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HEART-BEAT AND PULSE-WAVE. 85

lie in a line running from base to apex, and more or less parallel

therefore with the i!lT.L-l"L'r]Ltr'i{*n!;tr sulens, "]‘hiﬁj for con-

venience sake, we may call the “longitudinal curve” of the
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obtained resembles that of the heart-wall. The middle part
of the edge of the flap, on the other hand, is little affected by
the contractions of the ventricle-wall, its movements being due
almost entirely to the contractions and expansions of the papillary
muscles.

The wire hook passes through the wall of the auricle, and, in
order that there may be neither escape of blood by the side
of the wire, nor interference with its movements by the
auricular contractions, it is provided with a collar (k), in which
it can slide easily, but which fits sufficiently closely to prevent
escape of blood between the wire and the collar. The collar
pierces the auricular wall, to which it is firmly tied so that
no blood can escape. The hook can be inserted and kept in
position throughout the experiment without a drop of blood
escaping from the auricle. From the extra cardiac end of the
wire a thread passes round a light grooved pulley (m), and then
1s carried upwards through the hole (5), at the centre of rotation
of the rod (z), to the recording lever (n), being kept taut by a fine
indiarubber thread (o), by means of which the degree of pull on
the musculi papillares can be regulated at will. The longi-
tudinal ventricular curve is obtained by means of the same
instrument in the way already described.

The curves in Figs. 4 and 5 show simultaneous tracings from
the ventricle wall A, and the papillary muscles B, obtained in the



90 HEART-BEAT AND PULSE-WAVE,

manner just described from the left ventricle of a small terrier
dog. The lines X, X, give the position of the lever points when
the drum is at rest, and points equidistant from them on the
two curves correspond in time, so that, by means of a pair of
compasses, it is possible to find with exactitude the relation in
time of the two curves. These traces show that the contrac-
tion of the papillary muscles begins after that of the heart-wall-
That part of the contraction of the ventricle wall which lies
between a and b in curve A (Figs. 4 and 5) takes place before

Fra. 5.

the contraction of the musculi papillares begins. The point
b of the heart-wall curve corresponds exactly in time with
the sudden commencement of the contraction of the papillary
muscles. During the first part of the systole, then, the con-
traction of the longitudinal fibres of the ventricular wall
approximate base and apex before the free edges of the
auriculo-ventricular valves are pulled towards the apex by
the contraction of the musculi papillares. This will of course
result in a bulging upwards towards the auricle of the auriculo-
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being sometimes at first somewhat slow, until the point a (Fig, 7)
or &' (Fig. 9) 1s reached, after which the rise is rapid to ¢, which
18 usually the point of maximum pressure. The first slow rise
from @ to @ is not due to the auricular contraction, this being
sufficiently proved by the fact that the point a corresponds in

Fia. 7.

A, curve of intraventricular pressure, left ventricle of dog ; B, €, D, similar
eurves chtained after exhibition of medicinal doses of tincture of strophanthus;
K, diagrammatic representation of component parts of the systolic rise of
intraventricular pressure.

time with the commencement of contraction of the ventricular

wall, as can be seen in Fig. 9. From the absence of any wave

coincident in time with the auricular systole (save In very ex-

ceptional cases, as in Fig. 7 A), it would seem evident that the

resistance offered by the ventricles to the inflow of bload from
o
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is obviously due to the increased resistance to the shortening of
the fibres of the ventricular muscle caused by the rise of
pressure which results from the sudden pulling down of the

mitral Hﬂ].ls.
The explanation of the fall of pressure from ¢ to ¢ will be

A

Fia, 9.

A, myocardiographic tracing from wall of left ventricle (dog) ; B, intraventricular
pressure curve from left ventricle obtained simultaneously,

most conveniently considered when we come to refer to the pulse-
wave. Suffice it to say here that it is due to the escape of
blood into the aorta. The escape of blood into the aorta before
the point of maximum pressure is reached explains the slowing
of the rise of pressure which can be seen in the upper part of
the ascending line in Fig. 8, and to a less extent, though still
appreciably, in C, Fig. 7.
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hand between liver and diaphragm, and apply a tambour and
recording arrangement to the posterior aspect of the heartl
Side by side with the tracing from the case of ectopia cordis we
give a tracing from the heart of a cat, which was obtained by
resting a light recording lever on the anterior part of the wall
of the left ventricle, the organ having been exposed by making
a window in the thorax, A glance at these two curves will
show that they are identical in character ; in each a rounded

Fic. 10.

