 
and Chemical Science 2, 97 & 250.

FRANKE, K. (1928)
Uber die Variabilitat der Puls und At^mzahl bei 
kreislaufgesunden, Korperlich gut entwickelten jungen 
Mannern.
Z. ges. Anat. abt. 2, 13, 575.

FHEDERICQ, L. (1912)
Acceleration du pouls arte'rial par 1*exercise musculaire 
dans le cas de lesion du faisceau de His.
C.R. Soc. Biol. Paris. 72, 810.

GAIEN. (circa 170 A.D.)
"Libellus de Pulsibus ad Tirones” 
quoted in Broadbent (1890)

GALLAGHER, J.R. & BROUHA, L. (1943)
A method of testing the physical fitness of High School 
girls.
Rev. Canad. Biol. 2, 395.

GALLAGHER, J.R. & BROUHA, L. (1944)
Physical fitness.
J. Amer. med. Ass. 125, 834.



- 263 -

GARREY, W.E. (1914)
The nature, of fibrillary contraction of the- betefrtv Its 
relation to tissue mass and form.
Amer. J. Physiol. 33, 397.

GARREY, W.E. (1924)
Auricular Fibrillation.
Physiol. Rev. 4, 215.

GARRISON, F.H. (1929)
An introduction to the history of medicine.
4th Edn. London, Saunders.

GASSER, H. S. & MEEK, W.J. (1914a)
The acceleration of the heart in exercise,
Amer. J. Physiol. 33, 20P.

GASSER, H.S. & MEEK, W.J. (1914b)
A study of the mechanism by which muscular exercise 
produces acceleration of the heart.
Amer. J. Physiol. 34, 48.

GILCHRIST, A.R. (1934)
The effects of bodily rest, muscular activity and Induced 
pyrexia on the ventricular rate in complete heart block. 
Quart. J. Med. 3, 381.

GILDEMEISTER, M. (1922)
Zur Theorie des Saitengalvanometers. Die Dampfung durch 
Kondensat oren.
Pflug. Arch. ges. Physiol. 195, 123.

GILLESPIE, R.D. (1924)
The relative Influence of mental and muscular work on the 
pulse rate and blood pressure.
J. Physiol. 58, 425.



- 264 -

GHLEBEIEL,, HJD., GIBSON, C.R. & MURRAY, D.Sv (G.925)
The eYT.Qat: of exercise on the pulse rate and blood
pressure..
He arte.. 12,, L„

GOLD, H.-,- KMfUL,. N.T., OTTO, H. & FOX, T. (1939)
Physiological adaptations in cardiac slowing by digitalis 
and their bearing on problems of digitalization in 
patients with auricular fibrillation.
J. Pharmacol. 67, 224.

GOLDBLOOM, A.A. & DUMANIS, A .A. (1945)
Military value of a standard test of heart function with 
electrocardiograms, in a staging area.
War Med. 8, 21.

GOODMAN, L. & GILMAN, A. (1941)
The Pharmacological Basis of Therapeutics,
New York, Macmillan.

GRAY, J.S. (1946)
The multiple-factor theory of the control of respiratory 
vent ilation.
Science, 103, 739.

GKETFER, G.P. (1939)
Medical aspects of parachute jumping.
Published by the Peoples Commissariat of Health, U.S.S.R.

GRIFFITH, F.R., PUCBER, G.W., BROWNELL, K.A., KIEIN, J.D. & 
CARMER, M.E. (1929)

Studies in human physiology. II. Pulse rate and blood 
pre ssure.
Amer. J. Physiol. 88, 295.

GROLLMAN, A. (1929)
The effect of psychic disturbances on the cardiac output, 
pulse, blood pressure and oxygen consumption of man.
Amer. J. Physiol. 89, 584.



- 265 -

GROLLMAN, A. (1931)
The effect of mild muscular exercise on the cardiac output. 
Amer. J. Physiol. 96, 8.

GROSSCURTH, G. & BANSI, H.W. (1932)
Das Verhalten des Kreislaufs bei Korperlicher Arbeit.
Klin. Wschr. 11, 2022.

GRUNBAUM, R. & AMSON, H. (1901)
Ueber die Beziehungen der Muskelarbeit zur Pulsfrequenz. 
Deutsch. Arch. Klin. Med. 71, 539.

HALES, Stephen (1740)
Statical essays containing haemastatics.
London, Innys & Manby 2nd edn. Vol. 2, p. 43.

HALMINEN, E. (1945)
On the functional prolongation of the p-CL time of the 
electrocardiogram.
Acta Med. Skand. 122, 238.

HAMBLY, W.D., HUNT, G.H., PARKER, L.E.H., PEMBREY, M.S. & 
WARNER, E.G. (1922)

Tests for physical efficiency Part II. (Walking or
running up and down stairs.
Guy's Hosp. Reps. 72, 367.

HAMBLY, W.D., PEMBREY, M.S. & WARNER, E.C. (1925)
The physical fitness of man assessed by various methods. 
Guy’s Hosp. Reps. 75, 388.

HAMBURGER, W.W. (1939)
The earliest known reference to the heart and circulation. 
The Edwin Smith Surgical Papyrus, circa 3000 B.C.
Amer. Heart J. 17, 259.

HANEY, H.F., LINDGREN, A.J. & YOUMANS, W.B. (1945)
An experimental analysis, by means of acetylcholine 
hypotension, of the problem of vagal cardio-accelerator 
f Ibre s.
Ame r. J • Physiol. 144, 513.



- 266 -

HARDY, H.L., CLARKE, H.L. & BROUHA, L. (1943)
Testing physical fitness in young women.
Rev. Canad. Biol. 2, 407.

HARRIS, I. 8c LIPKIN, I.J. (1931)
Cardiac output and oxygen utilization in some types of 
heart disease .
Edin.Med. J. 38, 501.

HARRIS, J.A. & BENEDICT, P.O. (1919)
A biometric study of basal metabolism in man.
Publ. Carneg. Instn. 279.

HARRISON, T.R. (1939 )
Failure of the Circulation.
London, Bailliere, Tindall and Cox.

HARRISON, T.R., ASHMAN, R. 8c LARSON, R.M. (1932)
Congestive Heart Failure.
XII. The relation between the thickness of the cardiac 
muscle fibre and the optimum rate of the heart.
Arch, intern. Med. 49, 151.

HARRISON, T.R., BLALOCK, A., PILCHER, C. 8c WILSON, C.P. (1927)
The regulation of circulation. VIII. Cardiac output in 
anoxaemia.
Amer. J. Physiol. 83, 284.

HARTRIDGE, H. (1931)
Methods of reducing the errors in electrical testing due 
to variations in skin resistance.
Brit. J. Radiol. 4, 652.

HARTWELL, G. 8c TWEEDY, N. (1913)
Some effects of muscular exercise on women.
J, Physiol. 46, 9P.

HARVEY, W. (1628)
Exercitatio anatomica de motu cordis et sanguinis in 
animalibus.
Francofurti p. 43. (3rd century facsimile edition (1928 ) 
published by R. Lier & Co., Florence.



- 267 -

HEBERDEN, W. (1786)
Remarks on the pulse. (Read before the college 1768).
I/Jed. Tr. Coll. Physic. 2, 18.

HEDVALL, B. (1915)

Zur Kenntnis der Ermiidung und der Bedeutung der ijbung fur 
die Leistungsfahigkeit des Muskels.
Skand. Arch. Physiol. 32, 115.

HEIDENHAIN> R. (1892)
in GAD and HEYMANS, Kurzes Lehrbuch der Physiologic des 
Men sche n, Berlin. 
quoted by Bowen, 1903.

HELMREICH, E. (1923)
Statische und dynamische Pulsacce lerat ion.
Z. ges. exper. Med. 36, 226.

HENDERSON, Y. (1923)
Volume changes of the heart.
Physiol. Rev. 3, 165.

HENDERSON, Y. (1925)
The efficiency of the heart and its measurement.
Lancet. 2, 1265 8c 1317.

HENDERSON, Y., HAGGARD, H.W. 8c DOLLEY, F.S. (1927)
The efficiency of the heart, and the significance of rapid 
and slow pulse rates.
Amer. J. Physiol. 82, 512.

HERING, H.E. (1905a)
Der Accelerans cordis beschleunigt die unabhangig von den 
Vorhofen schlagenden Kamraern des saugethierberzens.
Pflug. Arch. ges. Physiol. 107, 125.

BERING, H.E. (1905b)
Ueber die unmittelbare Wirkung des Accelerans und Vagus 
auf automatisch schlagende Abschnitte des Saugethierherzens. 
Pflug. Arch. ges. Physiol. 108, 281.



- 268 -

HERXHEIMER, H. (1932)
Grundriss der Sportmedizin.
Leipzig, Thieme.

HERZ, A.F. 8c GOODHART, G.W. (1908)
The Speed Limit of the Human Heart.
Quart. J. Med. 2, 213.

HESS, W.R. (1930)
Die Regulierung des Blutkreislaufes 
Thieme, Leipzig.

HEWLETT, A.W. (1924)
The vital capacities of patients with cardiac complaints. 
Heart 11, 195.

HEYMANS, C. (1929)
Uber die Physiologic und Pharmakologie des Herz-Vagus- 
Zentrums.
Ergeb. Physiol. 28, 244.

HEYMANS, C. 8c SAMAAN, A. (1934)
La frequence cardiaque du chien en diffe'rentes conditions 
experimen tales d*activity et de repos.
C.R. Soc. Biol. Paris. 115, 1383.

HILL, A.B., MAGEE, H.E. 8c MAJOR, E. (1937)
Observations on the response of the pulse rate to exercise 
in healthy men.
Lancet, i, 441.

HILL, I.G.W. (1933)
Stimulation of the vagus nerve and carotid sinus in man. 
Quart. J. exp. Physiol. 22, 79.

HILL, L., BARNARD, H. 8c SOLTAN, A.B. (1897)
Influence of the force of gravity on the circulation of man. 
J. Physiol. 22, 19P.



- 269 -

HILL, L. 8c FLACK, M. (1909)
The influence of oxygen on athletes.
J. Physiol. 38, 28P.

HOFF, E.C. 8c GREEN, H.D, (1936)

Cardiovascular reactions induced by electrical stimulation 
of the cerebral cortex.
Amer. J. Physiol. 117, 411.

HOLZMANN, M. 8c WAHRMANN, F. (1936)
Der Arbeitsversuch im Elektrokardiogramm.
Dtsch. med. Wschr. 62, 379.

HOOKER, D.R. (1907)
May reflex cardiac acceleration occur independently of 
the cardio-inhibitory centre?
Amer. J. Physiol. 19, 417.

HOOKER, D.R. (1911)
The effect of exercise upon the venous blood pressure. 
Amer. J. Physiol. 28, 235.

HORDER COMMITTEE (1940)
Effort Syndrome.
Brit. Med. J. ii, 201.

HOl/VELL, W.H. (1946)
Textbook of Physiology (ed. J.F. Fulton)
London, W.B. Saunders Coy.

HUNT, G.H. 8c PEMBREY, M.S. (1921)
Tests for physical efficiency.
Guy's Hosp. Rep. 71, 415.

HUNT, R. (1897)
Experiments on the relation of the inhibitory to the 
accelerator nerves of the heart.
J. Exp . Me d. 2, 151.



- 270 -

HUNT, R. (1899)

Direct and reflex acceleration of the mammalian heart. Amer. J. Physiol. 2, 395.
HUNTER, R.H. (1938)

The pulse in Chinese medicine.
Ulster Med. J. 17, 130.

ILJIN-KAKUJEFF, B.J. (1935)
Veranderungen des Blutkreislaufes In der ersten Minuten 
nach Beginn und Ende der Korperlichen Arbeit. 
Arbeitsphysiol. 9, 138.

IZQUIERDO, I.J. (1929)
The effects of cardiac sympathetic nerves upon heart 
block.
Amer. J. Physiol. 88, 195.

JACKSON, C.M. (1927)
Physique of male students at the University of Minnesota. 
Amer. J. Anat. 40, 59.

JACKSON, C.M. (1929)
Physical measurements of female students at the University 
of Minnesota.
Amer. J. Phys. Anthropol. 12, 363.

JACOBSON, E. (1929)
Imagination of movement involving skeletal muscle.
Amer. J. Physiol. 94, 22.

JACOBSON, E. (1930)
Imagination and recollection of various muscular acts. 
Amer. J. Physiol. 94, 22.

JENKS, J.L. 8c GRAYBIEL, A. (1935)
A new and simple method of avoiding high resistance and 
overshooting in taking standardised electrocardiograms. 
Amer. Heart J. 10, 693.



