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54 HEART-BEAT AND PULSE-WAVE.

wooden rod () is slung on pivots or gimbals (5), somewhat after
the manner of the ordinary mercurial barometer used on board
ship. The lower end (¢) of the rod is fixed to the heart-wall at
any desired point by means of a thread which has been passed
under a fold of the visceral pericardium. The end of the rod,
from the manner in which it is slung, can follow the complicated
| movements of the heart without hindering them. Projecting
' i'mn.i the rod near its lower end is thehorizontal arm (p), which
carries at its extremity a light wulcanite grooved pulley (f).
! Round this latter runs a strong silk thread (¢), which is attached
| to a minute metal hook (d) fixed in the ventricular wall at any
il desired distance from the end of the rod (a). After passing round
the pulley, the thread is carried upwards through a small hole (5)
| placed at the centre of rotation of the rod, as can be seen from
| the sketch elevation of the pivoting arrangement B in Fig. 1.
From this hole the thread goes upwards to the recording lever (g),
being kept taut by a fine indiarubber spring (£). The object of
passing the thread through the hole at the centre of rotation of
the rod is to allow free movement of the end of the latter
with the heart, to which it is fixed, without any pull on
the recording lever being thereby produced. The position of the
lever is altered only by alterations in the distance between the
point where the hook isfixed, and the point to which the rod is
tied. It need hardly be added that in order to make use of this
| instrument the heart must be exposed by making a “ window " in
i the thorax, the animal (a dog in our experiments) being cur-
arised as well as anmsthetised, and the respiration being, of
course, carried on artificially.
On the myographic curve of the aurieular wall we do not

{ propose to say anything here. The curves which are represented
i below in this section of our paper were obtained from the wall
i] of the left ventricle, although, as they differ in no essential
' ; particular from curves obtained by the same method from the

right ventricle, it must be understood that what we have to say

| about them applies equally to the two ventricles.
| The myographic curve from the ventricular wall varies
somewhat in character according to the relative position of the
_;E two points to which the instrument is attached. Let us con- , :
K sider first the curve given by this method when the two points M, ¥ g
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ventricular wall, to distinguish it from that obtained from a
part lying between two points on any line running round the
ventricles, parallel to the auriculo-ventricular sulcus, which may
similarly be termed the “ transverse ventricular ” curve.

The curves (A, B, C) shown in Fig. 2 are examples of tracings
registering the contraction between two points in the middle
third of a line joining the base and apex of the left ventricle at
some distance from the ventricular septum. The illustration
shows three different tracings, in all of which a rise of the record-
ing lever corresponds to contraction of the ventricle wall, and a
descent to expansion. The contraction begins, then, in each at a.
It can be seen that the heart-wall contracts at first rapidly,
until the shortening is suddenly arrested at the point b, the
height of which on the ascending line varies under different
conditions. In curve A (Fig. 2), 1t is low down, near the com-
mencement of the ascent ; in curve B it is about half-way up;
while in curve C it is near the top. This arrest of the contrac-
tion-is often followed by a certain degree of expansion, produeing
a more or less well-marked notch at ¢. On the other hand, it
may (as in Fig. 4, A) be followed by a simple cessation of the
contraction, or even by mere slowing, though this, according to
our experience, is unusual. After the noteh at ¢, the contraction
continues, but 15 more slow than before. What is the cause of
this interruption of the shortening? We at first thought that
1t must be due to the tichtening of the auriculo-ventricular valves
as a result of the rise of the intra-ventricular pressure, produced
by the contraction of the heart-wall. That it results from
something more than this will be seen when we come to
compare the curve of contraction of the musculi papillares with
that of the heart-wall itself.

We need only remark here that the time between the com-
mencement of the contraction of the heart-wall and this break in
the shortening varies under varying conditions, all of which how-
ever affect the amount of blood contained within the ventricle at
the commencement of systole. The greater the expansion of the
heart in diastole, the sooner does this break in the ascending line
of the contraction curve follow its commencement, and vice versd.
The part of the curve from ¢ to d shows that the heart contracts
more slowly at that part than it did at the beginning of systole. As
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we shall see presently this part of the contraction curve corre-
spum!s in time to a very high intra-ventricular pressure, whereby
greater resistance is offered to the shortening of the fibres of
the heart-wall. The top of the curve from d to e shows that
the ventricular wall remains contracted for a certain time after
the active shortening has ceased. The duration of this period
varies according to the rate at which the heart expelsits con-
tents : this rate; as we shall presently show, may vary greatly
under different conditions. The expansion of the ventricle wall
takes place with varying rapidity, the line from ¢ to f descending
at a fairly even rate. Sometimes the point f constitutes the
lowest part of the curve (asin A and B of Fig. 2), while in other
cases, (as in C of Fig. 2) the line of descent shows a marked
shoulder, g, the part from g to @ corresponding in time with the
inflow of blood resulting from the venous and auricular systole.
This shoulder is best-marked under conditions in which tha
venous pressure 18 low, and when, therefore, the amount of blood
which can enter the ventricle before the aurienlar contraction is
relatively small in amount.

Curve of Contraction faken in a line running rownd the
Fenfricle,

In Fig. 3 we give a myographic tracing from the wall of the
left ventricle along a line parallel with the auriculo-ventricuiar

sulcus, taken, therefore, in a transverse direction, about ]‘m]f-v.‘.n&'
between the base and apex of the ventricle.
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The tracing does mot call for much remark, It resembles
generally the myographic curve of the longitudinal fibres shown
in Fig. 2. The main difference consists in the greater depth
of the notch at ¢, and this, according to our experience,
18 an invariable characteristic of the transverse ventricular
curve, as compared with the longitudinal curve,

Whatever be the canse of this notch, it acts more powerfully
on the circular than on the longitudinal fibres.

HEART-BEAT AND PULSE-WAVE.

SECTION II.

CONTRACTION CURVE OF THE PAPILLARY MUSCLES AND COM-
PARISON OF THIS WITH THE MYOGRAPHIC CURVE FROM
THE WALL OF THE YENTRICLE.

To obtain trustworthy records of the contractions of the
museuli papillares in the living mammalian heart is not such
a hopelessly difficult matter as it may appear at first sight.
We employed for this purpose a modification of the myocardio-
graph, by means of which it is possible to obtain curves of the
contractions of the musenli papillares simultaneounsly with
tracings of the contractions of the ventricular wall, the heart
continuing, through the whole course of the experiment, to
furnish these two curves without any appreciable abnormality
in its action.

Fig. 1 represents the instrument arranged for this purpose.
The end (¢) of the light vertical rod (a) of the instrument is first
of all tied to a point on the surface of the ventricle situated not
far from the apex, and, as nearly as can be guessed, over the
origin of one of the papillary muscles. The wire () is intro-
duced into the ventricle through the auricular wall and the
small hook at one of its ends is hooked over the free edge of one
of the mitral flaps. It is perfectly easy to do this, although it
may be necessary to move the hook once or twice in order to get
it on to the middle of the flap chosen. The characters of the
curve show when this has been effected. If it be hooked over
the flap at a point where the latter is very narrow, the curve
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obtained resembles that of the heart-wall. The middle part
of the i‘.tl}__r.u of the f{."l.p, on the other hand, is little affected '||:."
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 1s provided with a ecollar (&), 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 (4), at the centre of rotation
of the rod (a), to the recording lever (n), being kept taut by a fine
indiarubber thread (o), by means of which the degree of pull on
the musenli 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
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manner just desecribed 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

Fi. b

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 museuli papillares. This will of course
result in a bulging upwards towards the auricle of the auriculo-

b
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ventricular flaps during the period immediately following their
closure. The edges of the valves may even be pushed away
from the point of origin of the papillary muscles by the rise
of intra-ventricular pressure during this first part of the
systole, as is shown in curve B of Fig, 5. This must be due to
passive stretching of the papillary muscles and of the chorde
tendinec,

The shortening of the papillary muscles takes place in two
successive stages. During the first of these (from & to ¢ of
Figs. 4 and 5) the contraction is rapid. This part of the curve
corresponds in time to the arrest or slowing of the contraction of
the ventricle-wall (b to ¢ of the eurves A) which is so constant
a characteristic of these myocardiographie tracings.

To continue our analysis of these two sets of curves in Figs.
4 and 5—it can be seen that during the second part of the con-
traction of the papillary muscles (¢ to ) the shortening is
slower than during the first stage. There are several very
obvious reasons why this should be so. (1) When the edges of
the mitral flaps are pulled down so that they are more or less in
a line with the the chorde fendinee, the resistance to the con-
traction of the papillary muscles will be greater than when the
valves are bulged upwards towards the auricle. (2) If the con-
tinued contraction of the ventricular walls keep the intra-ventri-
cular pressure fairly high, after the papillary muscles have
nearly reached their maximum shortening, the papillary muscle
is placed at a disadvantage, and may even undergo passive
stretching, resulting in the appearance of a notch between
¢ and d of the papillary curve. In other words the papillary
musele, during the first stage of its contraction, is so well placed
in relation to the ventricle wall that its contraction usually
causes passive arrest or even retrogression of the shortening of
the fibres of the latter; while during the second phase of con-
traction of the musculi papillares (from ¢ to d of Figs. 4 and 5)
they are on a more equal footing with the ventricle wall. It
need hardly be said that the degree of distension of the ventricle
at this part of the systole will influence greatly the degree to
which one of these two competing elements of the ventricular
systole will be effective at the expense of the other.
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The third phase of the contraction of the musculi papillares is
that of persistent contraction (d to d') unaccompanied by con-
tinued shortening. This causes the curve to be more or less
flattened at the top.

At the point d' the relaxation of the papillary museles begius,
and this commencement of their relaxation precedes the begin-
ning of the relaxation of the ventricular wall, as can be seen by
a reference to Fig. 4, the letters on the two eurves of which mark
points which correspond in time. The contraction of the papil-
lary muscle, therefore, not only begins later than that of the
ventricular wall, but it comes to an end sooner. The period
of contraction of the papillary muscles (from b to d) may be
about half of that of the ventricle wall, although the ditference
in duration of the two is usually less than this, the relation
being about 5 to 8; the relation at all events iz not a con-
stant one. This short duration of the papillary contraction as
compared with that of the ventricle wall might be explained by
a wave of contraction running through the muscle-fibres of the
ventricle wall till it reached the papillary muscles, returning as
a reflected wave. The facts at our disposal, however, do not
permit of our proving or disproving this theory.