1, {_:;.,[-diag:-alft:iu trm_:ing from case of ltcmpi:l eord s L E'li'illll:ﬁi!'!- Franck) ;
2. Cardiopraphic tracing from exposed heart of cat.
& i

wave (a to D) is followed by a rapid ascent of the curve (b to ¢),
while the summit shows a notch () and a more or less rounded
shoulder (¢) preceding the descent. In analysing the curves

1 Some time ago Dr. MacDonnell placed before us the cardiographic enrves which
are reproduced in the present number of the Practitioner (p. 178). He requested
us to make some remarks on the character of his curves, and on the conclusions
which could be drawn from an analysis of them. On proceeding, however, to
look over our own curves with this object in view we found so much regarding
the mechanism of the heart-beat in mammals which seemed new, that we thought
it better to go more deeply into the subject than would be possible within the
limits of a note to be appended to Dr. MacDonnell's communication. As in tha
latter part of this Section we propose to go over the characters of the mammalian
apex-beat curve, we need not here do more than congratulate Dr. MacDonnell
on the success which has crowned his efforts to obtain trustworthy cardiographic
enrves from the human heart, by a method which has not hitherto been E}m[ﬂ.l:l}'Ed,
1t will be seen that his eurves resemble those which we have reproduced in
Fig. 10 from a case of ectopia cordis and from the heart of a cat.

R
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obtained by recording the [!h;lllgw in the antero-posterior diameter
of the exposed mammalian heart, it may safely be agsumed that
our conclusions apply with equal effect to the apex-beat in man.

In Figs. 11 and 12 are given two simultaneous tracings of the

Fra. 11.

A, cardiographic curve of apex-beat; B, intraventricular pressure, taken
simultaneonsly,

intraventricular pressure and the apex-beat (or more correctly of
the changes in the antero-posterior diameter of the ventricles)
taken from hearts of two dogs. In both of them the apex-beat,
A, 1s sufficiently characteristic ; they differ from one another and
from the typical curve from the cat in Fig. 10 (2), in certain
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particulars. The height of the curve, for example, is much
gl"lﬂﬂt?i" in Fig. 11 than in Fig, 12. Such changes in height are
due n a great measure to the degree of pressure which is
exercised on the ventricular wall by the recording apparatus.

Fig.. 12,
B.  intraventricular pressure, taken

A, eardiographic curve of apex-beat ;
simaltaneously.

It is not the height of the curve however which alone is 1
fluenced by variations in the degree of pressure ; the form and

duration of the rise which accompanies the sy*st::rle may
be verv considerably influenced thereby, so much so that

also
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the notch at 4, the explanation of which is not at first sight
very easy, now require to be considered. They can be most
readily interpreted by comparing simultaneous tracings of the
apex-beat (antero-posterior diameter) and of the intraventricular
pressure. We give examples of such curves in Figs. 14 and 15.

Fic. 14.

A, cardiographic curve of apex-beat, with fairly strong pressure on the heart-
wall : B, intraventricular pressure, taken simultaneously.

On measuring out the relations in time of these two curves it
is found that the highest point of the apex-beat tracing (A of
these Figs.) does not correspond with the maximum pressure
within the ventricle, but that the latter occurs at the same
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instant of time as the notch (4) of the apex-beat curve. This
relationship appeared to us at first sight so very paradoxical
that we measured out a large number of tracings, and madg a

tew contrel experiments, in order to satisfy ourselves of its

Fic. 15.

A, cardiographic curve of apex-beat, with slight pressure :
B, intraventricular pressure, taken simultaneously,

accuracy. There can, however, be no doubt of the fact that
the notch (4, in A, Figs. 14 and 15, and d, d, Fig. 16), which is
80 characteristic of cardiographic curves of the apex-beat,

corresponds in time with the superposed wave 4 of B in
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Figs. 14 and 15, and ¢, ¢ in Fig. 16. If so, the question
to be considered is, why does the first part of the apex-beat
curve reach a higher level than the part at 4, which corre-
sponds to a higher intraventricular pressure ? The explanation
is in reality simple enough. The antero-posterior diameter
of the ventricles will reach its maximum as soon as the
contraction of the ventricular wall has overcome the distorting
forces which act upon it. As soon, however, as the blood
begins to leave the ventricles by the aorta and pulmonary
arteries, this diameter will necessarily diminish, This explains
the descent of the cardiographic lever from 3 to 4 of A, in Figs. 14

Fia. 16.