- 271 -

JOHANNSON, J.E. (1895)
Ueber die Einwirkung der Muskelthat igkeit auf die 
Athmung und die Herzthatigkeit.
Skand. Arch. Physiol. 5, 20.

JOHNSON, R.E., BROUHA, L. & DARLING, R.C. (1942)
A test of physical fitness for strenuous exertion.Rev. Canad. Biol. 1, 491.

JOHNSON, R.E. & ROBINSON, S. (1943)
Selection of men for physical work in hot weather.
Harvard Fatigue Laboratory Rep* No. 16.

JOKL, E. & SUZMAN, M.M. (1940)
Aortic regurgitation and mitral stenosis in a marathon 
runner.
J. Amer. med. Ass. 114, 467.

JONES, A.M. & SCHLAPP, W. (1945)
The.effect of induced auricular fibrillation on the work 
capacity of the cat heart.
J. Physiol. 104, 23P.

JONES, M. & SCARISBRICK, R. (1942)
Effort intolerance in soldiers.
War. Med. 2, 901.

JOURDAN, P., FROMENT, R., GALLAVARDIN, L. & BAUD, A. (1945)
Trois observations de rhythme nodal experimental chronique 
par ablation chirurgique du noeud sinusal.
Arch. Mai. Coeur Vaisseaux 38, 197.

JUNG, F.T., CISLER, L.E. & MILLER, V.C. (1946)
Certain influences affecting the Cardiac Recovery Index 
of medical students.
Federation Proc. 5, 53.

KA3AT, H. (1940)
The cardio-accelerator fibres in the vagus nerve of the
dog .
Amer. J. Physiol. 128, 246.



- 272 -

KAHN, M.H. (1919)
Tests of the functional capacity of the circulation.Amer. J. Med. Sci. 157 , 634.

KARPOVICH, P.V., STARR, M.P. & WEISS, R.A. (1944)
Physical fitness tests for convalescents.
J. Amer. med. Ass. 126, 873.

KARPOVICH, P.V., STARR, M.P., KIMBRO, R., STOLL, C. &
WEISS, R.A. (1946)

Physical reconditioning after rheumatic fever.
J. Amer. med. Ass. 130, 1198.

KATZ, L.N. (1941)
Electrocardiography.
London, Henry Kimpton.

KATZ, L.N. & EEIL, H.S. (1923)
Clinical observations on the dynamics of ventricular systole.
Arch, intern. Med. 32, 672.

KATZ, L.N., SOSKIN, S., SCHUTZ, W.J., ACKERMAN, W. &
PLANT, J.L. (1934)

A metabolic exercise tolerance test for patients with 
c ard iac d isea se .
Arch. Intern. Med. 53, 710.

KEPLER, J. (1618)
Johannis Kepleri Astronomi Opera Omnia, Vol. 6. p. 248.
(1866 edn. )

KEYS, A. & FRIEDELL, H.L. (1939)
Quantitative measurement of valvular efficiency of the 
human he art.
Proc. Soc. exp. Biol., N.Y. 40, 556.

KILGORE, E.S. (1919)
Time relations of heart beats. Respiratory variations of 
heart rate in the presence of auricular fibrillation.
Heart 7, 81.



- 273 -
KISCH, B. (1944)

Influence of vagus stimulation on nodal rhythm.
Exp. Med. Surg. 2, 259.

KLYVER, F., HUANG, J. & SHAFER, G.D. (1927)
The first secondary change in pulse rate following very 
brief violent exercise.
Amer. J. Physiol. 81, 765.

KNEHR, C.A., DILL, D.B. 8c NEUFELD, W. (1942)
Training and its effects on man at rest and at work.
Amer. J. Physiol. 136, 148.

KNOX, J.A.C. (1940)
The heart rate during a simple exercise.
Brit. Heart J. 2, 289.

KNOX, R. (1815)
The diurnal revolutions of the pulse.
Edin. Med. Surg. J. 11, 52.

KRAUS, F., GOLDSCHMIDT, R. 8c SEELIG, S. (1926)
Analyse des Pulsrhythmus mit dem Pulsresonator.
Z. ges. exper. Med. 53, 243.

KROGH, A. 8c LINDHARD, J. (1913)
The regulation of respiration and circulation during the 
initial stages of muscular work.
J. Physiol. 47, 112.

KRONECKER, H. 8c SPALLITTA, F. (1905)
La conduction de 1*inhibition a travers le coeur du chien.
Arch. int. Physiol. 2, 223.

KUNTZ, A. (1929)
The Autonomic Nervous System.
London, Bailliere, Tindall 8c Cox.

KUSKIN, L. 8c BROCKMAN, L. (1940)
Two-step test as diagnostic aid in subclinical rheumatic 
heart disease.
Arch. Pediat. 57, 578.



- 274 -

LANDIS, E.M., BROWN, E., FAUTEUX, M. & WISE, C. (1946)
Central venous pressure In relation to cardiac 
"competence", blood volume, and exercise.
J. clin. Invest. 25, 237.

LANGOWOY, A.P. (1900)
Ueber den Einfluss der Korperlage auf die Frequenz der 
Herzcontraction .
Dtsch. Archiv. klin. Med. 68, 268.

LEBLOND, C.P. & HOFF, H.E. (1944)
Comparison of cardiac and metabolic actions of thyroxine, 
thyroxine derivatives and dinitrophenol in thyroidectomised 
rat s.
Amer. J. Physiol. 141, 32.

LEE, F.S. & VAN BUSKIRK, J.D. (1923)
An examination of certain proposed tests for fatigue.
Amer. J. Physiol. 63, 185.

LEVY, H. & BOAS, E.P. (1938)
Clinical studies of Gitalin and of Digitalis in the 
treatment of auricular fibrillation.
Amer . Ht. J. 15, 643 .

LEVY, R.L., STROUD, W.D. & WHITE, P.D. (1943)
Report of re-examination of 4,994 men disqualified for 
general military service.
J. Amer. med. Ass. 123, 937 and 1029.

LEV/IS, T. (1909)
Auricular fibrillation and its relationship to clinical 
ir re gu lar it y of t he he art.
Heart. 1, 306.

LEWIS, T. (1917)
Report upon soldiers returned as cases of D.A.H. or V.D.H. 
M.R.C. Rep. No.8.



- 275 -

LEWIS, T. (1925)
The mechanism and graphic registration of the heart beat. 
London, Shaw and Sons. (3rd Edn.)

LEWIS, T. (1934)
Diseases of the Heart.
London, Macmillan.

LEWIS, T. (1945)
Exercises in Human Physiology.
London, Macmillan.

LEWIS, T., DRURY, A.N., & BULCffiR, H.A • (1921)
Observations upon flutter and fibrillation.
Part VII. The effects of vagal stimulation.
He art, 8, 141.

LEWIS, T. & ZOTTERMAN, Y. (1927)
Vascular reactions of the skin to injury. Part VIII.
J. Physiol. 62, 280.

LILJESTRAND, G., LYSHOLM, E. & NYLIN, G. (1938)
The immediate effects of muscular work on the stroke and 
heart volume in man.
Skand. Arch. Physiol. 80, 265.

LILJESTRAND, G. & ZANDER, E. (1927)
Studies of the work of the heart during rest and muscular 
activity in a case of uncomplicated total heart block. 
Acta Med. Skand. 66, 501.

LINDHARD, J. (1920)
Untersuchungen uber statische Muskelarbeit.
Skand. Arch. Physiol. 40, 145.

LINDHARD, J. (1923)
The circulation after cessation of work.
J. Physiol. 57, 17.



- 276 -

LINDHARD, J. (1937)
Ueber die Regulierung des Kreislaufs in Gesunden und 
Kranken Organisinus.
Cardiologia. 1, 366.

LOGUE, R.B., HANSON, J.F. (1944)
Heart block.
Amer. J. med. Sci. 207, 765.

LOMBARD, W.P. 8c COPE, O.M. (1928)
Sex differences in heart action.
( 2 ) He art rat e .
Amer. J. Physiol. 83, 42.

LOOMIS, A .L. & HARVEY, E.N. (1929)
A chronograph for recording rhythmic processes. 
Science. 70, 559.

LOWSLEY, O.S. (1911)
Influence of exercise on circulation.
(Effects of various forms of exercise on systolic, 
diastolic and pulse pressures, and pulse rate.)
Amer. J. Physiol. 27, 446.

LUISADA, A.A. 8c MAUTNER, H. (1943)
Experimental studies on functional murmurs and extra 
sounds of the heart.
Exp. Med. Surg. 1, 282.

LYTHGOE, R.J. 8c PEREIRA, J.R. (1925)
Muscular exercise, lactic acid and the supply and 
utilisation of oxygen. Part XI. Pulse rate and Og 
intake during early stages of recovery from severe 
exerc ise.
Proc. Roy. Soc. (B) 98, 468.

Mc.CREA, F.D., EYSTER, 7.A.E. 8c MEEK, W.J. (1928)
The effect of exercise upon diastolic heart size. 
Amer. J. Physiol. 83, 678.



- 277 -
McCURDY, J.H. & LARSON, L.A• (1935a)

Measurements of organic efficiency for the prediction 
of physical condition.
Res. Q.A.P.E.A. 6, (Suppt.)

McCURDY, J.H. & LARSON, L.A. (1935b)
The measurement of organic efficiency for the prediction 
of physical condition in convalescent patients.
Res. Q.A.P.E.A. 6, 4.

McCURDY, J.H. & LARSON, L.A. (1939)
The Physiology of Muscular Exercise.
London, Henry Kimpton (3rd Edn.)

McDOWALL, R.J.S. (1929)
A central chemical control of the heart rate.
J. Physiol. 67, 21P.

McDOWALL, R.J.S. (1931)
On variations in the activity of the cardio-inhibitory 
centre.
J. Physiol. 71, 417.

McDOWALL, R.J.S. (1938)
The Control of the Circulation of the Blood.
London, Longmans Green.

McDOWALL, R.J.S. (1941)
Problems of the circulation.
Brit, med. J. ii, 39 & 75.

McGUIRE, J., SHORE, R., HANNENSTEIN, V. & GOLDMAN, P. (1939)
Influence of exercise on cardiac output in congestive 
heart failure.
Arch, intern. Med. 63, 469.

MACKENZIE, J. (1893)
Pulsations in the veins, with the description of a method 
for graphically recording them.
J. Path. Bact. 1, 53.



- 278 -

MACKENZIE, J. (1910)
(In discussion on paper by Deane)
Jour. R.A.M.C. 14, 621.

McSWINEY, B.A. (1939)
Assessment of physical fitness.
Proc. R. Soc. Med.32, 1539.

MacWILLIAM, J.A. (1893)
On the influence exercised by the central nervous system 
on the cardiac rhythm, with an inquiry into the action of 
chloroform on that rhythm.
Proc. Roy. Soc. 53, 464.

Mac WILLIAM, J.A. (1933)
Postural Effects on Heart Rate and Blood Pressure.
Quart. J. exper. Physiol. 23, 1.

MABON, T.M. (1919)
Studies of cases of feffort syndrome1 with measured work. 
Amer. J. med. Sci. 158, 818.

MAGNUS-ALSLEBEN, E. (1924)
Funktionsprufungen der inneren Organe.
Uber Funktionsprufungen des Hertzens.
Klin. Vtfschr. 3,23.

MAM, H. (1918)
Circulatory reactions to exercise during convalescence
from infectious disease.
Arch, intern. Med. 21, 682.

MANSFIELD, G. (1910)
Die Ursache der Motorischen Acceleration des Herzens. 
Pflug. arch. ges. Physiol. 134, 598.

MAREY, E.J. (1868)
Du mouvement dans les fonctions de la vie.
Paris, Bailliere p. 137.



- 279 -

MARSHALL, E.K. (1926a)
The Influence of atropine and C0p on the circulation of 
the unanaesthetised dog. *
J. Pharmacol. 29, 167.

MARSHALL, E.K. (1926b)
The cardiac output of the normal unanaesthetised dog.
Arner. J. Physiol. 77, 459.

MARTIN, E.G. & GRUBER, G.M. (1913)
On the influence of muscular exercise on the activity of 
the bulbar centres.
Amer. J. Physiol. 32, 315.

MART IN, E.G., GRUBER, C.M. & LANMAN, T .H. (1914)
Body temperature and pulse rate in man after muscular 
exercise .
Amer. J. Physiol. 35, 211.

MASTER, A.M. (1934)
The two-step test of myocardial function.
Amer. Heart J. 10, 495.