It can be seen (in Figs. 4 and 5) that the expansion of the
papillary muscles is at first rapid, namely, from the point d to e.
During this period the ventricular wall still continues contracted.
After ¢, the expansion of the papillary muscle is more gradual.
Immediately after the point e on the papillary muscle curve B
there is a more or less rounded shoulder f, indicating that at the
commencement of relaxation of the heart-wall there is a slowing
of the expansion of the papillary muscle. As the sudden fall of
pressure within the heart begins with the commencement of
expansion of the heart-wall, and not, to any appreciable extent,
with the beginning of expansion of the papillary muscles, it is
easy to understand why, while the intraventricular pressure is
high, the papillary muscles expand more rapidly than when
(after the point ¢) the intra-ventricular pressure is very much
less. The shoulder 7 is presumably due to the sudden cessation
of the pull exerted upon the musculi papillares by the pressure of
the blood against the mitral valves.
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162 HEART-BEAT AND PULSE-WAVE.

piston, b, which can oscillate in the wide metal tube communi-
cating with the cavity of the left ventricle by the canula (shown
in the lower part of the figure), is connected above to the record-
ing lever (shown broken). The instrument is filled with oil or
galt solution, the escape of which by the side of the piston is
prevented by the accurate adaptation of the piston within the
tube. The lever is attached to the thin strip of steel, , whose
torsion corresponds with the pressure to which the piston is

subjected. The canula of the instrument is introduced into.

the left ventricle, either through the apex or through the

auricle. Tt might be connected with the ventricle by means
of a tube passed down the carotid, but the friction of the fluid
:n a narrow tube of the required length would introduce a
serious source of error.

Rolleston proved that pressure-curves from the ventricle are
the same in character whether the thorax be opened or unopened.
Pressure-curves from the left ventricle are shown in Fig. 7 and
Figs. 9,10, 11, and 12 B. Although they have already been
described, we think it is desirable to say something here of
their characteristics. The rise of pressure begins at a, the ascent
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being gometimes at first somewhat slow until the point a (Fig, 7)
or 4’ (Fig. 9) 18 reached, after which the rise is rapid to '-\'.}Ii-']l.
18 usually the point of maximum pressure, The first slow rise
from @ to a 18 not due to the auricular contraction this being

51111i¢.‘5|.‘[|[|}' ]'IU'-L'1| ]'_\-' the fact that the I it o -:".II':"'riI‘hll!I.'Z]H in

curves cbtained after exhibition of medicinal doses of tincture of strophanthus;

|--':I 1][H’,,’Fﬂ-m'|n-1['-.lf T'l.'[ITHE-I‘F!T’I.'.'i-':-.'I ol IIII:'&!"""'"IIT :.-.nrru of the syswolic rise ol
intraventricular pressure,

time with the commencement of contraction of the ventrieular

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

colncident In time with the aurieu

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

resistance offered by the ventricles to the inflow of blood from

ar systole (save In very ex-




%

RS WA
o s

164 HEART-BEAT AND PULSE-WAVE.

the auricles is in general so slight that no appreciable rise of
pressure results from the auricular contraction,

This absence of any appreciable rise appears at first sight a
contradiction to what is already known regarding the function
of the auricles. It does not, however, imply that no increase in
the inflow of blood into the ventricle takes place at the moment
of auricular systole. As will be seen presently, the contraction
of the veins and auricles causes a by no means slight accelera-
tion of the flow of blood through the auriculv-ventricular orifices,
What these eurves do show is, that the auricular contraction
causes little or no increase in the intraventricular pressure. As
the curves first published by Chauveau and Marey, representing
the intracardiac pressure in the horse’s heart, are those upon
which the most usually received views upon the intraventricular
pressure are based, it may be as well for us to point out that the
curves in question are in some respects apt to mislead.

The method employed by them, employing as it did a re-
cording “tambour,” connected with a thin-walled indiarubber
bladder in the ventricle, the apparatus being filled with air,
necessarily involves an exaggeration of slight changes of pres-
sure when the pressure is at, or but little above, that of the
atmosphere. Consequently the part of their intraventricular
curve which corresponds in time to the auricular contraction is
enormously exaggerated, while the upper part of the curve, cor-
responding to the condition of full contraction, inadequately
represents changes of pressure. This can be very well seen in
Fig. 8, which we reproduce from Marey! This curve gives a
record of the intraventricular pressure from a horse, and at the
same time shows the true value of the different heights of
the tracing. It is evident that the auricular systole does not
raise the pressure in the ventricle by as much as 10 mm. of
mercury. When in the case of a large heart like that of the
horse the auricular systole affects the ventricular pressure so
very slightly, it is not be wondered at that the rise of pressure in
the smaller heart of the dog or of man is insufficient to affect
the curve obtained with the more correct pressure-gauge
employed by Rolleston and ourselves.

. This ahsence of rise of pressure is due partly to the fact that
1 Cfvendation du Sy (1881), po 111,
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there are no valves at the openings of the large veins into the
-,1|_:||"1-:'t|}!==, such as would allow of the FJ.l:ll'i.-;:ui:Lr pressure 'I"Il.ihill_:_"
that within the ventricle to any great extent; and partly to
the readiness with which the ventricular walls expand and
accornmodate themselves when more blood enters durine the
period of diastole. As can be seen from the tracings C and D,
Fig. 7, the commencement of the systolic rise of pressure 1s
. sometimes abrupt. The first slow rise, upon which we have
already dwelt to some extent, may, we imagine, be safely as-
sumed to be due (when present) to the elastic stretching of
the inusculi papillares ; these, as we have mentioned in Section

[1., are passively elongated previous to their contraction It

i
[ ]
Fic. 8.
Intravertricunlar pressure-curve from left ventricle of horse |:'|I';|_r|-:|."

will be remembered that we have shown that the contraction
. af the l][l,]‘,li_”il.i'_‘-,‘ musecle commenges after that of the ventrienlar
: wall.
| ; ; = 7
: After the maximum pressure 1s reached at ¢, the pressure falls

to & varying extent to the point ¢, forming afterwards a more or
less rounded shoulder between ¢ and e

Tlhi,: ilf“;f,_{lll. 1'IEI tlu_'l ﬁl,]_]"li:]']]“-fﬂ_"ll wave ¢ :l.‘l.H'lli‘I_' TIl!" f"'\-‘l]lll].!.':]l."'r
(¢" to ¢) may vary greatly under different condilions, the wave
may even appear on the ascending limbof the curve, as in tracing
1), Fig. T; or, as can beseen in B and C, Fig. 7, taken atter
the administration of a medicinal dose of strophanthus, this
wave may rise high above the summit of the rest of the pressure

o9
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curve. That this superposed wave is not due to any inertia-
vibration of the recording apparatus is sufficiently shown by the
character of the tracings. We have, moreover, made control ex-
periments with the recording instrument, which show that the
moving parts of it are prevented from showing inertia-vibrations,
owing to the friction hetween the piston and the walls of the
tube in which it oscillates,

The intraventricular pressure-curve is, then, made up of two
waves : one whose apex is at ¢, of short duration, and another
and flatter one, upon which the former is superposed. In
other words, the curve is composite, being formed of two
waves that do not bear a constant relation to one another.
The diagram E, Fig. 7, may serve to illustrate our meaning.
The lines aa and b show two pressure-curves as they would
appear dissociated from one another; while if these be com-
bined they form an interference curve. As two such waves

appear upon the sphygmographic tracing, it is desirable to know

exactly how they are produced. The relationship in time of the
various parts of the ventricular pressure-curve to those obtained
from the heart-wall and papillary muscles indicates clearly
enough the mode of their production.

Fig. 9 gives a simultaneous tracing of intraventricular pres-
sure and myocardiographic curves, the latter taken in a line
from base to apex. It can be seen that the wave b, ¢, ¢, in
curve B, corresponds in time to the interruption between &
and ¢' of the ventricular wall curve, [The letters upon the two
curves represent points which correspond in time.] This wave,
then, cannot be due to the contraction of the muscular wall of
the ventricle, seeing that it appears at a time when the shorten-
ing of the fibres of the ventricular wall is interrupted.

As already mentioned in our last Section, the interruption, be,
of the myocardiographic curve coincides in time with the rapid
shortening with which the papillary contraction commences. As
this is the only part of the ventricular muscle which is under-
going rapid contraction at this phase of the systole, it is obvious
that the superposed pressure-wave ¢ is due to the pulling down
of the flaps of the auriculo-ventricular valves, which, as we have
shown, are bulged upwards during the first part of systole
And the arrest of the contraction of the heart-wall (b to ¢ in A)
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HEART-BEAT AND PULSE-HW AVE, 16y
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 flaps.

The explanation of the fall of pressure from ¢ to ¢ will be

I

A, myocardiographic tracing from wall of left ventricle (dog) ; B, intraventricular

pressure curve from left ventricls obtained simultaneonsly.

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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The shoulder ¢' to ¢ in B (Fig, 9) coincides in time with the
part of the heart-wall curve (A) lying between the same letters,
and during its first portion the ventricle wall continues to
coutract, as do also the papillary museles, although the shorten-
ing of both is slow. For a varying time at the end of this
period the shortening of the heart-muscle has ceased, and of
course, therefore, the outflow from the ventricle. The point e
at which the pressure falls corresponds with the point ¢ on the
muscle-curve, at which expansion begins. As we have pointed
out, the expansion of the papillary muscles precedes that of the
heart-wall, and this is presumably the reason why the pressure
curve is more rounded at e than could be expected from the
suddenness of the expansion of the heart-wall. Under some
conditions, as indicated in eurve C, Fig. 7, there is a notch
between o and ¢, separating the fall due to papillary expansion
from that due to the expansion of the heart-wall.

In the first three curves of Fig. 7 the horizontal dotted lines
represent the atmospheric pressure. It can be seen that in
only one of them is there any marked fall of the intracardiac
pressure below that of the atmosphere—a fall corresponding
in time with the interruption of the diastolic expansion of the
ventricle (f to g) in certain heart-wall curves (for example, in
Fig. 9, and in Figs. 2 C, and 5 A, in Sections I. and IL).