1, cardiographic tracing from case of ectopia cordis (Frangois Franck}) ;
2, cardiographic tracing from exposed heart of cat,

and 15, and ¢ to d in Fig. 16. It will not, however, explain why
there should be a well-marked notch at the moment of maximum
intraventricular pressure. This notch is most marked in tracings
obtained with the button resting near the apex of the heart,
and it is, as need hardly be said, a characteristic feature of
curves from the apex-beat of man. The notch corresponds in
time with the rapid contraction of the papillary muscles, a
contraction pulling down the auriculo-ventricular valves, the
necessary result of which 1s that, although the intracardiac
pressure is thereby raised, the part of the ventricular walls
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we will describe an experiment by which the relation which
normally exists between the cubic capacity of a piece of artery
and the intra-arterial pressure may be easily demonstrated.

From a freshly-killed animal, say a rabbit, a short length of
any artery is taken, and one end being ligatured the other end
is tied on a cannula of appropriate size. The cannula 1s con-
nected by means of a T tube, on the one hand with a mercurial
manometer, and on the other hand with a syringe by which air
may be injected into the bit of artery. The latter is placed in a
rigid-walled box of any convenient shape containing olive oil,
and is connected with an arrangement for recording the
amount of oil which is forced out of the box by any increase in
its cubic dimensions.

In Fig. 18 is reproduced a graphic record from an experiment
with the above-described apparatus. It was obtained from the
carotid of a rabbit.

FiG. 18.

Tracing showing relation between intra-arterial pressure and cubical contents of
normal artery. The figures give pressures in millimetres of mercury, while
the distance of the horizontal lines from the uppermost corresponds to the
enbic capacity of the vessel. N.B.— The length of the horizontal lines wries
simply in order that the pressure with which they correspond may be elearly

tndicaled.

The upper horizontal line (drawn, like the others by
moving the recording cylinder backwards and forwards with
the hand) represents the cubic dimensions of the piece of
arterial tube when collapsed, owing to the pressure outside
its wall being higher than that within, On now raising
the intra-arterial pressure until the mercury stands at 10 mm.,
the vessel opens out and expands slightly, the increase n
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paratively early period of systole. In illustration of this we
give Fig. 19, which shows the curve of contraction of the
ventricle-wall and of the apex-beat with low arterial pressure.
It can be seen that the actual shortening of the fibre of the
heart-wall occupies a smaller proportion of the whole systolie

Heart wall,

Fiz 19.

Apex-beat. Myocardiographic and apex-beat curves taken with sub-normal
arterial pressure,

period than is the case with higher arterial pressure, as for

example, in Figs. 2 and 5 on pp. 85 and 90 respectively. The

apex-beat curve shows the large diminution of diameter that

takes place during the time (4 to ¢') of the contraction of the

papillary muscles. The heart-wall curve shows that the period
E 2
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upon the vessel by a spring of india-rubber thread, the part of the
aorta from which this was taken being supported below by a flat

Fre. 20.

Normal pulse-tracings from human radial of healthy male adult.
A, with extravascular pressure of 30 mm. of mercury.
B,

| = 1)
|:"'I LR ' F[" LE) ir

|
40 L} ] LR ]

iF ] L8 ]

B0 mom. | 60 mm. Hg

Fra. 21.

Pulse-tracing from femoral of dog, obtained by a method similar to that
employed in Fig. 20.

metal hook. In Fig. 23 are tracings taken from the carotid of a
rabbit by a method described by one of us,! which consists in

! Roy, Journal of Physiology, vol. ii. p. 66.
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Fio. 22,
Pulse-tracing from the root of the ascending aorta of a dog, obtained by
a method similar to that of the ordinary sphygmograph.

ig. 28,
Pulse ciives [rom earotid of rabbit with extra-arterial pressures of
10, 20, 30, 40, and 50 mm. of merenry.












414 HEART-BEAT AND PULSE-WAVE.

pulse-curve by the commencement of the rapid descent whick
precedes the dicrotic notch. It is only however in cases
where the cessation of the outflow is fairly abrupt that this
point is recognisable upon the pulse-curve. Where the out-
flow ceases gradually, as indeed is ordinarily the case, there
is no point upon the pulse-tracing which can be recognised
as synchronous with the arrest of the outflow. In any case
this must precede the dicrotic notch.

Fic, 24.