MASTER, A.M., FRIEDMAN, R. & DACK, S. (1942)
The electrocardiogram after standard exercise as a 
functional test of the heart.
Amer. Heart J. 24, 777.

MASTER, A.M. & OPPENHEIMER, E .T. (1929)
A simple exercise tolerance test for circulatory efficiency 
with standard tables for normal individuals.
Amer. J. med. Sci.177, 223.

MAYER, A.G. (1908)
Rhythmical pulsation in scyphomedusae.
Papers from Tortugas Laboratory, Carnegie Inst. Wash.
1, 115.

IE AKINS, J.C. & GUNSON, E.B. (1917)
The pulse rate after a simple test exercise in cases of
irritable heart.
Heart 6, 285.



- 280 -

MEANS, J.H. 3c HERMAN, J. (1938)
The curves of thyroxin decay in myxoedema and of iodine 
response in thyrotoxicosis.
Ann. intern. Med. 12, 811.

MEANS, J.H. & NEWBURGH, L.H. (1915)
The blood flow in a patient with double aortic and double 
mitral disease .
J. Pharmac ol. 7, 44,1.

MERKEEN, L. (1926)
Le rhythrae du coeur au cours de llactivite'/ musculaire.
Nancy.

METHENY, E.L., BROUHA, L., JOHNSON, R.E. & FORBES, W.H. (1942)
Some physiologic responses of women and men to moderate and 
strenuous exercise : a comparative study.
Amer. J. Physiol. 137, 318.

MILIER, F.R. & BOWMAN, J.T. (1915)
The cardio-inhibitory centre.
Amer. J. Physiol. 39, 149.

MILLER, R.A. (1942a)
Auricular flutter with a 1 :1 auriculoventricular response. 
Edin. Med. J. 49, 496.

MILLER, R.A. (1942b)
The influence of atropine upon complete heart block, 
transient and intermittent.
Ed in . Me d . J. 49 , 7 57.

MILLER, R. & PEKELMAN, J.S. (1945 )
Chronic auricular tachycardia with unusual response to 
change in posture.
Amer. Ht. J. 29, 555.

MINES, G.R. (1914)
On circulating excitations in heart muscle and their possible 
relation to tachycardia and fibrillation.
Tr. Roy. Soc. Canada sec. XV, 8, 43.



- 281 -

MODELL, W., GOLD, H. & ROTHENDLER, H.H. (1941)
Use of digitalis to prevent exaggerated acceleration of 
the heart during physical exercise in patients with 
auricular fibrillation.J. Amer. med. Ass. 116, 2241.

MOREHOUSE, L.E. & TUTTIE, W.W. (1942)
Res. Q. Amer. Ass. Health Phys. Educ. Rec. 13, 3.
(quoted in Ann. Rev. Physiol. 1945, p. 603.)

MORGAN, L.O. & GOLAND, P.P. (1932)
Demonstration of the accelerator nerve and of post­
ganglionic parasympathetic fibres in the vago-sympathetic 
trunk of the dog.
Amer. J. Physiol. 101, 274.

MOSLER, E. (1912)
Untersuchungeh ueber die Physiologische arrythmie .
Z. klin. Med. 75, 472.

MULLER, E.A. (1939 )
Arbeitsmaximum und Erholung bei statischer Haltearbeit 
unter Sauerstoffmange1.
Arbeitsphysiologie 10, 396.

MULIER, E.A. (1942)
Die Pulszahl als Kennzeichen fur stoffaustausch und 
Ermudbarkeit des arbeitenden Muskels.
Arbeitsphysiologie 12, 92.

MULLER, E.A. (1943)
Der Pulsquotient als Mass der Muskelermudung.
Arbeitsphysiologie 12, 320.

NATIONAL RESEARCH COUNCIL, Div. of Medical Sciences (1943)
Sub-committee on cardiovascular diseases.
Report dated 14th September, 1943.

NEMET, G. & BOAS, E.P. (1928)
Pulse rate studies with the pulse resonator.
Amer. Heart J. 3, 360.



- 282 -

NIELSEN, N.A. 3c ABDON, N.O. (1937)
The localisation of the cardio-inhibitory effect oaused 
by digitalis.
Skand. Arch. Physiol. 77, 64.

NIHELL, James (1746)
Observationes ex pulsu.
Trans, into Latin by Wm. Noortwyk, Amsterdam.

NYLIN, G. (1937)
More recent developments of heart function tests.
J. Amer. med. Ass. 109, 1333.

NYLIN, G. (1945)
Investigations on the blood circulation of Gunder Hagg 
and Arne Andersson.
Gardiologia 9, 313.

PARDEE, H.E.B. (1917)
An error in the E.G.G. arising in the application of the 
electrodes.
Arch, intern. Med. 20, 161.

PARDEE, H.E.B. (1929)
Distortion of the E.C.G. by capacitance.
Amer. Heart J. 5, 191.

PARKINSON, J. (1917a)
The pulse rate on standing and on slight exertion in 
healthy men and in cases of 'irritable heart1..
Heart 6, 317.

PARKINSON, J. (1917b)
Digitalis in soldiers with cardiac symptoms and a frequent 
pulse.
Heart, 6, 321.

PARKINSON, J. (1941)
Effort syndrome in soldiers.
Brit. med. J. i, 545.



- 283 -

PARKINSON, J. & DRURY, A.N. (1917)
The P-R interval before and after exercise in cases of 
'soldier's heart'.
Heart 6, 337.

PARRY, O.H. (1816)
An experimental inquiry into the nature, cause, and 
varieties of the arterial pulse; and into certain other 
properties of the larger arteries, in animals with warm 
blood.
London, Underwood.

PATERSON, W.D. (1928)
Circulatory and respiratory changes in response to 
muscular exercise in man.
J. Physiol. 66, 323.

PEABODY, F.W. 8c STURGIS, C.G. with the assistance of 
BARKER, B .I. & READ, M.N. (1922)

Clinical studies on the respiration. IX. The effect of 
exercise on the metabolism, heart rate and pulmonary 
ventilation of normal subjects and patients with heart 
disease.
Arch, intern. Med. 29 , 277.

PEMBREY, M.S., 3c TODD, A.H. (1908)
The influence of exercise on the pulse and blood pressure. 
J. Physiol. 37, 66P.

PETERSEN, M.S. 8c GASSER, H.S. (1914)
Effect of chemical products of muscular activity on the 
frequency and force of the heart-beat.
Amer. J. Physiol. 33, 301.

PHILLIPS, F. (1905)
Les tremulations fibrillaires des oreillettes et des 
ventricules du coeur de chien.
Arch. int. Physiol. 2 , 271.

PILCHER, C., WILSON, C.P. 8c HARRISON, T.R. (1927)
The effect of epinephrin on the cardiac output of normal
unnarcotised dogs.Amer. Heart J. 2 , 630.



- 284 -

PLESCH, J. (1937)
Physiology and Pathology of the Heart and Blood-Vessels. 
London, Oxford Medical Publications.

PROGER, S.H., MINNICH, W.R. & MAGENDANTZ, H. (1934)
The circulatory response to exercise in patients with 
angina pectoris.
Amer. Heart J. 10, 511.

PROP ST , D.W, (1924)
The exercise cardiac functional test in one hundred cases 
of heart disease.
J* Amer. med. Ass. 82, 2102.

PROUT, W. (1813)
Observations on the quantity of carbonic acid gas emitted 
from the lungs during respiration, at different times and 
under different circumstances.
Annals of Philosophy 2, 328.

RAPPORT, D.L. (1917)
The systolic blood pressure following exercise; with 
remarks on cardiac capacity.
Arch, intern. Med. 19, 981.

RE IS INGE R, J.A. (1938)
The determination of exercise tolerance by the two-step 
test.
Amer. Heart J. 15, 341.

RICHTER, G.P. (1926a)
New methods of obtaining electromyograms and 
electrocardiograms from the intact body.
J. Amer. med. Ass. 87, 1300.

RICHTER, C.P. (1926b)
The significance of changes in the electrical resistance 
of the body during sleep.
Proc. U.S. Nat. Acad. Sci. 12, 214.

RIHL, J. (1906)

Uber Vaguswirkung auf die automat isch schlagenden 'Kammern des Sauget ierherzens.
Pflug. A r c h . g e s .  Physiol. 114, 545.________



- 285 -

RIJLANT, P. (1945)
Contraction normale et fibrillations auriculaires at 
ventriculaires chez la Tortue. (Part I)
Cardiologia. 9, 241.

RIJLANT, P. (1946)
Contraction normale et fibrillations auriculaires et 
ventriculaires chez la Tortue. (Part II)
Cardiologia. 10, 193.

RISEMAN, J.E.F. & BROWN, M.G. (1939 )
Effect of oxygen on exercise tolerance of patients with 
angina pectoris.
Amer. Heart J. 18, 150.

ROBINSON, Bryan (1732)
A treatise of the animal oeconomy.
Dublin, George Grierson.

ROBINSON, G.C. (1913a)
Influence of the vagus nerves on the faradised auricles 
in the dog's heart.
J. exp. Med. 17, 429.

ROBINSON, G.C. (1913b)
The relation of the auricular activity following 
faradisation of the dog's auricle to abnormal auricular 
activity in man.
J. exp. Med. 18, 704.

ROBINSON, G.C. (1914)
Paroxysmal auricular fibrillation.
Arch, intern. Med. 13 , 298.

ROBINSON, G.C. (1916)
The influence of the vagus nerves upon conduction between 
auricles and ventricles in the dog during auricular 
fibrillation.
J. exp. Med. 24, 605.



- 286 -

ROBINSON, S. (1939 )
Experimental studies of physical fitness in relation to 
age.
Arbeitsphysiologie. 10, 251.

ROBINSON, S., EDWARDS, H.T• & DILL, D.B. (1937)
New records in human power.
Science 85, 409.

ROSENBLUETH, A. & SB/IE ONE, F.A. (1934)
The interrelations of vagal and accelerator effects on
the cardiac rate.
Amer. J. Physiol. 110, 42.

ROTH, I.R. (1928)
Cardiac Arrhythmias.
Hoeber, New York.

ROTHBERGER, C.J. & WINTERBERG, H. (1914)
Uber Vorhofflimmern und Vorhofflatern.
Pflug. Arch. ges. Physiol. 160, 42.

ROYAL SOCIETY OF MEDICINE (1941)
Discussion on "The Effort Syndrome".
Brit. med. J. i, 680.

RUCCO, J. (1827)
Introduction to the science of the pulse.
London, Burgess & Hill. (Vol. 1)

RUSSELL, H.B. (1935)
The use of "Cambridge Electrode Jelly".
Lancet 2, 1172.

SAMAAN, A. (1935a)
Muscular work in dogs submitted to different conditions 
of cardiac and splanchnic innervations.
J. Physiol. 83, 313.



- 287 -

SAMAAN, A. (1935b)
The antagonistic cardiac nerves and heart rate.
J. Physiol. 83, 332.

SASSA, K. & MIYAZAKI, H. (1920)
The influence of venous pressure upon the heart rate.
J. Physiol. 54, 203.

SCHAFER, E.A. (1898)
Text-book of Physiology.
Edinburgh and London, Pent land.

SCHLOMKA, G. 8c RE INDELL, H. (1936)
Studies on the physiological irregularities of the heart 
beat.
Z. Kreislaufforsch. 28, 473.

SCHNEIDER, E.C. (1916)
The Circulation of the Blood in Man at High Altitudes. 
III. Effect of physical exertion on the pulse rate, 
arterial and venous pressures.
Amer. J. Physiol. 40, 380.

SCHNEIDER, E.C. (1918)
Medical studies in aviation, II.
J. Amer. med. Ass. 71, 1384.

SCHNEIDER, E.C. (1920)
A cardiovascular rating as a measure of physical 
efficiency.
J. Amer. med. Ass. 74, 1507.

SCHNEIDER, E.C. (1921)
A record of experience with certain physical efficiency
and low oxygen tests.
Amer. J. med. Sci. 161, 395.

SCHNEIDER, E.C. (1936)
Physiology of Muscular Activity.
London, Saunders.



- 288 -

SCHNEIDER, E.C. 8c CLARKE, R.W. (1929)
Studies of muscular exercise under low barometric 
pressure. IV. The pulse rate, arterial blood pressure, 
and oxygen pulse.
Amer. J. Physiol. 88, 633.

SCHNEIDER, E.C. 8c CRAMPTON, C.B. (1936)
The cardiovascular responses of pre-adolescent boys to 
muscular activity.
Amer. J. Physiol. 114, 473.