The four curves A, B, C, D, in Fig. 7, are taken from different
animals. As there is no reason for supposing that curves B, C,
and D) are less trustworthy records than curve A, it follows that
a phase of negative pressure during diastole is not of constant
occurrence ; that it is due, in other words, to conditions of the
heart and circulation not necessarily present within physio-
logical limits. At what phase of diastole, first of all, does such
negative pressure show itself? It is generally suppozed that
it coincides with the commencement of diastole, mainly, we
imagine, because the elastic resilience of the ventricular wall on
the cessation of systole has naturally been assumed to act most
powerfully at that time—an assumption which appears to us
quite reasonable. There is however ancther factor which plays
of necessity an important part in leading to the negative
pressure in question; we refer, namely, to the blood which is
available for filling the ventricle. If the large veins be dis-
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tended with blood, ready to flow into the ventricle pari passu
with its expansion—if for example there is a fairly high venous
pressure—it is not very easy to see how there can be produced
any considerable negative pressure, and still more how a negative
wave which lasts so long as that in curve A can be produced, if
there be blood available for filling the vacancy in the ventricular
cavity. During the ventricular systole the blood does not cease
to enter the auricles from the large veins, and the amount of
blood thus stored is available for filling the ventricular cavity
during the first part of the diastole. As can be seen in curve A,
Fig. 9, the interruption of the expansion (f to g), which, as
already mentioned, corresponds in time with the phase of
negative pressure inside the heart-cavity, occurs at a period
when the heart-wall has already undergone very considerable
expansion—in this curve after about three-fourths of the total
diastolic elongation of the ventricular muscle fibre. The
occurrence of negative pressure at this period and the resulting
interruption of the diastolic expansion can only be due, zo far
as we can see, to there not being a sufficiently large blood-
supply to keep pace with the elastic dilatation of the heart.

This explanation of the negative pressure implies that it
oceurs at a phase of diastole during which the flow of blood
throngh the auriculo-ventricular orifices (if indeed it be not
arrested) is slower than during the first phase of diastole, when,
although the suction power iz presumably greater, it isunable to
produce negative pressure owing to the inflow of blood which
has collegted in the auricle during the ventricular systole.
During the latter part of the diastole there is of course an
increased inflow of blood, owing to the successive contractions of
the veins and auricles.

We may note in passing that the inflow of blood from the
auricles at the moment of opening of the auriculo-ventricular
valves may cause a positive wave on the line of descent of
pressure (as can be seen in Figs. 8 and 11 B). In Fig. 8,
where perhaps it is best shown, it occurs at a time when the
pressure has fallen to about 30 mm. of mercury. In other
cases, again, the inflow leads to a slowing of the fall of pressure
(C, Fig. 7). In any case this inflow precedes the wave of sub-
atmospheric pressure where this wave shows itself.
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ventricle, whether these consist in an increase of the work
thrown upon it, as the result of aortic disease, or otherwise,
or whether they are of the pature of a diminution of the
power of contraction of the heart-wall, will necessarily result
in a lessening of the suction force, and will therefore be less
favourable for the production of this murmur. [t is not,
therefore, difficult to understand why it is that this murmur
may appear and disappear In a given case, without there
being any reason to believe that the condition of the orifice
has undergone change, and also why, in many cases, it is absent
throughout the whole conrse of disease. The presystolic mur-
mur is of course due to increased rapidity of flow through the
constricted orifice, resulting from the contraction of the pulmon-
ary veins and left auricle, and when present it indicates that the
force of auricular contraction is great enough to raise the pressure
on the auricular side of the orifice to an extent sufficient to
increase the rapidity of flow through the narrowed opening. The
great variation which,as we shall show elsewhere, may take place
in the contraction of the auricles, is quite sufficient to explain
the appearance and disappearance of this murmur, without there
being any accompanying change in the size of the orifice.
Where the murmur lasts throughout the whole period of ven-
tricular diastole, it must be due to a considerable narrowing of the
orifice and the resulting great pressure in the pulmonary veins.

SECTION IV.
THE APEX-BEAT OF THE HEART

The cardiographic curves from man have not as yet been
found fitted to give much information regarding the action of
the heart either in health or in disease. That this is so
18 doubtless partly owing to the imperfect methods by which
the curves have been obtained. FEven when taken by so good
a cardiograph as that of Von Basch, it is by no means easy at
first sight to interpret the tracings, and to say what is the exact
cause of each rise and fall. But over and above the instru-
mental difficulties, apex-heat ecurves are incapable of giving
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button-like termination of a light lever, the up-and-down move-
ments of the lever can by very simple means be recorded upon
a revolving smoked drum, and in this manner there can
be gained a tracing of the variations in thickness of the ven-
tricles—that is to say, of the changes in the antero-posterior
diameter of the heart. Further, by the action of a spring or
elastic band, the lever above mentioned may be made to exert a
pressure upon the ventricular wall, the extent of which can
be varied at will. Such a pressure is necessary in order to
differentiate between the passive increase in the antero-posterior
diameter of the flaccid ventricle during diastole, and what may
be termed the active increase in systole. We may say that in
diastole the flaccid heart tends to accommodate its shape to that
of the surrounding cavity ; thus under normal conditions, when
the chest-wall is intact, the pressure upon it anteriorly and
posteriorly, of the chest-wall and diaphragm respectively, causes
the transverse diameter to be the more considerable. In systole,
on the other hand, with the contraction of the ventriclez the
walls become tense and resisting, the orzan becomes rounded,
the transverse diameter is diminished, the antero-posterior
diameter inereased. Hence pressure exerted on the front of
the ventricles reproduces the conditions to which the heart is
normally subjected, and the curve obtained resembles the
cardiographic tracing in man.

While recording the changes in the breadth of the heart, a
simultaneous record may be made either of the intracardiac
pressure by Rolleston’s instrument, in the manner previously
described, or of the contraction of the ventricular muscle by the
heart-wall apparatus; and the phases of the curves recorded
simultaneously may in this way be studied and compared.

The first question to be considered is whether the cardio-
graphic curve in man differs in any way from similar curves
gained from lower animals. In Fig. 10 (1) is represented a
typical trace from the human heart, copied from an illustration
given by Frangois Franck, obtained from a case of ectopia
cordis.  Curves similar in character have recently been
obtained by Dr. Hercules MacDonnell, from the heart of a
patient whose abdominal walls were so greatly relaxed after
the evacuation of aseitic fluid that he was able to push up his
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hand between liver and diaphragm, and apply a tambour and
recording arrangement to the posterior aspect of the heart.
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 eurves will
show that they are identical in character; in each a rounded

Fiz. 10,

1, Cardiographic tracing from case of estopia cordis (Frangois Franck) ;
2, Cardiographic tracing from exposed heart of cat.

wave (o to b) 1s followed by a rapid ascent of the curve (b to ¢),
while the summit shows a noteh () and a more or less rounded
shoulder (¢) preceding the descent. In analysing the curves

1 Bome time ago Dr. MacDonnell placed before us the cardisgraphic curves which
are repreduced in the present number of the Proctdtioner (p. 178). He requested
us to make some remarks on the character of his curves, and on the conclusions
which ecounld be drawn from an ﬂrIfL'I:r'FliH of them. On proceeding, however, to
look over our own cnrves with this abject in view we found s0 much regarding
the mechanism of the heart-beat in mammals which seemed new, that we thought
it better to o more |_'|,|_'-:]|'|:'." inta the :-I?|||Iif"-.:1‘ than wonld be Er.‘&-hs-'ihh_‘. within tha
limits of a note to bo appended to Dr. MacDonnell's communication. As in the
latter ]1:.1'[, of this Section we proposs to @ aver tha characters of the mammalian
apex-baat corve, we need not here do mere than congratulate Dr. MacDonnell
on the success which has crowned his efforts to obtain trustworthy eardiographic
enrves from the human heart, by a method which has not hitherto been employed.
It will be seen that his curves resemble those which we have .reproduced in
Fig. 10 from a case of ectopin cordis and from the heart of a cat,
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obtained by recording the change in the antero-posterior diameter
of the exposed mammalian heart, it may safely be assumed 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

Fre. 11.

A, cardiographic curve of apex-beat; B, intraventricular pressure, takem
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, is 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 t

greater in Fig. 11 than in Fig, 12. Such changes

exercised on the ventricular wall by the rec

12 curve, for example

15

A, carliographie curve of apex-beat ; B, intraventricular pressure,

simultaneonsly,
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measurements of the duration of the systole obtained from
curves of the apex-beat in man must be comparatively worth-
less. Moreover the point of the ventricular wall upon which
the recording arrangement rests exercises an extremely im-
portant influence upon the form of the tracing obtained. By
varying the position and the pressure of the button of the
recording arrangement an endless variety of curves may be
obtained, which it would not be profitable for us to attempt to
deseribe.  When it is remembered how many and how com-
plicated are the conditions which affect the apex-beat, or the
antero-posterior diameter of the ventricles, it is very easy to
understand why this form of graphic record of the heart’s
action varies so greatly.
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The diagram (Fig. 13,) shows three superposed tracings which
represent the apex-beat curve, as recorded with three different
degrees of pressure of the button on the surface of the heart.
With siight pressure, the lever-point during diastole occupies
a higher position than when the pressure is greater, which is of
course only what one would expect, the heart being less
flattened. Moreover during the whole diastolic period the
tracing slopes upwards, as the result of the inflow of blood
from the auricles, With the auricular contraction the antero-
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Fre. 13.

Diagram showing the cffect on apex-beat curves of different degrees of
pressure on the heart-wall.

posterior diameter of the ventricles is still further increased,
causing a rapid but rounded rise (from 1 to 2). Immedi-
ately following the auricular wave there is an abrupt ascent
due to the change in form of the organ resulting from
its contraction. At the top of this ascent there is usually a
notch (between 2 and 3), the small wave preceding which
corresponds in time to the commencement of outflow from the
heart. The relation in height of this little wave to the one
following the small noteh varies greatly according to the part of
D
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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 un the heart-
I wall : B, intraventricular pressure, taken simultaneously.

i
.I On measuring out the relations i:.1 time of these twnleurres it
I is found that the highest point of the apex-beat tracing (A of
' {hese Figs) does not correspond with the maximum pressure
| within the ventricle, but that the latter occurs at the same
|
i
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instant of time as the notch (4) of the apex-beat eurve. This
relationship appeared to us at first sight so very paradoxical
that we measured out a large number of tracings, and made a

few control experiments, in order to satisfy ourselves of its

A, eardiographic curve of apex-heat, with slight pressure ;
¥ o || i =

B, intraventrienlar pressure, taken simultancously.

accuracy. There can. however, be no doubt of the fact that

the notch (4, 1in-A, ]'|'_-'-¢ 14 and 15, and d, . Fie, 16}, which 1s
80 characteristic of cardiographic curves of the apex-beat,

:'lr:I'l'll"!'-i!‘:llllll:]H iI'L #;_||||_' l.rilh ‘I|'|1 Hll]le'l']lll:-il'l:;. wave & of H 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 wventricles will reach its maximum as scon as the
contraction of the ventricular wall has overcome the iiiﬁt-’ﬂ'tiﬁg
torces 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 8 to 4 of A, in Figs, 14

Fia, 16,

1, eardiographic tracing from case of estopin condis (Franeois Franck)

£, cardicgraphiz tracing fom exposed heart of cat.