Myocardiographic tracing (upper curve) from left ventricle (longitudinal) of dog,
taken simultaneously with pulse-tracing (lower curve) from root of aorta,
The numbers show synchronous points.

Between the commencement of the up-stroke and the dicrotic
noteh there are two waves, sometimes called the pereussion and the
tidal wave respectively. What is the cause of these ? Their nature
has long been a matter of discussion, and various investigators
have sought to find their meaning by experiments with more or
less ingenious artificial schemats, consisting of some form of
pump and a system of elastic tubes. We must admit that we
have little confidence in the results of such imperfect imitations
of Nature. and do mnot think it profitable for us to criticise in
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detail either the methods used or the results obtained in
such experiments.

As we have pointed out, there is on the intraventricular
pressure-curve, and during that part of it which corresponds to
the time when the aortic valve is open, a superposed wave

FiG. 25.

A, normal pulse from radial of healthy adult male, obtained by sphygmometer.
Extra-arterial pressure of 70 mm. of mercury. 1 to 2, up-stroke ; 2, apox
of papillary wave ; 3, notch hetween papillary and outflow-remainder waves
(predicrotic notch); 3 to 4, outflow-remainder wave : 4, dicrotic notch :
4 to 6, post-dicrotic wave ; 6, post-dicrotic ndtch.

[Nate.—The small notches on the first and sceond of the superposed waves of the
first of these pulse-curves have crept in by mistake in the engraving, aud are not
present in the original curve. ]

B, from same artery with same extra-arterial pressure, taken during acute catarr!
of npper respiratory passages.

due to the sudden pulling down of the auriculo-ventricula
valves by the papillary muscles, during the first rapid part o
their contraction. It is easy to prove that this superpesas
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muscles. The result of the first of these conditions 15 to
diminish the amount of blood thrown out by the heart at each
contraction, while the second prevents the fall of pressure which
would otherwise ensue from the diminished output of the
heart. We have then small pulse-waves produced with a mean
arterial pressure, which in this case is somewhat higher than
the normal, as can be seen from the relative heights of points
half-way up the up-stroke of the earlier and later pulse-waves
respectively. These points give approximately the mean

Fic. 26.

Upper enrve, radial pulse obtained from healthy adult male by our modified sphyg-
mograph (sphygmomeler) with extra-arterial pressure of 70 mm, of mercury,
showing effect of changes in intra-pulmonary and abdominal pressnre. The
lower uninterrupted line is recorded by a float with attached needle, resting
upon the mercury of ope of the limbs of a manometer, the other limb being
connected with the mouth by an india-tubber tube. The lower horizontal
line represcnts graphically the atmospleric pressure, while the upper
horizontal line shows™1hat dlll'ill:_: that time there was a ]:ln.-,aj1i1.'q; pressure
within the 1-Ii.!l;_‘_:-i I'-:[EI:l| to twice the distance between the two lines
(21 x 2 = 42 mm, of mercury).

pressure in the two cases, The first pulse-waves show greatly
inereased depth of the dierotic notch, with a mean pressure
above the normal. The cause of the increased dicrotismn in this
case is evident enough: there is only one secondary wave
between the commencement of the up-stroke and the dicrotie
tmh'h; in other words the whole of the outflow from the
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finally gave up our experiments that afternoon with a feeling
of bewilderment. On the following morning the explanation
made itself apparent in the form of a rather severe cold in
the head, which however was not so bad as to necessitate any
interruption of ordinary occupations. As long as this cold
lasted, and for a day or two after all other signs of it had dis-

A, normal pulse from radial of healthy adult male, obtained by sphygmomeler.
Extra-arterial pressure of 70 mm. of mercury.
B, trom same artery with same extra-arterial pressure, taken lllJT]'IJg acute catarrh

of WP per ]'r:-'"i!-'il'u.l.l"l_'ln' JraERies.

appeared, the pulse-tracings had the characters of B, gradually
merging into the normal type of A.

The features of the pulse-wave may therefore in the case of
a cold in the head, and presumably also in other forms of fever,
become changed, and assume the characters of the febrile pulse

for a good many hours before any malaise 1s felt,
With regard to the characters of this pulse it will be seen
that, in spite of the increased rapidity of the heart-beat the
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31
peratures on the day the curve was taken were 101° and 103
respectively. Are we to conclude from this tracing that the
pulse of a patient on the eighth day of a severe attack of facial

FiG., 8.