SCHNEIDER, E.C. 8c TRUESDELL, D. (1922a)
A statistical study of the pulse rate and the arterial 
blood pressure in recumbency, standing, and after a 
standard exercise.
Amer. J. Physiol. 61, 429.

SCHNEIDER, E.C. 8c TRUESDELL, D. (1922b)
Effects on circulation and respiration of an increase in 
the C02 content of the blood in man.
Amer. 7. Physiol. 63, 193.

SCHNEIDER, E.C. 8c TRUESDELL, D. (1923)
Daily variations in cardiovascular conditions and a 
physical efficiency rating.
Amer. J. Physiol. 67, 193.

SCHONE, H. (1907)
Markellinos' Pulslehre.
Festschr. 49, Versamml. deutsch. Philologen u. Schulmanner 
p. 448.
(quoted by Boas and Goldschmidt, 1932)

SCHOTT, A. (1939)
The diagnostic value of the electrocardiogram in cases of 
chest and upper abdominal pain, with special reference to 
serial tracings taken after an exercise test.
Guy's Hosp. Reps. 89, 347.

SCHWAB, S.I. (1927)
The heart in emotional conflicts.
Amer. Heart J. 2, 166.



- 289 -

SCHWARZSCHILD, M. & KISS IN, M. (1934)
The effect of condensers In the electrocardiograph.
Amer. Heart J. 9, 517.

SCOTT, V.T• (1921)
The application of certain physical efficiency tests.
J, Amer. med. Ass. 76, 705.

SEGUIN, A. & LAVOISIER, A.L. (1789)
Premier memoire sur la Respiration des Animaux.
Me'moires de l'Academie des Sciences, p. 566.
Printed in Paris 1793.

SEHAM, M. & EGERER-SEHAM, G. (1923)
Physiology of exercise. Part 3. An investigation of 
cardiovascular tests in normal children, and in children 
with V.D.H. and T.B.
Amer. J. Dis. Child. 26, 554.

SELIG, A. (1905 )
(Quoted by Master & Oppenheimer, 1929)
Prag. Med. Wcfcars'Qhr. 30, 418.

SHARPEY-SCHAFER, E.P. & WALLACE, J. (1942)
Circulatory overloading following rapid intravenous injec 
tions.
Brit. med. J. ii, 304.

SIMONSON, E. & ENZER, N. (1942)
Physiology of muscular exercise and fatigue in disease. 
Medicine 21, 345.

SMITH, H.M. (1922)
Gaseous exchange and physiological requirements for level 
and grade walking.
Publ. Carneg. Instn. 309, 170.

SNYDER, C.D. (1915)
A study of the causes of respiratory change of heart rate 
Amer. J. Physiol. 37, 104.



- 290 -

SPOHR, E. 8c LAMPERT, H. (1930)
Kritisches zur Herzfunkt ionsprufung.
Munch, med. Wschr. 77, 430 8c 491.

STAEHELIN, A. (1897)
Ueber den Einfluss der Muskelarbeit auf die Herzthat igkeit. 
Dtsch. Arch, klin. Med. 59, 79.

STARLING, E.H. 8c VISSCEER, M.B. (1926)
The regulation of the energy output of the heart.
J. Physiol. 62, 243.

STARR, I. & ERIEDLAND, O.K. (1946)
On the cause of respiratory variation of the ballisto­
cardiogram with a note on sinus arrhythmia.
J. Clin. Invest. 25, 53.

STEDMAN, J. (1769 )
Physiological essays and observations.
Edinburgh: Kincaid, Bell 8c Cade 11.

STEINHAUS, A.H. (1933)
Chronic effects of exercise.
Physiol. Rev. 13, 103.

STENGEL, A., WOLFERTH, C.C. 8c JONAS, L. (1920)
The breathing of air of lowered oxygen tension as a test 
of circulatory function.
Trans. Assoc. Am. Phys. 35, 311.

SUAREZ, J.R.E., FASCIOLO, J.C. 8c TAQUINI, A.C. (1946)
Cardiac output in heart failure.
Amer. Heart J.32, 339.

SUTLIFF, W.D. 8c HOLT, E. (1925)
The age-curve of pulse rate under basal conditions.
Arch, intern. Med. 35, 224.



- 291 -

TAPPAN, V. 8c TORREY, E.H. (1926)
Studies on the Cardiac Output of the Dog. III.
Influence of the pulse rate upon minute volume under 
anaesthesia.
Amer. J. Physiol. 78, 376.

TAYLOR, C.L. (1941)
Studies in exercise physiology.
Amer. J. Physiol. 135, 27.

TAYLOR, C.L. (1944)
Some properties of maximal and submaximal exercise with 
reference to physiological variation and the measurement 
of exercise tolerance.
Amer. J. Physiol. 142, 200.

TAYLOR, C.L. 8c BROWN, G.E. (1944)
Some observations on the validity of the Schneider Test. 
J. Aviation Med. 15, 214.

TAYLOR, H.L. & BROZEK, J. (1944)
Evaluation of fitness.
Federation Proc. 3, 216.

TAYLOR, H.L., ERICKSON, L., HENSCHEL, A. 8c KEYS, A. (1945)
The effect of bed rest on the blood volume of normal
young men•
Amer. J. Physiol. 144, 227.

TERRY, L. 8c PETERS, H.C. (1933)
The bradycardia caused by sympathomimetic drugs.
J. Pharmacol. 49, 428.

T U T  SO, M. & PE HAP, A. (1935)
Tiber den Einfluss der Kbrpe rarbe it auf die Pulsf requenz. 
Arbeitsphysiologie 9, 51.

TREADGOLD, E.A. (1930)
Cardiac functional efficiency in the young male adult. 
Proc. R. Soc. Med. 23, (2), War Section, p. 7.



- 292 -

TURNER, A.H. (1927a)
The circulatory minute volumes of healthy young women 
in reclining, sitting and standing positions.
Amer. J. Physiol. 80, 601.

TURNER, A.H. (1927b)
The adjustment of heart rate and arterial pressure in 
healthy young women during prolonged standing.
Amer. J. Physiol. 81, 197.

TURNER, A.H. (1929)
Personal character of the prolonged standing circulatory 
reaction and factors influencing it.
Amer. J. Physiol. 87, 667.

TURNER, A.H., NEWTON, M.I. 8c HAYNES, F.W. (1930)
The circulatory reaction to gravity in healthy young 
women.
Amer. J. Physiol. 94, 507.

TUTTLE, W.W. 8c SALIT, E.P. (1945)
The relation of the resting heart rate to the increase 
in rate due to exercise.
Amer. Heart J. 29, 594.

VAN SWIETEN, G. (1749)
Gommentaria in Hermanni Boerhaave Aphorismos. 
Lugdunibatavorum, Verbeek (2nd Edn.), Vol. 2, p. 7.

VIERORDT, H. (1906)
Anatomische, Physiologische und Physikalische Daten und 
Tabellen.
Jena.

V0LKMANN, A.W. (1850)
Die Haemodynamik nach Versuchen.
Leipzig.

WALLER, A.D. (1887)
A demonstration in man of electromotive changes accompanyin 
the heart's beat.
J. Physiol. 8, 229.



- 293 -

WALLER, A.D. (1913)
Effect of respiration on the E.C.G. and upon the 
electrical axis of the heart.
J. Physiol. 46, 57P.

WAYNE, E . J. & LAPLACE, L.B. (1933)
Observations on angina of effort.
Clin. Science 1, 103.

WEINSTEIN, W., PLAUT, J. & KATZ, L.N. (1940)
Limitations of the use of digitalis for ambulatory 
patients with auricular fibrillation.
Amer. J. med. Sci. 199, 498.

WEIR-MIT CHE LL, S. (1892)
The early history of instrumental precision in medicine. 
Trans. Cong. Amer. Phys. and Surg. 2, 159.

WENCKEBACH, K.E. & WINTERBERG, H. (1927)
Die unregelmassige Herztat igkeit.
Leipzig, (quoted by Gilchrist, 1934)

WHITE, H.L. (1924)
Circulatory responses to exercise in man and their bearing 
on the question of diastolic heart tone.
Amer. J. Physiol. 69, 410.

WHITE, H.L. & MOORE, R.M. (1925)
Circulatory responses to static and dynamic exercise.
Amer. J. Physiol. 73, 636.

WHITE, P.D. (1920)
Observations on some tests of physical fitness.
Amer. J. med. Sci. 159, 866.

WHITE, P.D. (1937)
Heart Disease .
New York, the Macmillan Co., (2nd edn.)



- 294 -

WHITE, P.D. (1942)
Bradycardia in athletes, especially in long-distance 
runners.
J. Amer. med. Ass. 120, 642.

WHITEHORN, J.C., KAUFMAN, M.R. & THOMAS, J.M. (1935)
Heart rate in relation to emotional disturbances.
Arch. Neurol. Psychiat . 33, 712.

WHITNEY, J.L. (1918)
Cardiovascular observations. Medical studies in aviation 
III.
J. Amer. med. Ass, 71, 1389.

WIGGERS, C.J. (1923)
Modern aspects of the circulation in health and disease. 
Philadelphia, Lea and Febiger. (2nd edn.)

WILLIAMS, J.F. (1923)
Correlation of efficiency test: second report.
J. Amer. med. Ass. 80, 16.

WILLIAMSON, C.S. (1915)
The effects of exercise on the normal and pathological 
heart; based upon the study of one hundred cases.
Amer. J. med. Sci. 149, 492.

WILSON, F.N. (1915a)
The production of atrioventricular rhythm in man after 
the administration of atropine.
Arch, intern. Med. 16, 989.

WILSON, F.N. (1915b)
A case in which the vagus influenced the form of the 
ventricular complex of the E.C.G.
Arch, intern. Med. 16, 1008.

WILSON, F.N. (1924)
Report of a case of auricular flutter in which vagus 
stimulation was followed by an increase in the rate of 
the circus rhythm.
Heart 11, 61.



- 295 -

WILSON, M.G. (1920)
The circulatory reactions to graduated exercise in 
normal children.
Amer. J. Dis. Child. 20, 188.

WILSON, M.G. (1921)
Exercise tolerance of children with heart disease as 
determined by standardised test exercises.
J. Amer. med. Ass. 76, 1629.

WINTEKBERG, H. (1907)
Uber die wirkung des N. vagus und accelerans auf das 
Flimmern des Herzens.
Pflug. Arch. ges. Physiol. 117, 223.

WINTON, F.R. (1936)
Simultaneous recording on a smoked drum of (i) The 
conductivity, (ii) rate of flow of urine, and (iii) the 
arterial blood flow through the isolated mammalian 
kidney.
J. Physiol. 87, 65P.

WITTKOWER, E. RODGER, T.F. & WILSON, A.T.M. (1941)
Effort syndrome •
Lancet, i, 240 & 531.

WOLF, A. (1935)
A history of science technology and philosophy in the 16th 
and 17th centuries.
London, George Allen & Unwin.

TV00D, P. (1941)
Da Costa's syndrome (or effort syndrome).
Brit. med. J. i, 767.

W00LHAM, J.G. (1924)
The fitness of schoolboys.
16th Annual Report S.M.O. Manchester, p. 56.



- 296 -

WOOLHAM, J.G. & HONEYBURN, V/.R. (1927)
The fitness of schoolboys.
Ann. Rep. of Dr. A. Brown Ritchie, Manchester, Ed. Comm.

WOOLLARD, H.H. (1926)
The innervation of the heart.
J. Anat. 60, 345.

YATER, W.M. (1931)
The tachycardia, time factor, survival period and seat 
of action of thyroxine in the perfused hearts of 
thyroxinized rabbits.
Amer. J. Physiol. 98, 338.



The Effect of Exercise on the Heart Rate

by -

J.A.C. Knox, M.B., Ch.B.

Volume 2, 
(Figures and Tables)



CONTENTS 
Figures 1 to 77 

followed by 
Tables 1 to 13

NOTE

With the exception of Figs. 6 and 8 all the figures 
were reproduced by the Kodaline process. The graphs were 
reduced photographically from ink drawings. The 

reproductions of actual smoked drum tracings were made by 
printing directly by contact on to Kodaline paper, so that 
these tracings are reproduced natural size. No re-touching 
was performed, and therefore any slight creases or blemishes 
on the original will also appear on the Kodaline print.



20 M E D I C A L
likewife for its importance, deferves 
all our attention. What I mean is, 
the frequency or quicknefs of the 
pulfe, which, though diftinguiflhed 
by forae writers, I  (hall ufe as fyno- 
nymous terms. This is generally 
the fame in all parts of the body, 
and cannot be affedted by the con- 
ftltutional firmnefs or flaccidity, or 
fmallnefs or largenefs o f the artery, 
or by its lying deeper or more fu- 
perficially; and is capable of being 
numbered, and confequently of be­
ing mod perfectly defcribed and com­
municated to others.