and 15, and ¢ to & in Fig. 16. It will not, however, explain why
there should be a well-marlzed notch at the moment of maximum
intraventricular pressure. This noteh i1s 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
NEeCessary result of which is lh;'.T, :'|]I'.|!|-.”i-‘.l_'__f'il the intracardiac
pressure is thereby raised, the part of the ventricular walls
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from which the papillary muscles originate becomes indented.!
With the further contraction of the heart-wall, continuing after
the rapid contractions of the papillary muscles, these latter
exert a lessened pull upon the heart-wall. This lessening of
the pull, and the associated lessened distortion, is due to the
diminution in sectional area of the auriculo-ventricular orifice,
and also to the increased resistance to distortion on the part of
the heart-wall which results from greater contraction. Im this
way is to be explained the rise of the lever-point which is
often to be seen after the notch we have been discussing,

The part of the curve lying between 5 and 8 (Fig. 13) may or
may not show waves and indentations. As these however, when
present, vary with the point of the ventricle-wall on which
the button rests, we have not indicated them in our diagram,
and do not propose to say anything here regarding their cause,
It will be seen that the ecurves taken with weak and with
medium pressore of the button show a rounded rise after
8 in Fig. 13, 7 in Figs. 14 and 15, that is after the point
at which, as can be seen from Fig. 15, the fall of pressure
within the ventricle at the end of systole begins. The cause
of this rise of the lever when the pressure is weak is evidently
to be found in the fact that, during the earlier part of the
diastolic expansion, the heart wall is not completely flaccid
in other words that it still retains a certain amount of its
power of resisting distortion, which goes hand in hand with

! We may note in possing that although the contractions of the musenls
papillares do pull in the part of the ventricle wall from which the muoscles
originate, this distortion or indentation is not so great as wonld be the cose
were the ventricles globular instead of being of their characteristic conieal shape.
It must be remembersd that a globular ventricle would be a more perfect
pumping machine, inasmuch as a given degree of contraction of the wall would
expel a larger quantity of blood than would be the case with any other forn,
That the wvertebrats heart i3 conical rather than globular can evidently be
expluined by the fact that with a globular heart the papillary museles would act
much less efficiently. Were the heart spherical the contractions of the museuli
papillares would be in great part expended in distorting the walls, and wonld
therefore have less power to pull down the auricelo-ventricular wvalves, an
nct which, as we have pointed out, plays se very important a part in the
expulsion of the blood from the wentricles. For the same reasom that a
Gothic arch can be more lightly constructed than a Norman one, in order to
support a given weight, a conoidnl heart is better fitted to allow the papillary
museles to act effectively, pulling as they do in the direstion of the axiz of the
COTe,
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the degree of contraction of its walls. This not only prevents
the lever falling when the pressure is slight, but results in a rise
of the lever owing to the inerease in the antero-posterior diameter
of the heart resulting from the inflow of blood. It is this same
resistance to distortion which acts as the suction-power, and in
certain conditions produces negative pressure.

In the apex-beat curve obtained with fairly strong pressure
(Fig. 13) we have shown a wave on the line of descent. This
corresponds in time with the wave which is sometimes seen in
the descending line of the intraventricular pressure curve—and
both, like the waves referred to in the preceding paragraph,
are due to the commencement of the inflow of blood from the
auricles. This is shown in Frangois Franck's figure (Fig. 16, 1)
as a wave preceding the notch a.

From the above analysis of the apex-beat curve it will be
gathered that the influences affecting it are very complex, but
that it does give certain indications regarding the heart-beat.
In the meantime what we have said above may at least help the
physician to distinguish between modifications of the cardio-
gram which result from changes in pressure exerted on the
heart by the thoracic wall and diaphragm, and those which are
due to some deviation from the normal in the fenctional
activity of the organ, of which latter we shall have something
to say in a future Section.

SECTION V.
ON THE MECHANISM OF THE MAMMALIAN HEART-BEAT.

We are now in a position to put together the somewhat dry
details which we have described in the preceding Sections.
This can be perhaps most conveniently accomplished by
superposing the various graphic records, of which so much has
already been said, in such a way as to show at a glance the
relations in time of the various factors which go.to make up the
complicated beat of the mammalian heart. ,

We have done this in Fig, 17, which shows (1) the contractions
of the auricular wall, (2) the apex-beat curve, (3) the intraven-
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tricular pressure-curve (4) the myocardiographic curve of the
ventricle taken in a line joining base and apex, (5) a similar
curve taken in a line parallel with the auriculo-ventricular
valves, (6) the curve of contraction of the musculi papillares, (T)
the periods of outflow of blood from and inflow to the ventricles
(8) the positions of the first and second sounds of the heart, (9)
the moment of opening and closing of the auriculo-ventricular
valves, and (10) the times of opening and closure of the sigmoid
valves.

This diagram has been constructed by measuring out simul-
taneous tracings in the manner indicated in the previous
Sections.

It gives the relations in time of some of the chief elements
that together constitute the beat of the heart, of which it shows
one cyele. The manner in which most of the data on which it is
based have been arrived at is sufficiently explained in the fore-
going Sections. No explanation has however been given as to
the manner in which we obtained information regarding certain
other of the matters shown in the figure ; for example, the exact
pesitions in the cycle of the closure and opening of the auriculo-
ventricular and sigmoid valves, the commencement and cessation
of the inflow and outflow from the ventricles, and the positions
of the first and second sounds of the heart.

In order that it may not be supposed that we have inserted
the times of these events of the heart's cycle after merely
thinking over the matter in the light of the facts related in the
preceding Sections, it may be as well for us to give some indica-
tion of the method by which we have obtained information
regarding them. The moment of opening of the sigmoid valves,
and the commencement of the outflow from the ventricles, can
be readily and accurately learned by measuring out simul-
taneous tracings of the intraventricular pressure and of the
pulse-curve at the root of the aorta. Such curves also give
exactly, as we will show later on, the time of cessation of the
outflow. The time of closure of the auriculo-ventricular valves
is of course that at which the pressure within the ventricles
exceeds that in the auricles, and can therefore be easily
obtained, while the moment of opening of these valves is often
enough shown by a small wave present on the descending lines
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of the apex-beat or of the intraventricular pressure-curve to
which we have referred on p. 169, The time of the second
sound of the heart can be learned exactly from the position of
certain small vibrations on the pulse-curve at the root of the
aorta, while the first sound, it need hardly be said, has been
ghown by others to correspond to the ventricular contraction.

The position of the auricular contraction and expansion we
obtained from simultaneous myographic tracings of the auricular
and ventricular walls. The other curves on the diagram are
those which have been already described,

After spending much time in constructing this diagram and
measuring out many tracings, in the fear that preconceived
theories as to how the various events of the heart-beat must
hang together might lead us to disregard facts, we are still by
no means satisfied that it is not as likely to mislead as to instruct
the reader. If the impression be left in his mind that the
heart-beat always takes place after the manner indicated in the
diagram, so long as the heart and cireulation are normal, we
must clearly say that such an impression will be erroneous.

The heart is not a machine like a steam-pump, the move-
ments of every part of which must conform with those of the other
parts in rapidity and duration. If the oscillations of the piston
of such a pump become quicker or slower, the quantity of water
pumped out rises or falls in the same proportion. In the case of
the heart, however, the amount of work done by the organ, in
the way of pumping out blood, bears no constant relation to the
rate of the heart-beat. That the characters of the heart-beat are
capable of being varied within physiologieal limits, by a number of
influences, will perhaps best be understood by analysing the most
important of them one by one. This, moreover, is a subject of
great importance to the pathologist, seeing that it is only by
a clear comprehension of the variations which the heart-beat
18 capable of undergoing within normal limits that its
mechanism in disease can be understood. It is necessary,
in seeking to understand the heart-beat in diseased conditions,
to keep in mind that no sharp line of demarcation can be
drawn between the action of the healthy, and that of the
diseased organ. Any abnormalities of the function of the
heart, and indeed of any organ of the body, can only be due to
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increase or diminution of some one or more of the factors by
which the action of the organ is normally carried on. The
variations in the action of the heart, by influences which do
not exceed those which oceur in health, are those which are
of special interest to pathologists, seeing that they verge
insensibly into the extremes which are met with in diseases
of the organ. Moreover, the continued action of physio-
logical influences, if they be extreme, may lead to
conditions which cannot be distinguished except by their
etiology from pathological conditions. As an example of this
we may refer to the increased size of the soldier’s heart after
a severe campaign, or to the blacksmith’s heart. These enlarge-
ments differ in no respect from the hypertrophy of the heart, in,
for example, Bright's disease or aortic stencsis, except that
they are the direct result of extreme physiological conditions
which have been in existence for an unusual time.

Many other examples might be given of such overlapping
of healthy and diseased conditions. Take for instance the
effect on the heart-beat of changes in the pressure against
which it has to empty its contents, in other words the
hydrostatic pressure within the aorta and pulmonary artery.
It need hardly be said that the blood-pressure in the systemic
arteries is capable of varying within fairly wide limits. At
each respiration there is a rise and fall, while with muscular
exertion, and a variety of other causes which need not here
be detailed, still more considerable physiological variations may
take place. Still greater variations of the blood-pressure are
of course met with when the conditions deviate from the
typically healthy condition; speaking roughly it may be said,
that the pressure in the systemic arteries may rise as high as
250 mm. of mercury, or more, and may fall as low as 50 mm.
without death or syncope from cerebral an@mia taking place.
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HEART-BEAT AND PULSE-WAVE.

BEY C. & ROY, M.D., F.R.S,
Professor of Fathology,

AND J. G. ADAMI, M.A.,, M.B,,

Denonstrator of Pathology, o the Dniverstty of Crumbridge,

[From the Cambridge Pathological Laboratory.]
SECTION V.—Continued,

WE have said that the action of the heart is profoundly influenced
by changes in the pressure within the arteries. Let us see what
is the nature of the modifications so produced, and consider, first
of all, how the heart-beat is affected when the arterial pressure
rises. We must mention that we do not refer to changes in the
rate of the heart-beat which are produced by rise or fall of
the aortic pressure (through the medium of the vagus nerves),
but to those changes in the character of the individual beat
which are independent of the rapidity of rhythm.

One of the effects of rise of pressure in the systemic arteries
is to diminish the extent to which the fibres of the heart-wall
are shortened during systole ; this diminished shortening being
identical in nature with the diminished degree of shortening of
a voluntary muscle when in an experiment the weight which it
has to raise is increased. The effect of this diminished shorten-
ing is, as we have shown! to increase the quantity of residual
blood which is left in the ventricle at the end of systole. This
increase in the residual blood does not, however, under normal

! Roy and Adami, British Medical Journal, Decomber 15, 1888,
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, conditions, lead to a diminution of the amount of blood expelled 8" gl : ',I
: by the heart in a given time, seging that it is compensated for | o 1
| by an increased expansion during diastole: in other words, rise i

of the arterial presswre leads to physiological dilatation of the
ventricles, which may, as we have shown elsewhere, in extreme
cases give rise to functional incompetence of the auriculo-ven-
, tricular valves, We may mention that functional ineompetence
, of the same kind may result not from an increase in the work
|| which the organ has to do, but from diminished power of con-
i traction, the result of impaired nutrition or disease of its walls.
. We repeat, however, that in strictly healthy conditions any rise
of the blood-pressure produces a corresponding physiological
! dilatation of the heart. Pathological dilatation, resulting in
functional incompetence, differs in no respeet save in degree
from physiological dilatation.