From radial artery of E. W., female, ®t. 51. Suffering from facial erysipelas
(eighth day). Temperature on day when tracing was taken, morning 101°,
evening 103°. Pulse 65. Pressure on artery = 60 mm. of mercury.

erysipelas, with such temperatures, can show no deviation from
the normal when examined by graphic methods of the extreme
aceuracy of those employed by us? As a matter of fact, this

Fic, 29.

From radial artery of healthy male, mt. 36, Extra-vascular pressure = 100 mm.
of mercnry.

woman's pulse, although of the normal form, presents a very
important deviation from the normal pulse of a woman of fifty.
m ¥ " .‘-
['he lrlnru|—Ilt'1,'HiLlI'r", rl;thH']:_n', has fallen considerably. The

greatest oscillations of the lever were obtained with an extra-
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vascular pressure of 60 mm. of mercury, instead of 90 or 100
as would be the case with a healthy woman of this age. As we
shall presently show, the maximum oscillations of the sphygmo-
meter lever in the case of adults is obtained when the hydrostatic
pressure outside the artery is a few mm. of mercury above the
minimum intra-arterial pressures, 7.e. the lowest pressures in
the artery between the pulse-waves. We conclude from this
observation that the medium arterial pressure may be reduced
considerably below the normal without any change in the form of the
pulse-tracing being necessarily produced thereby.

The Pulse-cwirve in Cases of Anwemia (Hydremia),

We do not propose to enter here into a description of all the
forms of ansmic pulse-waves, the subject being so large that
a separate monograph would be required to do it justice, and

we must content ourselves with giving two tracings from

o =
typically an®mic individuals.
Fig. 30 was taken from W. S, male, @t. 20, suffering from

extreme angmia, with (functional) mitral incompetence. His

Fic. 30.

From radial of A. T., male, et 20. Sufferin gfrom extreme anemia (hydremia) with
functional mitral insufficience. Extra-vascular pressure = 85 mm. of mercury,

face had a pallid yellowish tinge resembling that of permicious
anemia ; the lips were pale and waxy. There was no cyanosis
or other sign of failure of the heart, beyond the mitral regurgitant
Imurmur.
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el

spite of that his pulse-curve does not possess the characters of
the so-called low-tension pulse.
We have, we believe, said enough to show that much eonfusion

Fi1c. 31.

From radial artery of J. R., male, wt, 53. Suffering from anmemia and mitral
regurgitation. Extra-vascular pressure = 80 mm, of mereury.

must have arisen from the ordinarily-accepted belief that the
mere form of the pulse-wave is a safe guide to the height of the

medium arterial pressure.

The Pulse-wave in Aortic Incompetence.

The varieties of pulse-wave which we might give are almost
endless ; and it is no part of our intention in this communication
to give examples of all of them.

We have, for example, as yet said nothing regarding anacrotic
pulse-waves, although these form a very important and fairly
distinct class. What we have said, however, regarding anacrotic
intra-ventricular pressure-curves applies, so far aswe know, with
equal force to the anacrotic pulse-wave, and we do not propose
to take up the subject again here. We must also leave un-
touched, at least for the present, a number of other important
and well-characterised forms of pulse-wave—for example, the
pulscs' of old age and childhood, of atheroma of the arterial
walls, of Bricht’s disease, of hypertrophy of the heart, and of

the various forms of heart-discase, &c., &e.  In the space at our
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of the pulse-waves as recorded by an instrument of this kind
d:_-p{rmls entirely on the extent of the variations of the cubic
contents of the piece of artery within the box, which result
from the changes in the intra-arterial pressure at each pulse-
beat. They are not directly influenced, as is the case for
example with a plethysmograph enclosing the hand, by the
amount of blood which passes a given point of the arterial tube
1IN & given tiume.

Let us assume, for the sake of illustration, that the pulse-waves
are in a given case measured in height by 30 mm. of mercury,

Fic. 35.

Curve of height of sphygmometer pulse-waves with di fferent extra-arterial pres-
sures. From healthy male, t. 40. The absciss® are the extra-vascular pres-
sures in mm. of mereury, The ordinates are the heights of the pulse-waves.

and let us now consider what will be the mean arterial pressure
at which waves of this height will cause the greatest alterations
of the cubic contents of a portion of one of the larger arteries—
in other words, what mean pressure will give the largest oscil-
lations of the sphygmometer lever.

Tt must be kept in mind that, as has been shown by one of us;’

I Roy, “ Elasticity of the Arterial Wall,” Journ. of Physiolegy, vol. ifi. (1881).