T he degrees of quicknefs of the 
pulfe, belonging to the feveral ages 
and diftempers, have been taken no­
tice of by few phyficians in their 
writings; and, as many obfervations 
are neceffary to fettle this do&rinc, 
what I have made, and am going to 
relate, may be of ufe towards con­
firming, corrc&ing or enlarging thofe,

which

Fig. 1. Facsimile of p. 20 from Heberden's "Remarks on the 
pulse" 2nd Edition, 1786.
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Fig. 2. Facsimile of plate I from Stadmanfs "Physiological 
essays and observations”, 1769.



222 P H Y SIO L O G IC A L  STATE

dentary life, in both cases the pulse ceases to 
be equal, flexible, elevated, developed, and 
free, such as is observed in adults enjoying the 
best health, who do not neglect corporeal 
exercise: on the contrary, in the excessive 
exercise of the body, it becomes rapid, 
tempestuous, violent and irregular, as may 
he seen in the case of grotesque dancers, 
runners, blacksmiths, and all such as are 
engaged in violent or fatiguing labours. 
In the course of such bodily exercises and 
labours, the fact is always to he observed, that 
the columns of blood crowd precipitately into 
the ventricles of the heart, which, in order to 
disembarrass themselves of this accumulation 
of blood, are compelled to repeat their con­
tractions with like frequency; and they repeat 
them with a sensible impetus, as if they were 
irritated, so to speak, with the quick return of 
the blood, which incommodes them ; and from 
this state of violence of the Ventricles of the 
heart, and vascular sanguineous system, is 
derived the rapidity, agitation, vehemence 
and disorder of the heatings of the pulse, 
which characterize the irregular and violent 
exercises of the body. Sometimes those exer­
cises of the body are so violent and strong, • 
and consequently the course of the blood so

Fig* 3* Facsimile of p* 222 from Rucco!s ,fIntroduction to the 
science of the pulse” . Vol. 1, 1827.
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jects with the four different electrolytes.
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Fig. 6. General view of recording apparatus.

The leads from the subject can be seen descend­
ing from the overhead trapeze (not shown). The 
amplifier and writing mechanism are visible in the 
background.
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Pig, 7, Circuit diagram of amplifier used for recording the 
cardiac action potentials.



Fig. 8

PttUOUT-

Writing mechanism and drum.
The pointers, from above downward, record:

Signal - beginning and end of exercise.
Time - in seconds.
Heart Beats - R~S waves of electrocardiogram. 
Respiration - a downward movement indicates 

inspirat ion.



I£

!

i

Fi
g.
 
9. 

Ex
am
pl
e 

of 
a 

ty
pi
ca
l 

tr
ac
in
g.



Fi
g*
 
10
. 

Ky
mo
gr
ap
h 

tr
ac
in
g 

wi
th
 

ve
rt
ic
al
 
li
ne
s

bO ©pC o•HI pPh a
P •HTJ -P ©n ©ra o ©
© obOC © bO© •H C
X • *Ho bOn ©0 •H P-P o P1 a5 © ©
U Ph i—1
-P p ©© ,herf ^ • pp n
X o pp *H o1 0 O -P
X Ph g-p c o o1 O ft pP •H pO P P ©P © G03 O ft ©P ft ft rH03 P ft •i>s •rH © © © © _erf © & Xn «h o P G ©erf o H © P.3 ft) Ph © © P Ph ©o K fh p O Xp  © EH £ fx< O





Name .. . ■ Trace No. A ^
Address ZJJ .
Age &l M-ejp-JL Ht. 5 ' 9*1 ' Wt. tS^fy.Leg 3^,1*
Chest: In 3 4 ^  Out 311 (2%) Hb g 3  *

• (Dare) V (ol
Cardiac history:

|\4o- pA^ur«u^ Lvv^ M
1̂ 0 ( <5^** P * 5

Pig. 11. Example of standard record card.



Kymograph tracing showing the very brief latent 
period between the beginning of exercise and the 
onset of cardiac acceleration.
Vertical ink line indicates the beginning of 
exercise .
Upper line - signal 
Second line - time in seconds 
Third line - heart beats 
Fourth line - respiration.
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Graph of average heart rates in 5 second intervals 
before, during and after the standard exercise. 
Series A, 75 male students.

The average maximum rate here is slightly lower 
than that given in Table 1 because the maximum rate 
does not always fall in the same 5 second interval.
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14* Graph of average heart rates in 5 second intervals 
before, during and after the standard exercise. 
Series B, 25 female students.



E F F E C T  O F  P O S T U R E  DURI NG T HE  S T A N D A R D  E X E R C I S E .

E x e r c  ise
120-1 ___ _

" • o C u r v e  A.standing-exercise-standing. 

Curve  B. si tt ing-exercise-sit ting.

h e a r t  r a t e  

90- 
b e a t s /  mi n.

80-
Curve C. s i t t ing—stand ing  only.

70
302515 20IO5-5 O

seconds.

Pig. 15. Graphs of mean heart rates in 5 second periods 
during the standard exercise, and the effect of 
posture alone. (7 male subjects)
Curve A - exercise performed beginning and ending in 
the standing posture.
Curve B - exercise performed beginning and ending in 
the sitting posture.
Curve C - mean heart rates when the subjects changed 
from the sitting to the standing posture.
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E X E R C I S E  C O M P O N E N T  O F  H E A R T  R A T E .

+  3 0-

+ 20 -

Beats/mln.
+  1 0 -

2 0  25I 5-5 5 10O
S e c o n d s

Fig. 16. Graph of heart rate in successive 5 second periods 
obtained by subtracting curve G from Curve B (Fig. 
15). This gives the rise of heart rate due to the 
exercise component alone. (7 male subjects)
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Pig. 18. Kymograph tracing taken shortly after the end of 
exercise and showing simple pauses in the rhythm 
of the heart.
Upper line —  time in seconds 
Middle line - heart beats 
Lower line —  respiration



E F F E C T  OF L O A D  ON VARIOUS HlR.  I N D I C E S

Fig.

60
Time to re t  u rn 
to no rm a l , f  rom 
e nd of exercise 

ts e c s.)

Time to r e a c h  
Max.  R a t e(sees;

Mean Acceleration 
b e a t  s /minyscc.  2*5*

 — ........................2*0 -

Percentage Increase

over 
Init ial Rate

50-

................ - ................ 4 0 ............... - ------------ -------------------------

Maximum Rate 
b e a t s / m i n . 130-

120
O IO 2 0  3 0  4 0

L o a d  C a r r i e d  (Kg.)

T
5 0

19. Series W. Graphs showing the effect of load
carrying on various heart rate indices. Standard 
exercise of 5 ascents at 96 steps per minute.
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Fig. 20. Series W. Graphs of mean heart rates in 5 second 
intervals during the standard exercise, showing the 
effect of carrying various loads.



E F F E C T  OF DURATION OF EX. ON VARIOUS INDICES

M ean  2 - 
a c c e l e  r a t  ion

(beats/mi n./sec.) 1 -

4 5 -  Time to re turn
to normal.

( s ec s ,  from 35 -  
end  of ex.')

25
8 0

P e r c e n t a g e  
i n c r e a s e  70- 

o v e r  
ini tial r a t e

6 0 ’

............... JLQ.

Maximum Rate
/ , v , 3 ° ‘ (bea ts /  mln.)

120
5 IO  15 2 0
Climbs ot 96  steps/min.

Pig. 21. Series D. Graphs showing effect of duration of 
exercise on various heart rate indices.
The exercise consisted of 5, 10 and 20 ascents of 
the two steps at the standard speed of 96 per minute.



5 , 1 0 * 2 0  c l i m b s  a t  9 6  per  m i n u t e .  No Loa d .

E X E R C I S E
B E G I N S1 3 0 -

p— 0---0'' y120

I IO- 
Beats 

per -min.IOO-
20climbs

IO cl imbs
5 cl imbs

7 0
8 0  9 0  IOO3 0  4 0  5 0  6 0  7 0

Seconds.

Fig# 22. Series D. Graphs of mean heart rates in 5 second
intervals showing the effect of varying the duration 
of the exercise. The exercise consisted of 5, 10 
and 20 ascents of the two steps at the standard rate 
of 96 steps per minute . The small arrows indicate 
the end of exercise for each curve.



EFF ECT OF S P E E D  AND DURATION OF  E X E R C I S E

Pig.

4 0
P erce  n t a g  c 
inc re a s e  over

3 0 -

20 -

4 0 -
Time to r e t u r n

W W  II V  I lliu I. 30*
(secs, f rom end of ex.) 1 

20 -

Maximum Rate 
(beats/min .)

Initial Ra te  

(bea t s / min.)
85

5 climbs 5 
a t IO 5 IO 

climbs climbs climbs climbs
96/min. a t  a t  a t  at

48/min. 48/min. 96/min. 96/min. 
sittinq i j

to ----------------"v"---------------
sitting standing t o  s tanding .

23* Series S. The effect of varying the speed and 
duration of exercise on some heart rate indices.
The various rates of stepping and durations of 
exercise are indicated on the abscissa.



EFFECT OF SPEED ANO DURATION OF EXERCISE. • (S trl.»  S IO sub ject* )

1301
1 2 5 -

120-

— IOX 96/mln. (rtondln9 to itondln9)

Heart
»5 X 9 6 /m lri. \

(standing to  standing.
105 -

> IOX48/mln. (standing to *tandlng{)5 X 48/min (standing to standing)IOO-
5 climb* at 981mln. (sitting to sitting)95 -

90-

85 -

80 85 9565 7555-5 5 35 45O 15 25
Second*.

Fig. 24. Series S. Graphs of mean heart rates in 5 second 
intervals showing the effect of varying the speed 
and duration of exercise. The small arrows 
indicate the end of exercise for each curve.



S e r i e s  B. N. 22 Subjec ts .

H e a r t  Rate d u r i n 9 E x e r c i s e  in No r ma l  S ub jec t s .

9 0 -

Bcats
per

Minute.
8 0 -

7 0
3 0  4 0  5 0  6 05 O 5 IO 7 0 8 020

Seconds.

pig. 25. Series B.N. (22 subjects). Graph of mean heart
rates in successive 5 second intervals before, during 
and after the standard arm-stretching exercise 
performed in the re.cumbent posture .



Ser i es  C. V. D. H. C a s e s .

H e a r t  R a t e  du r i ng  Ex e rc i s e  in T o l e r a n ce  Groups .

1301

120-

*  Fa i r.

I IO-  
B e a t s  

per  
M i n u t e

IOO-

EXERCISE-
90

4535 4025 30-5 IO 15 20
Seconds.

Fig. 26. Series C. V.D.H. Cases.
Graphs of the mean heart rates before, during 

and after the standard step test in patients classi­
fied into their different !tolerance groups1 .



Hear t  R a t e  during e xe rc i s e  in N o r m a l  S u b j e c t s .

120-

Beats

per

Minute
IOO-

90

EXERCISE

80 15 2520 305 IOO5
Seconds.

Fig. 27. Series A + Series B.
Graph of mean heart rate before, during and after 
the standard step test in 100 normal subjects.
This figure is graphed to the same scale as Fig. 26 
and is for comparison with that figure.



ScriesC. Effect of Posture on Heart  Rate  in Normals and V D H Cases.

Subject
Stood

IOO-
Bcats

per
Minute

90- 6 V. D.H. cases.
^  o7 Normals.

80-

70-5 5 15O IO 20 25 30 35 40
Seconds

Fig. 28. Graphs of mean heart rates during change of posture 
from sitting to standing.
Upper graph (full line ) - results in 6 cases of

valvular disease.
Lower graph (broken line) - results in 7 normal

subjects.



S e r i e s  C Exerci se  Component  only.

EXERCISE-

+ 4 0  n

+ 3 0  * 
Bcots

P«r
Minute + 2 0  ■

V. D.H.cases.

+IO- XT

35 4 05 20 25 3 05 IO 15O
Seconds .

Fig* 29. Graphs of mean heart rates during the standard step 
test showing the effect of the exercise component 
only.
Upper graph (full line) - results in 6 cases of

valvular disease.
Lower graph (broken line) - results in 7 normal

subjects.



Series  C. E x e r c i s e  Com ponen t  only. V. D.H.cases.

E X E R C IS E

+ 4 0 1

+ 3 0 -  •Fair .Beats
per
Minute

+  20 -

*Exce llcn t .