Another important effect of continued high arterial pressure,
where the conditions are favourable, is hypertrophy of the ven-
tricular walls ; but as we think it better to confine our remarks
in the meantime to the beat of the unhypertrophied heart, we
shall say nothing here upon this subject.

Of more direct interest in the present connexion is the effect
of rise or fall of arterial pressure upon the parts played by the
contraction of the ventricular wall and the museuli papillares
respectively, in their common function of expelling blood from
the ventricle. As we have shown in Section IIL, the superposed
wave between 4 and 5 of the intracardiac curve in Fig. 17,
which ordinarily constitutes the highest pressure produced in
the heart during systole, is due to the contraction of the papil-
lary muscles. When, however, the arterial pressure is raised,
the height of this wave above the rest of the curve is lessened,
and the effect is that with a certain arterial pressure this wave
does not rise so high as the rounded prolonged shoulder which
follows it ; in other words, the intracardiac pressure curve has a
notch on the ascending line, that is to say,is anacrotic. (This term
is usually given to curves with a notch on the ascending line;
dicrotic being a term used to deseribe a curve with a notch on
the descending line.) It must be understood that this change
in the character of the intracardiac pressure curve is produced
by alterations of the mean pressure that are within physiological
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limits ; in other words, the anacrotic eurve is a normal modifica-
tion of the usual form as described in Section III. The
explanation of this change in the form of the intraventricular
pressure curve as a result of a rise of arterial pressure is
important, seeing that upon it also vests the explanation of
the anacrotic pulse wave. There are certainly two factors, and
probably a third, which take part in this change in the intra-
cardiac pressure-tracing, where the arterial pressure is raised.
Let us consider these seriafim.

In the first place, the heightened pressure upon the arterial
side of the sigmoid valves delays the opening of these, which
can of course only take place when the pressure in the ventricle
is raised so as to be higher than that in the aorta (or pulmonary
artery in the case of the right ventricle). As, however, there is no
corresponding delay in the contraction of the musculi papillares,
a smaller portion of the papillary muscle contraction is utilised
for the purpose of expelling the blood. Seeing that there is no
diminution in the total volume thrown out at each systole, this
leaves a larger portion of blood to be expelled by the continued
contraction of the heart-wall after the auriculo-ventricular valves
have been pulled down by the first rapid and effective part of
the contraction of the papillary muscles, In other words, a rise
of pressure in the arteries diminishes the amount of blood thrown
out by the contraction of the papillary muscles, and increases
that thrown out by the heart-wall.

This change in the amount of blood expelled, as the result of
the contractions of the papillary muscles and heart-wall re-
spectively, is perhaps exceeded in importance by the second
factor, which tends when there is high arterial pressure to
render the intracardiac pressure curve anacrotic.

This second factor arises from the characteristics of the
arterial wall as regards elasticity. As has been shown by one of
us elsewhere, the arterial walls become more rigid as the
pressure is raised above the general mean pressure of the
animal from which the arteries are taken. This greater rigidity
tends to raise the pressure towards the end of systole, the
curve in other words tending to become, or becoming, anacrotic,

As it is desirable that this point should be clearly understood,

! Ray, Journal of Physiology, vol. il
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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 is 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 comvenient 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.

Fie. 14,

Tracing showing relation between intra-arterial pressure and cubical nnntent.:_nF
normal artery. 'The figures give pressurcs in millimetres of mercury, while
the distance of the horizontal lines from the uppermost corresponds to the
eubic capacity of the vessel. N.B.— The length of the horizonlal lines varict
simply in order that the pressuro with iwhich thay corvespond may be clearly
Dbl iamded.

The upper horizontal line (drawn, like the others _bg,'
moving the recording cylinder backwards and f{!ﬂTl\'ﬂl‘l?lLB- with
the bhand) represents the cubic dimensions of the ptnm‘::-t'
arterial tube when collapsed, owing to the pressure outside
its wall being higher than that within. On now rmaising
the intra-arterial pressure until the mercury stands at 10 mm,,
the vessel opens out and expands slightly, the increase in
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its contents being represented by the distance between the
upper and next highest horizontal lines. On increasing the
pressure to 20 mm., the cubic capacity of the vessel is in-
creased to an extent corresponding to the distance between the
lines marked 10 and 20 respectively. The other horizontal lines
represent the cubic capacity of the artery at the pressures
marked at the end of each line.

The tracing shows—that the increase in volume with each sue-
cessive increment of pressure becomes greater till about 60 mm.
of mercury isreached ; that the maximum increase is between 60
and 80 mm., and that with higher pressures the increments in
cubic capacity become less and less, so much so, that raising the
intra-vascular pressure from 110 to 170 mm. produces only about
an equal increase in contents to that produced by raising the
pressure from 60 to 70 mm. Now 70 or 80 mm. of mercury is
about the normal mean blood-pressure of the rabbit, and this
experiment shows that above this the arteries become more and
more rigid-walled.

In comsidering the question of the mode of production of the
anacrotic pulse, it must be remembered that a nse of blood-pres-
sure within normal limits does not diminish the amount of blood
expelled at each contraction—that, on the contrary, the slowing
of the heart which usually accompanies rise of blood-pressure
results in a corresponding increase in the volume thrown out at i
each systole. From the tracing (Fig. 18), it can be seen at a glance
what would be the increments of pressure within the artery if
a given volume of blood were forced into it at 60 mm. and 110
mm, respectively—it can be seen that they would be in
the proportion of about 1 to 6. That this great rise with high
pressures must tend to make the pulse and intra-ventricular
pressure curves anacrotic, 1., rising towards the end of the period
of outflow from the heart, is evident enough.

There is however a third influence which in all probability .
acts in the same way as the two factors which we have just
referred to : we refer to the diminished bulging upwards of the
auriculo-ventricular valves which must take place when the heart
becomes dilated, owing to the increased distance of the point of
origin of the papillary muscles from the base of the ventricles.
Unless the papillary muscles became stretched to a degree
E
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sufficient to allow the auriculo-ventricular valves being bulged
upwards to the same extent as before the physiological dilatation
of the heart (which is improbable, seeing that the causes which
produce the dilatation of the ventricular walls do not affect the
papillary muscles to the same degree), the diminished bulging
upwards of the anvieulo-ventricular flaps will necessarily lead to
the contraction of the papillary muscles being less effective. The
effect which their contraction produces upon the pressure curve
will therefore be relatively less. In addition to this it must be
kept in mind that any distension of the heart-wall will of itself
render the papillary muscle contraction less effective, seeing that
the part from which the papillary musecle arises will, ceferis
paribis, be more readily pulled in, so that the contraction force
of the papillary muscle will be, in part, expended in distorting
the ventricle.

The above considerations explain why it is that the intraven-

tricular pressure eurve—and at the same time, the pulse-wave—

undergo the characteristic change from the normal to the
anacrotic form. We shall have more to say upon this subject
when we come to speak of the pulse-wave.

Lowering the arterial pressure below its usual height produces
also important changes in the various elements which compose
the heart-beat, and which will have to be considered in detail
when we eome to discuss the pulse of low pressure. It will be
as well for us, however, to say something here regarding some
of the effects of diminished pressure upon the mechanism of the
heart-beat. In the first place, with low arterial pressure
the ventricles are more completely emptied at the end of systole
than 1s otherwise the case. Often, moreover, though not always,
the low pressure is due to the small amount of blood expelled by
the heart at'each contraction. Both of these factors tend to
make the papillary muscle contraction play a more prominent
part in raising the intra-ventricular pressure and expelling the
blood than it would otherwise do. The low pressure in the
arteries permits the opening of the sigmoid valves at a com-
paratively early period of systole, while the small volume of
blood to be expelled, and in any case the small resistance
offered by the arteries to the inflow of blood into them, canse
the outflow from the ventricles to be concluded at a com-
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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 systolic

Henrt wall,

.J|,'|||','r,-|',|r:|l, !'n[\'rm:l;rl];i-,-|_5|':|_|:|.||:.; ;'|_'|'|-;] apex h-l_'al: CUFYes taken '|'\.:.|:|| a1ib: r|n|-r||u'|
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 (b to ¢) of the contraction of the

papillary muscles. The heart-wall curve shows that the period

E 2
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of active shortening is diminished, while the succeeding period
of persistent contraction is increased in duration.

The effect of this shortening of the period of outflow, and
earlier commencement and ending of it, is necessarily that the
pulse-wave is made up mainly by the superposed wave of the
intracardiac pressure-curve, which is due to the contraction of
the musculi papillares. This again is a matter which can be
better discussed under the heading of the form of pulse-wave.

Increased quantity of blood passing through the heart is also
a matter which can best be discussed in connexion with the
pulse.

The heart-beat is modified in certain important particulars
by the nerves supplying it. As, however, these nerves affect
the ventricles less than the auricles, and as to describe the
effect of these nerves upon the heart would lead us too far,
we prefer to say nothing here of their action on the heart.

Changes in the rate of beat also produce modifications, the
most important of which is that, ceferdis paribus, the faster the
rhythm the smaller the amount of blood thrown out by the

ventricles at each contraction. We cannot, however, go into -

this subject here.

Of greater importance in the present zonmexion as regards
the mechanism of the heart is the relationship in force and in
rhythm of the heart-wall and papillary muscles respectively.
It would naturally be assumed @ priort that, these two parts of
the heart being so closely allied one with another, the force
of contraction of the one is incapable of being varied inde-
pendent.l:,r of that of the other. Still less would it be expected
that the rhythm of the two might be to a certain extent
independent. Such, however, is the case, as can be shown
without difficulty by the graphic method employed by us and
described in our first two Sections.

In the first place, the force of the contraction of the mausewli
papillares may vary independently of that of the heart-wall. A
very good example of this is seen in the influence upon the
heart of the tincture obtained from the seeds of Strophanthus
hispidus.

If, having arranged the myoecardiograph so as to obtain
simultaneous tracings of the contractions of the heart-wall and

EE.;-E.:;IJL]I'

1 1y’
EIuies WE Wil i

tte employment of
By well with elie
Wker: {he ppillar
i.e;ﬂ:dif,u: or sl
e f iy g in



s s

£ Mwly

£ "‘-'.I.':._".il":hr fl.
el [

i e e

iy ot b ks

=

RETST a8 ek

ﬁﬂg % ) .I | TRACTS 224(13) £

—_— E 5 . E_

i 2 e e |
HEART-BEAT AND PULSE-WAVE. 155

of the papillary muscles, and having reduced the rapidity of
revolution of the drum upon which the tracings are being taken,
50 as to be able to follow the changes in height of these two
tracings for as long a time as is desired, we then inject into a
vein a maximum medicinal dose of the tincture, the effect of the
drug shows itself very rapidly. The first change noticed is great
increase in the force of the contractions of the musculi papillares,
without any or with only very slight increase in the force
of the contractions of the ventricular wall. This change is
the cause of the increased efficiency of the papillary muscles in
raising the height of the superposed wave of the intra-cardiac
pressure-curve. This can be seen in curve B, Fig. 7, p. 163.
We must not be understood to imply that this is the only effect
upon the heart of medicinal doses of stmp‘!muthua; it 13, how-
ever, apparently a very important, if not the most important,
action of the drug, and serves to explain why it is that in certain
forms of heart-disease strophanthus is so valuable a remedy,
whilst in others it produces little if any benefit. Knowing this
action of strophanthus in increasing the force of the papillary
muscles we would not expect it to be of much use in cases of
mitral stenosis, especially if, as is often the case, there be marked
rigidity of the mitral flaps and atrophy of the musculi papillares.
On the other hand, in cases of functional incompetence of the
mitral or tricuspid from whatever cause, we would expect that
advantage, and in some cases very great gain, would result from
the employment of this remedy. This we believe corresponds
fairly well with clinical experience, although of course in cases
where the papillary muscles have undergone extensive fatty
degeneration, or sclerosis, or other form of regressive metamor-
phosis, it is not to be expected that so mueh benefit can result
from the action of the remedy in question as in cases where the
muscles have undergone no important anatomical change.

If in our experiment a second dose of strophanthus be in-
jected shortly after the one previously mentioned, the toxie
effects of the drug show themselves. One of the most striking
of these is the weakening of the contraction of the papillary
muscles, which rapidly replaces the increased force that was so
marked a result of the former dose. There is also a slight
weakening of the heart-wall contractions, but this is very much
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realised ; and it may indeed be questioned whether any data of
practical value regarding the pulse obtainable by the sphygmo-
graph cannot be arrived at just as satisfactorily and very much
more easily by the educated touch. It is of course capable of
giving a permanent record of certain characters of the pulse-
wave ; but we think it open to doubt whether it has yielded
anything more than this to the vast majority of those who
have employed it. Nevertheless it would appear that in the
hands of some few physicians who have attained great skill in
the application of the instrument, it does give information
'which is of practical value and which cannot otherwise be
obtained. The curves published by Mahomed, Lorain, Riegel,
and one or two others are evidence of this. On the other
hand, there have been physicians of unquestioned ability who
have devoted much time and care to the employment of
the sphygmograph at the bedside, and who have not found
that much, if indeed anything, is to be gained by its use,
Dr. Broadbent, for example, in his valuable monograph upon
The Pulse, recently published, has but little to say regarding
the advantages of using the sphygmograph rather than the
educated touch.

The reason of this comparative failure of the sphygmograph
for clinical observation 1s not, we think, very far to seek ; it
consists, we believe, in the fact that the instrument itself is
faulty; we cannot for example be sure of getting the same
form of pulse-wave on two successive applications, although
there is no reason to suppose that in the interval the forn of
the pulse has undergone any change. We have no adequate
means of controlling the pressure of the button on the artery,
uor can we always be certain that the button occupies the same

position over the vessel. We might give other objections to

the instrument, did we think that its faults were insufficiently
recognised. Nor do we consider that the modifications which the
instrument has undergone at the hands of various observers have
removed the various objections to it ; while one ot these modified
sphygmographs is, we think, very much less satisfactory than
Marey’s original instrument, We refer to Dudgeon’s sphygmo-
graph, tracings from which are so frequently disfigured by inertia-
vibrations as to render the curves obtained from 1t more or less

Ll
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worthless. The mechanical construction of this instrument is
such as to render great inertia-vibrations unavoidable.

It must not be understood from the above that we think it
impossible to obtain sphygmographic tracings which will give
information of value unattainable by the trained touch of the
physician, All that we wish to say is that the instruments at
present in use are extremely unsatisfactory.

To obtain satisfactory graphic records of the pulse an instru-
ment is required which will give with certainty similar results
when applied at different times, when the pulse has not under-
gone alterations in the intervals ; which, secondly, can be applied
without difficulty ; thirdly, the pressure upon the artery must be
capable of being regulated with exactitude ; fourthly, it must
give tracings sufficiently large to enable us to distinguish minute
variations in the characters of the pulse-wave ; fifthly, the curves
obtained must be free from inertia-vibrations; sixthly, it must
be capable of measuring the blood-pressure within the artery;
and lastly, it must be such that it can be conveniently employed
at the bedside.

We have been employing an instrument which, in our opinion,
fulfils these requirements. The principle of its construction is
to cover over and enclose a portion of the radial artery in an
air-tight rigid-walled box, the radius forming one side. The box
is filled with water, the pressure of which can be varied at
will, and which conveys to a piston the expansion and contrac-
tion of the artery at each pulse-wave, the movements of the
piston being communicated to a recording lever! In Fig. 20
are given examples of pulse-tracings obtained by this instrument
from one of our own wrists, the pressure upon the artery being
30, 45, and 70 mm. of mercury respectively. In Fig. 21 we give
a pulse-curve obtained from the unopened femoral artery of
the dog by a method similar in principle to that just referred
to. Fig. 22 shows a tracing from the root of the ascending aorta
of adog, the thorax having been opened. This was obtained by a
light recording lever connected with a button which was pressed

b Although this instrument is at present in a condition which allows of its
being used at the bedside, it is thought preferable to wait before giving a detailed
deseription of it until by forther experiments its most convenient form has been
decided. Such a desaription will be givan bafore the conclusion of these articles.
~—C, B, R.
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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

Fie, 20,
Wormnl pulse-tracings from human radial of healthy male adult.
A, with extravascular press
B,
o

ure of 80 mm. of mercury.

B mm. | 60 mm. Hyg

Fig. 2.
I*olse-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
rabhit ]1.1.' a method deseribed ]|_1.' one of us! which consists in

U Row, Jonwrnal of Phupsiology, vol. i, p. A6,
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Fag. 20,
FliJHP-[h‘Ll’,‘inH from the root of the ascending aorta of & l]-l,_;_’, abtained l._'_c
& method similar to that of the ordinary sphygmograph.

Fio. 23.

Tulse cves fram earotid of rabbit with extra-arterial prossures of
10, 20. 30, 40, and 50 mm. of menoury
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enclosing a piece of the unopened artery in a rigid-walled box, the
expansion and contraction of the artery at each pulse-wave being
recorded by a piston-lever arrangement. The pressure upon the
artery could be varied as desired, and the figure shows tracings
obtained with extra-arterial pressures of 10, 20, 30, 40, and
50 mm. of mercury.

These different pulse-tracings from man, the dog, and the
rabbit obtained by various ways resemble one another in their
chief characteristics. They all show an uninterrupted and more
or less rapid upstroke to the culminating point of the curve,
which forms the apex of the first secondary wave of the pulse;
between this and the next small wave there is a notch, generally
known as the predicrotic notch, while after the second secondary
wave comes the deeper dicrotic notch. This is followed by a
more or lesz prominent short wave, between which and the
lowest point of the curve there is a long flattened wave, These
then, we may take for granted, are normal characteristics of the
pulse-wave, seeing that they appear in sphygmographic tracings
taken from different arteries of different animals and by different
instruments.

R




HEART-BEAT AND PULSE-WAVE.

BY C. 8, ROY, M.D. F.RS.,
Frofessor of Pathelogy,

AND J. G, ADAMI, M.A, MB,
Demenstrator of Pathology, in the University of Cambridye.

[From the Camiridge Pathological Laboratory.)

SECTION VI—Condinued.
THE NORMAL PULSE-WAYE

WE have now to consider what is the meaning of each of the
chief features of the normal pulse-curve. With regard, first of
all, to the up-stroke: it is of course due to the correspondingly
rapid rise of pressure in the artery, which commences at the root
of the aorta at the moment of opening of the aortic valve. This
is opened when the pressure within the ventricle exceeds that
within the aorta. If the mean pressure in th. aorta be
high, the valve opens at a later peried of the cardiac systole
than would otherwise be the case, and vice versd; on the other
hand, the quantity of bloed in the heart at the end of diastole,
and the force of the wventricular contraction, influence the
rapidity with which the intraventricular pressure is raised
during the earlier part of systole, and in this way also may
cause a change in the time-relation between the commencement
of the ventricular contraction and the opening of the valve.

It must be kept in mind then that at the root of the aorta
the beginning of the pulse-wave does not bear a constant
relation in time to the beginning of the ventricular systole, a
fact which is of considerable importance in influencing the form
of the pulse-wave.
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HEART-BEAT AND PULSE-WAVE. 413

With regard to the height of the up-stroke, this depends,
ewleris paribus, on the extent of the rise of pressure which is
produced in the arteries by the inflow of blood from the
ventricle. The extent of this rise is influenced by a variety of
causes, namely (1) by the volume of blood expelled by the
ventricle, (2) by the freedom of outflow of the blood into the
capillaries, and (3) by the degree of rigidity of the arterial walls,
whicl, as we have shown, varies with different arterial pressures.
Besides these, the height of the pulse-wave as shown in the
sphygmographic tracing is very greatly influenced by the pressure
of the recording instrument upon the vessel, as can be seen upon
reference to Figs. 20 and 23 (pp. 359 and 360). This is a
matter which presently we shall have to discuss in some detail.
We may therefore pass it by in the meantime.

The rapidity of the up-stroke—that is to say, the time whmh
is occupied by the rise of pressure (and which can be ascertained
by measuring the distance of the top of the curve from a line
drawn by the recording lever through the point of commence-
ment of the up-stroke when the clockwork is at rest)—varies
also with the rapidity of outflow from the heart. But into
this question we cannot enter until we have considered the
meaning of the superposed waves, and especially of the first
of these.