- 5 O 5 IO 15 20 25 3 0 35 4 0
Seconds

Pig, 30. Graphs of the effect of the exercise component of 
the step test on the heart rates of patients with 
valvular disease belonging to two different 
Ttolerance groups'.
Pull line - mean heart rates in 2 patients with 

excellent tolerance.
Broken line - mean heart rates in 5 patients with 

fair tolerance.



S e r i e s  B.N

Bed e x e r c i s e  on h e a r t  r a t e s  of n o r m a l s  an d  p a t i e n t s .

140

130-

B e a t s  
p e  r

Curve A.

M f n u t e .
100-

9 0 -

8 0 - C u r v e  B.

I C u r v e C.

3 0  4 0  5 0  6 0  7 0  8 0
7 0

•5 O 5 IO 2 0

Seconds.

Pig. 31. Graphs of the effect of the arm-stretching exercise 
on the' heart rates of normals and cardiac patients.
Curve A - mean curve of heart rate in 4 cases of 

valvular disease .
Curve B - curve of heart rate in convalescent V.D.H. 

patient.

Curve C - mean curve of heart rate in 22 normal 
subject s.



Series  B.C. Effect  of t r ea tm ent on response to bed exe rc ise .

1 3 0 n

20 -

C u rv c  A.

oo-
Beats
per

Minute
9 0 -

C urve  B.8 0 -
EXERCISE-

7 0
20 3 0  4 0

S e c o n d s .
8 07 0

Fig. 32. Graphs of the effect of treatment on the response 
of the heart rate to the arm-stretching exercise.
Curve A - Exercise test performed shortly after 

admission to hospital.
Curve B - Exercise test performed by same patient 

6 weeks later.



S e r i e s  B.C. E f f e c t  o f  t r e a t m e n t  

on r e spo nse  t o  bed e x e r c i s e .

I 4 0 n

1 3 0 -

C u r  ve C.

20 -

II o-
B e a t s

MinuteIOO-

9 0 -

C u r v c  D.8 0 -

EXERCISE-
3 0  4 0  5 0  6 0  7 0  8 05 O 5 IO  2 0

S e c o n d s .

Fig. 33. Graphs of the effect of treatment on the response of 
the heart rate to the arm-stretching exercise.

Curve C - Exercise test performed 6 days after 
admission to hospital.

Curve D - Exercise test performed by the same 
patient two weeks later.



S er ies  C
H ear t  Ra tes  during standard exercise 
in Angina Pectoris  Cases.

I 3 0 i

Mean curve for normal males.20 -

Beats
per

Minute.100-
-o Curve A. 

— * Curve B.9 0 -

8 0 -

7 0
6 0504 020 305 O 5 10

Seconds.

Fig. 34. Graphs of heart rate during the standard two-step
exercise in normal males and in three patients with 
angina pectoris.
Upper Curve (dotted line ) - mean result for normal

males (Series A)
Curve A - heart rate in anginal patient with fair 

tolerance .
Curve B - heart rate in anginal patient with poor 

tolerance.
Curve C - heart rate in anginal patient with fairly 

good tolerance.
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Series C. Heart Rate during exercise Incases of 
Effort Syndrome and Coronary  Thrombosis .

140-1

30 -

120-

Bea t s Cu rve A. 
x Cu rve B.Minute.

IOO-

-EXERC ISE-
8 0 -

70
5 O 5 IO 2 0  30  4 0  5 0  6 0

Seconds.

Pig. 37. Graphs of heart rate during the standard two-step 
exercise in cases of effort syndrome and coronary 
thrombosis.
Curve A - heart rate in effort syndrome case with 

good tolerance.
Curve B - heart rate in effort syndrome case with 

fairly good tolerance.
Curve C - heart rate in a case of coronary 

thrombosis.



S e r i e s  C. and  B.C. H e a r t  Block C a s e s .

BED EXERCISE

Curve

Beats

Minute

O IO 2 0  
S e c o n d s .

5 0 -

■•B.
4 0 -

3 0
3 0 20 IO IOO 5 0  6 020 3 0 4 0

S e c o n d s .

Fig. 38. Graphs of heart rate before, during and after 
exercise in cases of heart block.
Curve A - Effect of arm-stretching exercise on the 
heart rate in a case of partial heart block.
Curve B - Effect of standard step test on the heart
rate in a case of partial heart block.
Curve C - Effect of standard step test on the heart
rate of a patient with complete heart block.
(Same patient as in Curve D, but taken one year 
later).

Curve D - Effect of standard step test on the heart 
rate of a patient with complete heart block.



Case C 35. Heart Block.
Heart Rate during standard and prolonged exercise.

Ex. Begins

Ex. Ends
Beats 4 ° '

 v
Ex. Ends

Curve B.Minute. Curve A.3 0 -

20
-10 0  1020 4 0  60  80  IOO 120 140 160 180 20  0  2 2 0  2 4 0

Seconds.

Pig. 39. Graphs of heart rate during and after step tests in
a case of complete heart block.
Curve A - heart rate during and after a prolonged

step test (20 ascents).

Curve B - heart rate during and after the standard 
step test (5 ascents).

In each case the end of exercise is indicated by the 
arrow.
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S c r i e s  B.N.
Heart Rate durin9 Exercise in Case of Hypcrthyroidisrri. 
Effec t  of Trea tment.

20 -

Curve A.
Beats  
per  IOO-

M inute. Curve B.

9 0 -

8 0 -
Cu rve C.EXERCISE

7 0
5 O 5 IO 2 0 3 0 4 0  5 0

Seconds.

Pig. 41. Graphs showing the effect of treatment on the 
response of the heart rate to arm-stretching 
exercise in a case of hyperthyroidism.
Curve A - response of untreated patient.
Curve B - response after treatment with iodine.
Curve C - response after partial thyroidectomy.



Ser i e s  B.C. H e a r t  Ra t e  dur ing  exer c i se  in a c a s e  of 

H yp e r t h y r o i d i s m  b e f o r e  a n d  a f t e r  o p e r a t i o n .

1OO-i

jCX90 - xr
xxB e a t s

p e r

Minute
80 -

70 -
E x e r c i s e
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, 42. Graphs showing the effect of treatment on the 
response of the heart rate to arm-stretching 
exercise in a case of hyperthyroidism.
Curve A - response of untreated patient.
Curve B - response after partial thyroidectomy.



Series C. Auricular Fibrillation Cases on Digitalis.

Heart Rate during Exercise by Toierance Croups.

170

I 50

-POOR•FAIR
•FA I RLY GOOD130

Beats
p e r

Min u t e .
Normals.

90
GOOD

70

EXERC ISE
50

5 O 5 IO 20  30 4 0  50
Seconds.

Pig. 43. Series C. Auricular fibrillation patients on 
digitalis.
Graphs of mean heart rates before, during and 
after the standard step test in patients classified 
into their different ’tolerance groups’.
The dotted line shows the mean curve for normal 
subject s.



S c r i e s  C. H e o r t  R a t e  dur ing e x e r c i s e  In c a s e s  of 

Auricular Fibri l lat ion n o t  on D ig i t a l i s .

22 0 -

200-

—>r
Nc Curve A.

I 8 0 -
Curve B.

Beats  
p e r  I 6 0 -

Minute.

4 0 -

Curve C.
2 0 -

O O -

—e x e r c  i s e  .
8 0

4 0 5 05 0  5 IO 2 0  3 0
Seconds.

Fig* 44. Series C. Auricular fibrillation patients not on 
digitalis.
Graphs of heart rate before, during and after the 
standard step test in four patients.
Curves A, B, C and D are each from a separate 
patient.
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Series B.C.
Heart  Rate during Exerc ise  in 

Two Cases of Auricular  Fibr i l la t ion .

I 50-,

140-

130-

I 2 0 -

Beats

Minute
taCurve A. 
*Curve B.

100-

9 0 -

EXERCISE8 0 -

7 0
3 0  4 0; IO 20 

Seconds.

Fig. 46. Heart rate during arm-stretching exercise in two 
cases of auricular fibrillation.
Curve A - Case B.C. 27, not on digitalis.
Curve B - Case B.C. 26, on digitalis.



Series C and B.C. Step and Bed exercise in the same 

fibrillation patient'  compared with normals.

Step Ex.

9 0 - Curve A.

170-

Beats

Minute

130-

xCurveC.I

O.-KJ—O --0"” '0—o-j-sx 
 Bed Exercise--------- '°— oCurve D. 

6 0
7 0 20 3 0 4 0  5 0■5 0  5 IO

Seconds

Pig. 47. Effects of the standard step and arm-stretching
exercises on the heart rate of the same auricular 
fibrillation patient, with normal curves for 
comparison.
Curve A - effect of step test on patient’s heart rate
Curve B - effect of arm-stretching on patient’s heart 

rate .

Curve C - effect of step test on heart rate of normal 
subject s.

Curve D - effect of arm-stretching on heart rate of 
norma1 sub je ct s.



Series C. C a s e  C49-
Auricular Fibr i l la t ion  on Digital is .

S tandard  Exerc ise  3times at I5minute intervals.

1701

I 5 0 -

^ky,<°Curve B.
3 0 -

B ea t s
per

Minute

9 0 -

7 0 - (-EXE RC ISE—I

5 0
5 0  6 05 O 5 IO 4 020 3 0

S e c o n d s .
i :___________ :_________:

Fig. 48. Effect of repetition of the standard step test at 
15 minute intervals on the heart rate of a patient 
with auricular fibrillation.
Curve A - Heart rate before, during and after the 

standard step test.
Curve B - the same, 15 minutes later.

Curve C - the same, 15 minutes after Curve B.



Fig.

Curve

Curve

Curve

Curve

S e r i e s  C.  E f f e c t  of c l i n i c a l  c o n d i t i o n  on  H e a r t  R a t e  

d u r i n g  e x e r c i s e  in t w o  c a s e s o f  A u r i c u l a r  F i b r i l l a t i o n .

1801

I 6 0 -
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x C u r v e  A.
120- 

B e a t s  
pe r  

Mi  n u t e100-

C u r v e  B.

8 0 - . ^ " ' • C u r v e C .  
’̂ C u r v e  D.
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— e x e r c i s e —

4 0
5 0  6 04 03 0205  O  5  IO

S e c o n d s

49. The effect of clinical condition on the heart rate 
during the standard step test in two cases of 
auricular fibrillation.

A - heart rate before, during and after the step test.

B - the heart rate In the same patient one year later, 
when the clinical condition had improved.

C - heart rate before, during and after the step test 
in another fibrillation patient.

jj - the heart rate six months later in the same patient 
as curve C, when the clinical condition had
deteriorated.
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S c r i e s  B.C. E f f e c t  of T r e a t m e n t  on F ibr i l lat ion  Case.

Bed Exerc ise

130

p e r  I I 

M in u te C u rv e  A.
9 0

P C u r v e  B.

7 0
Or

5 0
6 05 04 03 020

Seconds

Pig, 51. Case B.C. 21. Effect of treatment on the heart rate 
during the arm-stretching exercise in a patient with 
fibrillation.
Curve A - curve taken three weeks after admission.

On digitalis.
Curve B - taken two weeks after curve A.
For details of treatment see script.



S c r i e s  B.C. E f f e c t  o f  T r e a t m e n t  on  F i b r i l l a t i o n  C a s e ,  ( c o n t i n u e d ) .

1 5 0

1 3 0

B e a t s

Curve C.M i n u t e .

9 0

—-o~-

5 0
6 0 7 05 04 03 020IO- 3 0  - 2 0  - I O O

Seconds.

Fig. 52. Case B.C. 21. (continued from Fig. 51).
Curve C - taken one week after curve B and 12 hours after

quinidine .
Curve D - taken 3 days after curve C and immediately after 

quinidine.
Curve E - mean curve of normal subjects for comparison.
Curve F - taken 5 days after curve D and one hour after return

to normal rhythm following quinidine.
Curve G - taken 3 days after curve F. No further medication. 
For details of treatment see script.
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Pig. 54. Kymograph tracings of heart beats during standard 
step-test in four patients with auricular 
fibrillation and in one normal subject.
Upper four tracings - auricular fibrillation

patients.
Lowest tracing - normal subject.
In all four fibrillation patients there is a sudden 
delayed acceleration of the heart rate at the point 
indicated by the arrow in each case.
The normal subject shows no evidence of such a 
delayed, acceleration.
In each case the standard step-test was performed 
between the dips-on the signal line.
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S t r i c t  C. I n te r v a l s  be tw een '9 Icula r  f ib r i l la t ion .

■S TANDARD S T E P  T E S T -
190

170

150-

B e a t s

M in u t e

9 0 -

7 0 -

50
6 055 652 0  2 5 50 7 015 3 5 4 5-IO -5 5 IO 30 4 0 75O

Beats from beginning of exercise

Fig. 55. Subject C 46, auricular fibrillation.
Graph showing intervals between successive heart 
beats before, during and after the standard two- 
step test.

Abscissa - individual beats from beginning of 
exercise.

Ordinate - interval between successive beats, 
expressed as beats per minute.
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Pig. 59. Kymograph tracings showing the effect of deep
breathing on the rhythm of the heart in two cases 
of auricular fibrillation. No consistent 
variation in rhythm can be seen.
Upper line - signal 
Second line- time in seconds 
Third line - heart beats
Fourth line-'respiration (fall of pointer indicates

inspirat ion)



Pig. 60. Electrocardiograms (string galvanometer) from a 
case of auricular fibrillation, (Case C 46).
A - lead I, before exercise.
B - lead II, before exercise.
C - lead III, before exercise.
D - lead I, immediately before standard step test.
E - lead I, during last few seconds of standard

step test showing onset of delayed acceleration
at arrow.



Fig. 60.
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Pig. 62. Electrocardiograms (string galvanometer) from a 
case of auricular fibrillation. (Case G 40).
A - lead I, before exercise.
B - lead I, immediately after exercise. 
G - lead I, 5 minutes after exercise.



Fig. 63. Electrocardiograms (string galvanometer) from a 
case of auricular fibrillation (Case C 48).
A - lead I, before exercise.
B - lead I, immediately after standard step test.
C - lead I, 15 seconds after B.



S e r i e s  S .T .C .  I O c I i m b s  wi t h  3 0  k9. I o a d .
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Fig. 64. Series S.T.C. (45 subjects).
Graph of mean heart rate in 5 second intervals 
before, during and after exercise.
The exercise consisted of ten ascents of the two 
steps at 96 steps per minute, carrying a load of 
30 kg.
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Wright.  Step Test be for e  and a f t e r  a sho r t  run on the t r eadmi l l .  

Ser ies  A n o r m a l  curve f o r  compar ison.

I 3 0 1

120-

Curva A.Beats 
per  9 0 -  
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8 0 -

7 0 -
b--

CurvtB.
6 0 -

bCurvcC.
I—E x e r c i s e

5 0
60 7 05 04 03 05 O 5 IO 20

Seconds

Pig. 66. Subject D.M. Wright.
Effect of a short run on the treadmill on the 
response of the heart rate to the standard step 
test.

Curve A - mean heart rate curve of 75 male medical 
students, for comparison.

Curve 3 - typical heart rate curve for Vifright before
a run on the treadmill.

Curve C - heart rate curve for Wright ten minutes 
after a half-mile run on the treadmill.



W ri g h t . S t a n d a r d  s t e p  t e s t  b e f o r e  and  a f t e r  a  run of 5*6 m i l e s  

on the  t r e ad mi l l .

IOO-

9 0 -

B c a t s  

p e r  8 0 -

M i n u t e
7 0 -

©Curve B.

C urve  A.
6 0 -

—E x e r c i s e -----
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6 0  7 05 03 0  4 0205 O 5 IO

S e c o n d s

Fig. 67. Subject D.M. Wright.
Effect of a run of 5.9 miles on the response of the 
heart rate to the standard step test .
Curve A - heart rate before, during and after step- 

test performed ten minutes before the run.
Curve B - heart rate before, during and after step- 

test performed ten minutes after the run.
(Erratum - the legend above the figure should read 

5.9 miles, not 5.6 miles)
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W right, 5*6 m ite run on treadm ill.

130-1 Heart Rate
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20

4 0  4520 25 3 0IO 35 5 0  55

Pig. 69. Subject D.M. Wright.
Graphs of heart rate, respiration rate and speed of 
running throughout a 5.9 mile run on motor-driven 
treadmill.
(the dotted lines in the heart and respiration rate 
curves indicate breaks of 30 seconds during which the 
kymograph drum was changed).



W r i g h t .  H e a r t  R a t e  d u r i n g  s t a r t  of f o u r  r u n s .
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V
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Fig. 70. Subject D.M. Wright.
Graphs of heart rate in 5 second intervals at the 
start of various runs on the treadmill.
Curve A - s-cart of 5.9 mile run.
Curves B, C & D - three separate starts at half-hour

intervals. Taken one year after 
Curve A.



PULL

Pig. 71. Typical kymograph tracing of heart heats and 
respiration during a brief static effort.
Upper line -■ 
Second line ■ 
Third line -• 
Fourth line ■

signal.
time in seconds 
he art be at s . 
re spiration.

At first signal mark subject pulled out two springs 
to a tension of 7.5 kg., and at second signal mark 
the springs were returned to zero.
Tracing shows * initial* and * re lease* accelerations 
of the heart rate.

07827393
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Pig. 72. Graph of mean heart rate in 5 second periods before, 
during and after a brief static effort.
First series, eight subjects.
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Fig, 75. Static effort; second series, fifteen subjects.
Upper curve (full line) - mean heart rates during 

pull of 7.5 kg.
Lower curve (broken line) - mean heart rates of 

same subjects during performance of 
the same movements, but without tension 
on the springs (sham static effort).
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Fig. 76. Static effort, second series. Response of heart 
rate to static component alone.
Graph obtained by subtracting the heart rates in each 
5 second period of the lower graph from those of the 
upper graph in Fig. 75.
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Fig. 77. Graphs of heart rates in 5 second intervals for 
three subjects performing a static effort of 7,5 
kg. until they could no longer hold the arms steady.
Small arrows indicate the end of effort for each 
curve .
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TABLE 3.
Series A .

Comparison of Exercise Tolerance Indices in Subjects with 
and without marked Sinus Arrhythmia•

I n d e x Mean value in 10 
subjects showing 
marked Sinus 
Arrhythmia

Mean value in 10 
subjects showing no 
Sinus Arrhythmia

Early Resting Rate 
(beats/min.)

89.0 79.8

Initial Rate 
(beats/min.)

95.5 83.7

Maximum Rate 
(beats/min.)

155.0 123.5

Time to reach the 
Mast. Rate (seconds)

13.0 15.0

Acceleration of Hear 
Rate (beats/min/sec)

b 3.42 2.54
Extra Beats 14.8 14.7
Actual Increase in 
Heart Rate (beats/mi: 39.5

i)
39.8

Percentage Increase 
over Initial Rate

43.5 48.8

Post-Exercise Rate 
(beats/min.)

97.8 87.0

Return to Normal 
(seconds)

18.4 17.3

Rate 5 mins. after 
Exercise (beats/min) 84.7 79.0
Age in Years 20.3

.

20.4



TABLE 4.
Variation _of__Indices with Load carried. Series vV•
(means of observations on 17 subjects). Number of climbs
(5) constant. Rate of climbing constant (96 steps/minute).

I n d e x NO LOAD LOAD 
19.5 kg.

LOAD 
32.2 kg.

LOAD 
40.3 kg.

Initial Rate 
(beats/min.)

86.7 87.4 88.9 90.1

Maximum Rate 
(beats/min.)

124.9 130.9 134.3 137.4-

Time to reach Max. 
Rate (seconds)

14.6 18.1 18.4 19.3 |
1 i

Acceleration of th 
Heart Rate 
(beats/min/sec)

e
2.7 2.5 2.7

r .....
2.6

Extra Beats 19.2 25.3 28.1 33.4
Percentage Increas 
on Initial Rate

e
45.3 51.3 52.5 55.1

Actual Increase ir 
beats/min.

38.2 43.5 45.3 47.2

Post-exercise rate 
(beats/min.)

97.9 104.9 111.1 116.4

Time to return to 
normal (seconds)

32.0 36.8 50.6 56.0

Duration of 
Exercise (seconds)

20.4 21.4 21.9 22.4

Mean Total work 
(kg.m.) 163 212 244 266

Mean Rate of 
Working
(kg.m. per min.) 478 595 __— .... .. 669 712



TABLE 5.
Summary of Results of Standard Tolerance Test (5 climbs at 96 
steps/min. No load) in the Load and Duration Series. Total 
of 30 male subjects. For comparison with results in 
Series A (Table 1).

I n d e x Mean
-----

Range Corrected
Standard
Deviation

1Coefficient
of
Variation 
(percentage)

Initial Rate 
(beats/min.)

83.8 58-112 14.5 17.3

Maximum Rate 
(beats/min.)

123.3 102-160 14.9 12.1

Time to reach 
Maximum Rate (secs.)

15.0 7.5-22.5 - -

Acceleration of heart 
rate (beats/min/sec)

2.7 1.29-4.03 0.57 21.1

Extra Beats 19.3 •
1—1 to

 
i1 
•
E- 7.2 37.4

Percentage increase 
on initial rate

49.2 27.9-94.6 15.7 31.9

Actual increase in 
beats/min.

39.5 24.8-48.8 - -

Post-exercise rate 
(beats/min.)

94.8 80-136 16.7 17.6

Time to return to 
normal (seconds) 30.9 6.5-137 25.2 81.6



TABLE 6.
Variation of Indices with Duration of Exercise. Series D. 
Tmeans "of observations in 13 subjects)"* No Load. Rate of 
climbing constant (96 Steps/min.)

I n d e x ir
5 CLIMBS 

lean total work 
167.5 kg.m.

10 CLIMBS 
mean total 
335 kg.m.

20 CLIMBS 
work mean total 

work
670 kg.m.

Initial Rate 
(beats/min.)

80.0 79.1 76.2

Maximum Rate 
(beats/min.)

121.3 127.7 133.9

Time to reach 
maximum rate 
(seconds)

15.6 29.4 61.7
i

Acceleration of 
the heart rate 
(beats/min/sec)

2.7 1.7 0.9

Extra Beats 19.6 38.9 77.3
Percentage incres 
on Initial Rate

se
54.3 65 • 3 79.8

Actual Increase 3 
(beats/min.)

.n
41.3 48.6 57.8

Post-exercise rat 
(beats/min.)

,e
90.8 97.4 102.6

Time to return tc 
normal (sec onds) 29.4 36.9 47.1

Duration of 
Exercise 
(seconds)

20.9 40.5 78.6
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ra bO bQx> d dB d P P to to to to as o c*-• •HH'D'O • . • • • • • •co rl b d d LO CM CO P as as CO too \  © © OS CM p CM CM ora to p P P p© lo as ra raPd© pCO © Opra• X> to© S d bO LOra p  a p d o o ĥ o 00 CO toP P p XJ P • • « • . . . .O o g d p LO to o CO to P od \  © p OS p LO CM CM o© O 00 P p p I—1K P *sh ra raM •TJOh © P OO O © PrHd m bO bOo o o d d CO CM L" CMP ̂5 B d p P 00 CO o CO c- . • .P PP'O'O • • • • • P OSCO rl B d d to LO LO o CM CM asd • o \  © © os 1—1 CMCO P P pH ra to <sh to mpTJ od © p00 T-3 © oO pXS d ra© ra rO bO bO© B d d dA O •H P P P C" p LO CO co as 'ShCO rH rH B P P • . • • . • • .o \ P  P lO CO to CM CM as CMXl £ 3 CO P P 00 p p P to to asP O lo cr> m w p•H£: radra O © ©© p TO XI ra d ©O P O p © p pP © © © ©T5 J> ra Ch d © © d

d  d o o O P raP © ✓—* x) © d © © ©n © • © • a ® d ra P d <D— . W'—*<M X> XI p d p d © p ° ra d • p  •o O © p © p © © p  © d p © P a d o d© S Pd B d pel p p p © aO © d p d Pd <«h \ \ © © g © © P p B © SO O xs P ra B ra o B d d \ O P  P \•rH © P P p p p © m d P P ra © mp ra d P © S © B P P P © © d © P I P© Cl p © p © © p © d © d O P 3 © p ©P © H P  X5 K X> B X! o © © P d P © ra ©SH © d ©'— p © o © O X! © d a O o o© B H EH ̂ C XI ̂ P el CH O <1 a, w
>  —



10 
cl
im
bs
 

at
 

96
/m

in
 

st
an
di
ng
 

to
 

st
an

di
ng

37
.4

37
.5

I --
--

--
--
--

--
--
--

--
--

-—
—

36
4.