It is of special importance to knmow what point upon the
sphygmographic curve corresponds to the cessation of outflow
from the ventricle. This it is perfectly easy to determinas
by taking simultaneous tracings of the pulse-beat at the root of
the aorta, and myographic curves of the ventricular wall, the
latter showing the moment when the shortening of the fibres
of the myocardium is completed. This point, it need hardly be
said, must be that of the cessation of outflow. Fig. 24 gives two
curves obtained in this way from the heart of a dog, which
have been carefully measured out so as to obtain their exact
relations in time. The figures on the two tracings mark points
which are synchronous. It can be seen that the rise of pressure
in the aorta begins after the heart-wall has performed a certain
part of its shortening, and that the point 4, which is placed
on the ventricle-wall curve at the moment of cessation of
shortening (though not of confraction), is represented upon the
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pulse-curve by the commencement of the rapid descent whicli
precedes the dicrotic notch, Tt 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
1 no point upon the pulse-tracing which can be recognised
as synchronous with the arrest of the outflow. v

: : In any casa
this must precede the dicrotic notch,

Fia, 24.

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

Between the commencement of the up-stroke and the dicrotic
notch there are two waves, sometimes called the percussion 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 schemata, 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 mot think it profitable for us to criticise in
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l.jll"l,:lﬂ gither 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, : superposed wave

A, normal pulse from radial of healthy adolt male, obtained by sphygmometer,
Extrn-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 noteh) ; 3 to 4, ontllow-remainder wave ; 4, dierotic noteh ;
4 to 6, post-dicrotic wave ; 8, post-dicrotic notch,

[Note.—The small notches on the first and second of the superposed waves of the
first of these pulss-curves have crept in by mistake in the engmving, and are not
present in the original curve.]

b, from same artery with same extra-arterial pregsure, taken during asute catarr)
of upper 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 superpeees
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wave, of the intraventricular pressure-curve, corresponds exactly
in time with the first superposed wave of the pulse-curve—the
one which usually forms the culminating part of the tracing.

In Fig. 24 it can be seen that the arrest or slowing of the
shortening of the ventricular muscle, which results from the
rise of pressure due to the contractions of the papillary muscles,
is synchronous with this first superposed wave of the pulse-
tracing. In other words, # i due fo the condraction of the
papillary muscles. We must therefore reject the name per-
cussion wave which has been given to it, and will henceforth
refer to it as the first superposed wave of the pulse-curve, or, for
shortness' sake, as the papillary wave, The next of the second-
ary waves of the pulse, that, namely, between the papillary wave
and the dicrotic notch, corresponds with the rounded shoulder
of the intracardiac pressure-curve (¢, Fig. 7, A and B, p. 163).
In other words, the pulse-curve, during that part of it which
corresponds in time with the outflow from the ventricle, agrees
in form with the intraventricular pressure-curve. As we have
shown, the rounded shoulder is due to the continued contraction
of the heart-wall and papillary muscles after the flaps have
been pulled down. This second wave, which is usually known
as the tidal or predicrotie, may therefore be termed the owutflow-
remainder wave, It corresponds in time with our third phase
of ventricular systole (p. 93).

After this wave comes the dicrotic notch. The usual explana-
tion of this negative wave is that it is due to the inertia of the
blood in the aorta and larger arteries, which has gained a certain
velocity during the period of outflow from the ventricle, and
which upon the blood ceasing to leave the ventricle necessarily
causes a negative wave, commencing at the roof of the aorta, and
propagated in the same way as the positive wave. T_his ex-
planation is, so far as we know, the correct one. As might be
expected, we find that any cause which increases the abruptness
of the cessation of the outflow, or increases the velocity with
which the blood is expelled from the heart, tends to make
this notch more pronounced ; on the other hand, the pressure in
the arteries is also of influence upon the depth of this negative
wave, for the simple reason that the more rigid the elastic walls
of the arteries the more readily will such a (negative) inertia
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on that account an erroneous impression of the characteristic to
which it is applied.

We are of opinion that the sphygmographic eurve describes
its own characters, and the attempt to describe these in words
with any brevity, is, we think, manifestly vain.

We are here concerned more especially with the variations in
depth of the dicrotic noteh, regarding which the inadequacy
of our present nomenclature is very apparent. The ordinary
healthy pulse has a notch on the down-stroke, and may therefore
correctly be termed a dicrotic pulse. Some writers however really
mean, by a dicrotic pulse-wave, one in which the notch is deeper
than usual ; while some confine this name to those cases where the
notch can be felt with the fingers; some again give a special mean-
ing to such terms as “fully dierotic ” and hyper-dicrotic ; and in
short there is a good-deal of confusion in the matter. Let us begin
by saying, first of all, that the depth of the dicrotic notch varies
in different individuals, and in the same individual under different
physiological conditions; and when in the following paragraphs
we use the term “usual depth ™ of noteh we refer to that found,
as far as we know, in all healthy individuals, the tracing being
taken while the person is sitting as quietly as possible, or
better still, when the breathing is momentarily interrupted, the
alottis however being open., In such tracings there is little or in
most cases no real rise of the lever point after the dicrotic notch,
the level of the highest point of the post-dicrotic wave scarce
rising above that of the dieroticnoteh. This, so far as dicrotism is
concerned, is the typically normal pulse-wave, though it must be
clearly understood that extreme degrees of depth of the noteh may
show themselves temporarily in perfectly healthyindividuals. This
can be seen in Fig. 26, taken from the radial artery of one of us.
During the first part of this curve there was high intra-pulmonary
pressure, as is shown by the upper of the two horizontal lines,
which gives the level of the mercury in one limb of the
manometer connected with the mouth. The actual intra-
thoracic pressure when measured out was 42 millimetres {.if
mercury. The effect of such high pressure witliin the thorax 1s
to interfere with the entrance of blood by the veins into the
heart, while at the same time the abdominal viscera are
rendered ischwmic by the pressure of the abdominal
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muscles.  The result of the first of these conditions 15 to
||i:||ini.-'.'n the amount of blood thrown out by the heart at each
contraction, while the second prevents the fall of pressure which
wourld 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 nm‘tu;t], N8 can be seen from thi,‘ relative ]:ul-:.'_f||l.¢~ of puinh:
half-wavy up the ll]r-r-'h'u]-i-.: of the earlier and later Eﬂ:l].-:e--w:n'v:-'
respectively.  These points give approximately the mean
&l i
ol 4
: frime

Fig, 2.

[-|J|J-'I' CTTFTeE, '|“'I'ZL] [-II.'.-l obtatned from healthy @ I-;Ir-;.:.l . '||:|_- HF I adified -:||||:.:
mograph (5

ipgroreler) with extra-arterial pressume of 70 mm. of mercary,
showmyg effect of changes inintrm

nonlmonary and abdoeminal pressore,  The

lower nnanterrupted line 35 reconded by o float with attached needle, resting

TIHOTR the mercnary of ope of the limbs of a manometer, the ather limb being
conneeted with the month by an mdie-rubber tube.  The lower horizontal
line represonts graphically the atmosplerie pressure, while the upper

horizontal line shows that during that time there wis a Pesitive pressure

it
within the longs equal to twice the distance between the two lines

(2] = 2 = 42 mm. of mercury).

pressure in the two cases. The first ]'|I[Hr'-'.'-':| ves show sreatly

increased depth of the dicrotic noteh, with o mean pressure
.'l]]'.i‘u'l' Tlll.' 11 I'I:I::II., "|'h-- TS Ilt. ”Il:‘ :I|||'|'|'.'J:-i| |] |“_1"_"H1i-i-'|'|| i|'| r'1-.1'~:
rase 18 evident enoneh: there 12 1rr||_'. 011 .--e-n'-|‘::n|:||'j.' Wave
E}|'1'.'|'|,'i[;|| -']n;- commencemont II1I T]'IL' I-I]"I-:**I".-'-H‘ ;:n',.E |.I'||,' li'il:'l'llr'cl'

15'_]'[1'h; i.ti (Eh: I '-.'-n-l.'.l-i_ 1||I|' '|"--|5.|-1|' 1'||.. !ll-l.' I|I:I'.1I|l"'|"| J|.|'|II|'| r:_'il'
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ventricle takes place during the time when the increase of
pressure within the heart is wmost rapid—that is to say, !
coincidently with the rapid contraction of the musculi papillares;
and as the outflow fiom the heart has ceased before the com-
mencement of the next phase of ventricular systole (when, as
described on p. 93, the pressure within the ventricles is
gradually falling) the termination of the outflow is very much
more abrupt than is the case in the typically normal con-
ditions. The necessary result of this is to increase the depth
of the dierotic notch, which is in this case assisted by the
heightened pressure within the arterial system, causing the
arterial walls to be more rigid.

To continue our analysis of this treing: the central part
shows a marked diminution of pressure, occurring as soon as the
intra-abdominal and intra-thoracic pressures have been allowed to
fall. As a result the abdominal veins become filled, diminishing
for the moment the pressure in the systemic arteries. It can be
seen that during this momentary fall the dicrotic noteh, though
atill a marked feature, is less deep than during the first part
of the curve, although the greater part if not all of the outflow
still takes place during the time of active contraction of the
muscilt papillares. This, as we have pointed out, is a necessary
result of the relation which exists between the arterial pressure
and the elasticity of the arterial walls (p. 350).

The latter third of the curve shows the leight of the pulse-
waves increased to what, for the artery of this individual, is the

. normal height, the increased height of the waves being of course
due to the inereased amount of blood which is enabled to reach
. the heart, as the result of the filling of the abdominal and
thoracie veins. With the inereased output of the ventricle at

anch contraction, the outflow at each systole lasts a longer time,

i and is not confined to the phase of rapid papillary contraction
3 (phase IL, p. 93). The cutflow-remainder secondary wave shows

itaclf, the termination of the outflow being more gradual, and so
producing no more than the normal depth of the dicrotic noteh.
We may here call attention to the fact that the mechanism of
the heart-beat is beautifully adapted to give the maximum
| rapidity of outflow with a minimum of inertia-vibrations of the
eolumn of blood in the arteries. This 15 due to the maximnm
of pressure within the ventricles being produced early in the
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finally gave up our experiments that afterncon with a feelino

' ] e ¥ \ 9| 1 e 1 g,
of bewilderment. On the following morning the explanation
made itself apparent in the form of a rather severe cald in
the |!I'.'.'I.il, ‘.'.'llll':"l ]H'l'.'.‘l"-':']' WAS ot 50 ],l;u:l a3 to n--’.'v_-hi'!.‘ﬂ-- 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-

234 SR 7

A, normal puolse Mvom radial of healthy adual
Extra-arterial pressure of 70 mm. of mer
I¥, feom

snme artery with same sxtn taken during acute eatarrh

of upper respiratory passazes,

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

d in the |!u:;h[. ani !ZIJ'II':-CIZIII'..'II.I;.".' also 1n other forms of fever,

a ¢
become chanred, and assume the characters of the febrile Flu|.‘-‘1"
for a cood many honrs before any meelaize 18 Telt,

With |;*;_r:lr|1 to the characters of this ]-l.'|.-c-.' it will be seen
that, in -L]'lirn of the increased |'.'||1.}:'|'il,_';' of the heart-heat the
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HEART-BEAT AND PULSE-WAVE. 425

waves are higher than in the normal (A), indicating, so far as we
know, that the amount of blood expelled at each contraction is
increased, and that the amount of blood expelled by the
ventricles in a given number of seconds is still more increased.
In other words, the rapidity of the circulation as a whole is
considerably greater than normal, and as there is no rise of the
arterial pressure, indeed in all probability a fall, it necessarily
follows that the resistance to the outflow of the blood from the
large arteries has been diminished. Very probably in fever,
although we are not aware that as yet this has been conclusively
proved, the rapidity of the shortening of the myocardium is
increased, in addition to the inecreased rapidity of beat. The
curve shows that the increased volume of blood iz expelled
mainly during the second phase of systole (p. 93); that is to say,
mainly during the time of the pulling down of the mitral
valves, This, as we have pointed out in our last sub-section,
increases the abruptness of the termination of the outfow, lead-
ing to the production of marked inertia-vibration, showing itself
in increased depth of the dicrotic notch, or more correctly in
inereased height of the post-dicrotic positive wave. The great
rapidity of the fall from the apex to the notch is in itself an in-
dication of the increased freedom of outflow from the arteries.