6

COp

P  o©  p

03 bQ hO
P  d  d• g  Cl »H *H 03 LO toCO •H'rl'O'd • • •
rH g  Cl Cl GO 02 02

03 O  \  ©  © 02 i—1 00 03<D CD P  P «H P•H ID 03  03 03

vy
CO P©  O

P• 03© P  bO
03 g d  bO•H •H d  »H d CD «D COO rH «H P  *H • « .
Sh O  g C  P o 02 nH rH© \  ©  P to I> CO O
X  • O  GO P  *H to t o

W  P H  ^  m m©<*H Oo  i—1 P  O©  Pd  OO  S3 03 bQ bO•H P  d  dP £ d H  -H 00 02 to© H  •HrD  U • . •
Sh • h  g  d  d 02 CD 02 02
d — * O  \  © © 02 to 00 OQ  ra CO P  P rH t oP ra mP  o
d  ©©  •< -3 p

p © oP  d p©  03 03© P  bO bQf t O g  d  d  d O 00 t o

CO H •H *H *H *H • • .
rH g P  P C" 03 02 CD

P  d o \ P  P 0 2 rH 00 P
P  O CD »H *H rH P
•H P  03  m  ra^ 03d ©
03 O ra
©  -H •H Sh
O  P O o -—* ©
•H © P - ^ Sh • ft
P  > 03 © g
C  Sh d  p X Sh • • ©
M  © u  d © O  bO £ +>

03 X d  o ^  X cp • d
<P P P  o "— ■ o t od
O  O © ©  © O rH X  «H

Sh ra -—* © P ©  ̂  g
d  <P p d ra P  © po o o o  p O  g ©  bO
•H d P  rH •H d &H 6 cd d
p  ra © P  O o •H
©  d H ©  g © o d  h d x

*H © £ p Sh © © Sh © Sh
Sh © •H O d  ra ©  © © O
©  g EH d P  — s  a s  ^



ft
Go
Sh
(G

©
O
G
CO
Sh©

rH
O
Eh

03

Sh
as
§

P
G©

H
«H©
O
*
W

p
G 
© i—i 
rH 
© 
O
X
&q

©
o

O G
©  CO
•rH Sh
tj ©Sh • TJ 
CO <G ft 
© • O  O ftO •
G W

ra p  •
o © • 
■p  6  «ft ©
£  cO P

Sh G  ra co to
rH *H 

O G rHis © CO

gO 
•H
+3
CO 

P
•H O 
f t  !̂ :
H  G
05 Of t  • co raH  *H CCO rcs o G Sh »H O CO P •H O CO ra >}P 
© G *H o o a
O Qj »i—|
O  EH rH

ra©
W
co
£

Dd

O
•rHracO •
G G 
f t  © 

•H P
PQ

o

tj
O
O
bO

>5
Sh©>

T5
o
o
to

Sh©>

o
•H ft 
P  H  
CO

© ra
G *h
Sh P  

•H
T5 TJ 
©  Sh 
£  CO
o  o

G o ra *h 
ra P  
© Sh 
i— I ©£ X o ©p
ft ©
a  & 
>» © OQ > © 
• ra 

P
G G © O
> } Po a,i—I »H i—1 ©  

rH Sh ft Oo © g K
fx, f t  © ©

co
•H
G
ShCOo• >s 

Sh G 
©  O •  >  CO P
© P  G 
(x, ©p  s  o G •H ©  o 
P  P  rH 
CO ra ft  
£  »H £  
ft ra © 
© Sh
G ® GK P h H

G
O
O
bO
>s
Sh©>

©
Sh©
>
©
ra

Go
•
p  t>»
G i—i 
© G

H °
o  ra G 

H  £  O 
P i O r l  
£  P  P  
© f t  Sh 

£  © 
G XH CO ©

G
T5 o
O o
o G3
G>

•

•
rH
i—I

... __ 0
ra G
•rH' p  ra
o Sh £ f t
Sh CO O G
© © P
X G G P
© £ w

• G !>a CO
P  © © C/3 ‘M
G G Sh G
© O © •h ra
£ > co • G

>> © ft bO rH
O rH ra P  G CO
rH G CQ *H £
f t O >5 G
£ rH £ G
© CO © • •H ©

© P P  rH G
G O 00 G o  £
•H G Sh ©

ftt © 'O H  >)
p  ro G ft H  H
O >5 o P  »rH G
S3 Q £ CQ G o

Go
•H
ra
©

ra 
•H
m o 
G 
©

P  
ra

rH
CO 

P
•rH
G 
©

G rH 'O  
O ft G 
O  Ph as

P
o  
©

© 
G
rH

>s © 
Sh P  
CO f t  
G © 
O ra

m
•rH
rao
C
©
p
ra

rH
CO >5
P  Sh 
•H 05

bO £
ft rHo ft 
O  Ph

I
P
©
P h
g
O
O
G

H

rHco
Sh © 

P  O
•rH G
s  ©

© 
ra o  
•H G 
ra © 
O P  
G © 
© f t
p  £ra

CO »rH 
Sh
P  TO 
•H G
^

©
o
G©p©ft£o
o
G

m
•rHra
O
G©
Pra
i—I
co
Sh

P
•H

rHCO

©
O
G©

P©ft£o
o

C  H

Sh 
P
•rH G

©
bO
<5

X©
CQ

O

to LO
rH H

GO
rH

G-
O

CO
rH
O O

LO
rH

Oh

i—ia

LO

LO
03
O

to03 O03

to
03
O

rH
O



Se
ri
es
 
C. 

De
ta
il
s 

of 
the

 
12 

pa
ti
en
ts
 

in 
gr
ou
p 

V.
D.
H.

ftdO
Ph

0Od<55
Ph0
rHOJEi.

Ph•H
CO&H

Ph Ph Ph Ph•H •H •H •HCO aj CO COPh Ph Ph

CO

do
d do rH O I-1 bO•H T3 C! © © • d•p d o d 'd r i • ♦H faO »Hd © © Ph d © ra ro d© -P 43 0 © > Ph Ph *H H« £} d •H i>s o ■P © •H • O M  ©-p £ o • ftrH d5 ra ra rH © 4-3 o H ^d bO rH ^ ,a 0 -P d © ©0 d -p d © O • d *h d ra 0 P ^ h£j •H o •H ft »H • bO ra PHo a f t  Ph© d ^ d ra d Ph d • £v TJ ©O TJ ft rH 13 ft Ph tH TJ P -P O rH C O rl dH d -p CO d -H ^ d,d o © rH d Pit)ft 03 rH d £ © OQ © rH © ra r* ft © © 10 

3 Ph Pha © ,o ^  -P © d ra 0© © d © rH 01 £ © © • 0 H 0 © O© Phra Ph 0 CO © ,d • cO H © d
ra d o 0 © © O £ ra rH o £ CQd d d o o d •
X •H d -P •H d d P © d Ph•rH 4-3 o •H d O pHPh ft ra Ph•H ftd  a s ft d th m © ftd  0CO ra £> Ph T3 ra 0 .h K ra tH© rH 0 4-3 43 03 *H 43 >
a O d d Ph rH o l>5 © -P © Ph O O © O 0© d5 Q ra jq O Q £ O d Q ft ra £ CQ d? *2J Q ft|25 H

© ©o o
d O o d© •H •rH © •
-p +3 +3 -p W© Ph Ph 0 •rH
ft O O ft ra
a < <5 a O
o o do 13 T3 o ©
d d d d 43
•H © •ra

© •
ra •H ra

d rH rH d rH d rH H
o © © O © O © ©
•H Ph Ph *H Ph <H Ph Ph
03 43 __- -p ra +3 ra - P 43
0 •H •H 0 •H 0 •rH •H
Hi a a pi a  i-q a a

0w o o CD CO<j; 02 << to to H
•

K0 Ph a Ph a

COtoo
Oi
rHO

a>
too

c-
02o

rH
toO



TABLE 9.
Series C . Group V.D.H. Indices grouped by Tolerance Estimate.

t , Tolerance EstimateT n H o -v .....  .
Excellent 
(2cases ) 
Means

Very Good 
(3 cases) 
Means

| Good 
| (2 cases) 

Means
I Pair 
(5 cases) 
Means

Early resting rate 
(beats per minute)

98.0 101.3 95.0 90.4

Initial Rate 
(beats per minute)

98.1 99.6

12976

94.5 91.4

Maximum Rate 
(beats per minute)

126.0 128.4 132.5

Time to reach. Max. 
Rate (seconds)

12.5 17.5 25.0 19.5

Acceleration of 
Heart Rate 
(beats/min/sec)

2.16 1.70 1.52 2.21

Extra Beats 9.5 10.9 14.3 16.3
Percentage Increase 
on Initial Rate

28.5 31.6 36.1 46.8

Actual Increase in 
beats per minute

27.9 30.0 33.9 41.1

Post-exercise rate 
(beats per minute)

104.0 109.3 112.0 117.2

Time to return to 
normal (seconds)

21.0 28.2 42.0 51.5

Duration of Exercis 
(seconds)

e
22.5 20.3 20.0 21.7



TABLE 10.
Series C and B.C. Details of Auricular Fibrillation patients.

No. Sex. Age Remarks Tolerance Group
C9 M 32 Simple A.F.,on digitalis.

Gan take walks and play golf. 
Not in employment.

Good

C40 
& 45

M 47 Mitral stenosis, on digitalis. 
Breathless on long stairs.

Fairly
Good

C48 F 36 Simple A.F., on digitalis. 
Breathless on long gradients.

Fairly
Good

C2 M 26 Mitral stenosis, not on 
digitalis. Breathless on 
stairs.

Fair

C21 F 37 Mitral stenosis, on digitalis. 
Breathless on stairs.

Fair

C49 M 37 Simple A.F., on digitalis. 
Breathless on stairs.

Fair

05 M 29 Patent Ductus Arteriosus and 
A.F., not on digitalis. Easily 
tired.

Poor

CIO
8c22

M 22 Mitral stenosis, on digitalis. 
Breathless on slight exertion.

Poor

C18 F 43 Coarse fibrillation, on digitalis . 
Cyanotic.

Poor

C20 F 44 Coarse fibrillation, not on 
digitalis. Easily tired.

Poor

C30 F 33 Mitral stenosis, not on 
digitalis. Cyanotic on slight 
exercise.

Poor

C46 M 48 Simple A.F., on digitalis. 
Breathless on slight exertion.

Poor

C47 M 40 Mitral incompetence, on digitalis 
Breathless on level. |* Poor ______1



TABLE 10 (continued).
Series C and B.C. Details of Auricular Fibrillation patients.

No. Sex Age Remarks Tolerance Group
B.C.
16-24 M 34 Simple A.F. Orthopnoeic on 

admission. Serial tests made 
during treatment. In hospital

B.C.
26 M 32 Same patient as C5. Patent 

Ductus Arteriosus. On 
digitalis. In hospital

B.C.
27 M 45 Mitral incompetence, 

rheumatic carditis. Not on 
digitalis. In hospital
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TABLE 12
Summary of Results of Special Tolerance Test (10 climbs 
at 96 steps/min. load 30 kg.) In Senior Training Corps 
Series, Total of 45 male subjects.

Index Mean Range Standard
Deviation

Coefficient c
Variation
(percentage)

Initial Rate 
(beats/min.) 93.3 58-140 20.2 21.7

Maximum Rate 
(beats/min.)

L55.0 124.8-192. ) 14.9 9.6

Time to reach 
Maximum Rate 
(secs.)

33.5 12.5-57.5

Acceleration of 
heart rate 
(beats/min/sec)

1.90 0.76-3.84 0.58 30.5

Percentage Increase 
on Initial Rate 70.7 21.6-157 33.7 47.7

Actual Increase 
in Beats/min.

61.1 31.2-92.4 14.9 24.3

Post-Exercise
Rate
(beats/min. )

L24.4 90-170 18.6 14.9

Time to return to 
normal (seconds)

81.0 45-195 - -

Duration of 
Exercise (secs.)

39.8 35-45 - -

Total work (kg.m) 490 - - -

Rate of Working 
(kg.m./min.) 742 - -



TABLE 13.
Instructors Estimate of Physical Condition of 

Series S.T.C. subjects, and some heart rate indices from 
the exercise test.

I N D E X

phys:[CAL FITNESS ESTIMATE

^bove Average
(Mean of 14 
subjects)

Average
(Mean of 19 
subjects)

Below Average
(Mean of 8 
' subjects)

Initial Rate 
(beats/min.)
Range of 
Initial Rate

87.4

58.2-123.0

87.7

56.4-110.4

118.0

96.6-144.0

Maximum Rate 
(beats/min.)
Range of 
Maximum Rate

148.7 

L30.8-170.4

149.3

124.8-168.0

177.2

168.0-192.0

Actual Increase 
(beats/min.)

61.3 61.6 59.2

Percentage
Increase

70.2 70.3 50.2