The same form of pulse as is shown in B can be produced
temporarily, that is to say, for one or two beats, by making a
deep inspiration. The quantity of blood thrown out by the
heart is thereby considerably increased, without increase in the
peripheral resistance to the escape of blood from the arteries.

This febrile curve may pass by easy gradations into the low-
pressure dicrotic curve, which we shall presently describe.

The above considerations lead to the conclusion that dimin-
tshed reststance to the oulflow of Uood from the aiteries, by allmwing
the outflme to finish af an early period in the systole, may lead to
marked dicrolism, even although the volume of blood expelled from
the heart at each contrection is greater than normal ; although it is
possible that this may in certain cases be in part due to increased
rapidity of ventricular contraction. In the early stages of fever,
and in mild fevers generally, these conditions are combined.
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peratures on the day the curve was taken were 101° and 103
]-1.:.;F:.L-g:[i1,'|_-l'.'_ Are we to conclude from this 1]'.'1:'it|_1_': that the

pulse of a patient on the eighth day of a severe attack of facial

FIG. 25,

I S I rEE e e R
ering from facial erysip Ins

From' radial artery of E. W., female, mt. 51. S

(mighth day). Temperature oo day when tracing was taken, moming 161%,
evening 103°. Pnlse 65, Fressure on artery = G0 mm. of mercury.

erysipelas, with such temperatures, can show no deviation from
the normal when examined ]L}' ;’t'il]llli.l‘ methods of the extreme
accuracy of those employed by us? As a matter of fact, this

F1g. 29,

From radin] artery of healthy male, mt. 36. Extra-vascular pressnre 100 mm,
of merenry.

woman's pulse, although of the normal form, presents a very

important deviation from the normal pulse of a woman of ﬁj’r-«..-,

The blood-pressure, namely, has fallen considerably. The

rreatest oscillations of the lever ware obtained with :L~“ extra-
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vascular pressure of G0 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 i|:.':'.n:n~:t;|.'l£1_:
pressura outside the artery 15 a few mm, of mMercury above the
minmimum intra-arterial pressures, is. the lowest pressures in
the artery between the pulse-waves. We conclude from this
observation that the medivm arfertal PressuTe Ty be  reduced
considerably below the normal without any change in the form of the
pulse-tracing betng neeessavily produced therelny.

The Pulse-curve in Cases of Anomia (Hydromie).

; We do not propose to enter here into a description of all the

forms of an@mic pulse-waves, the subject being so large that

I a separate monograph would be required to do it justice, and

- we must content ourselves with giving two tracmgs from
: typically anemic individuals.

l']'_f a0 was taken from W. 5., male, mt. 20, ::|]ﬂ'l::-§||::( from ken ety ot

extreme an@mia, with (functional) mitral incompetence. His ' : A shott

— m—

Ty T

|I

l: From madial of A. ., male, cet. 20, Suffer om extreme anemia (hydremia) with
i'll functional mitral insufficience. Extra-vascular pressure = 35 mm. of mercury.

| - a . 5 = ' “ S :
iH face had a pallid yellowish tinge resembling that of pernicious
b aniemia ; the lips were I'):l!l." and Waxy. There was no cyanosis
1 = iy H t 3 .y . o 1 -

f or other sign of failure of the hea t, 131'}1ﬂi'=] the mitral regurgitant
Il AT,

1:

i,

i1
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The first point to be noted about this pulse-tracing is that it
shows greatly increased depth of the dicrotic notch, and would
usually be described as a “low-tension” pulse. In reality, how-
ever, the arterial pressure in this youth is little, if at all, below
the normal —the minimum arterial pressure being about 85 mm.
of mercury—that is to say, very much higher than in the case of
the erysipelas patient whose pulse-tracing is shown in Fig, 28,
and cannot be said to be below the normal for a youth of his age.
On the other hand, the outflow from the heart, to judge from the
characters of the tracing, lasts for a shorter time and terminates
more abruptly than is normal,although the height of the up-stroke
shows that the quantity of blood expelled at each systole is little
if at all diminished, Presumably the abrupt termination of the
outflow from the heart is the cause of the great depth of the
dicrotic notch. From the pulse-tracing of this boy it can be seen
that o typically dicrotic pulse-wave of the kind wsually called «
lone-tension pulse-curve may be present in cases where the blood-
pressure i the systemvic arferies is liftle of atf all below the
aormal. The nature of the heart’s action has not been sufficiently
taken into account as a factor in the production of increased
dicrotism. A short, sharp systole with rapid propulsion of the
blood into the arteries will lead to a correspondingly sharp and
energetic rebound, or reactionary wave—that is to say, to
increased depth of the dicrotic notch.

In Fig. 31 is given another pulse-curve from a typically
angemic person. This was obtained from J. R, male, mt. 53,
whose face and muocous membranes showed the characteristic
waxy pallor of great anmmia, and who also had a murmur of
mitral insufficiency (functional). There was no failure of the
right heart. The an@mia in his case was ascribable to ague.
The highest pulse-curves were obtained with a pressure of
80 mm. of mercury, at which the tracing given in Fig. 31 was
taken. The tracing shows that the amount of blood expelled
at each contraction is little, if at all, below the normal. Tt
differs, however, from the tracing in Fig. 30 in the fact that the
dicrotic noteh is not deeper than normal; presumably the out-
flow from the heart terminates less abruptly than in the case of
the patient from whom Fig. 30 was obtained. The minimum
blood-pressure in the case of J. R. is lower than normal, but in
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spite of that his pulse-carve does not possess the characters of

the so-called low-tension J||||,«e_1'_t_

Wa have, we believe, said enough to show that much confugion

ErG. 21,

From madial artery of J, K., male, wt. 53. Suoffering from anemia and mitml
1'|:,'_{ll:'2it-.'|.'fil'|ll. Extra-vis |_|_::|,;|' [iressun: = 80 mm. of Imercury,

must have arsen 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 Pulge-wave i Aoriie .Iri'n'-l'.“l'-'.i'.l.'jl-"fl_'.n'!-’_'ﬂ_

The varieties of pulse-wave which we might give are almost
endless ; and it i3 no part of ourintention in this communication
to mive 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 as we 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
pulses of old age and childhood, of atheroma of the arterial
\'-'-'I”H,l:l‘i. |‘§|'E_:]:l'ﬁ :H.‘-'PTLFI", uf h}'E!-L‘l'[l'nI:u]l].' of [l‘lh' ]]L":l.rL .'lnﬂ c:-F
the various forms of heart-dizease &e. &e.  In the space at our

"
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disposal we can only give srattered examples of the changes in
the form of the pulze-wave which can be produced by various
causes, and prefer to leave to others, or to a later communication,
the attempt to give a complete account of the deviations from
the normal which ecan be brought to licht by the sphygmometer,
or other equally accurate form of sphygmograph. We need
only say here that the study of the pulse by appropriate graphic
methods i3 one which still offers, according to our experience, an
extremely rich field for investigation. We cannot pretend to
have done more than dip into the subject.

Before leaving the pathological forms of pulse-wave we may
zive one tracing in illustration of the effect on the pulse of aortic
regurgitation.

Fig. 32, from the radial of L. R., suffering from aortic re-
curgitation, with great hypertrophy of the left ventricle, shows

From radial of L. K., male, mt. 22, Suaffering from asrtic incompetence and great
|I]|']ll.‘l"nlvi"'tl_'|' of left ventricle. Extr-arterial pressure 440 mm. of Mercury.

the pulse-curve obtained with an extra-vaseular pressure of
40 mm. of mercury. With 60 mm. still more ample curves were
gained. One marked characteristic is the great height of the
part of the tracing corresponding to the first part of the outflow
from the left ventricle, as compared with the part of the eurve
which follows the dicrotic noteh. This latter part of the tracing
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1

not, however, met with any instance of this, and the only
results of variations of the extra-vascular pressure on the form

Fig. 38.

From the carotid of o rabbit, showing the effect of vanations of the extm-vaszulan

i prossure on the form and height of the pulse-wave, The numbers reprosent
| the pressures on the artery in mm. of mercury. i
: |
| of the pulse-wave which have come under our notice are those |
Ulustrated by Figs. 20, 23, and 33.
|
]
SECTION LA,
THE MEASUREMENT OF THE ARTERIAL PRESSURE IN MAN,
We now come to the question as to the effect of variations of
the extra-vascular pressure on the height of the pulse-curves,
I and to the very i|1:|||-1'1:ni1- ||_I|4':~'fillll of the absolute measurement
of the arterial |:Jn|u-|||-]l|'--.-'~.~clll'|- I man
[
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8 HEART-BEAT AND PULSE-WAVE.

Attempts have been made, as need perhaps hardly be said, to
graduate the pressure of the spring of Marey's sphygmograph so
as to obtain some idea of the degree of compressibility of the
pulse, and so to obtain some information, necessarily vague at
the best, of the arterial pressure. The results obtained by this
means have, however, been so little satisfactory that it is
employed, so far as we know, by very few at the present time.

We are not aware that anyone has seriously sought to show
that trustworthy information regarding the absolute arterial
pressure in man can be obtained by Marey's sphygmograph. It
has been sought to measure the arterial tension in man without
employment of the graphic method by Von Basch and by Potain.

The principle of Von Basch’s sphygmomanometer is to com-
press the artery by a cushion, whose interior is connected with a
column of mercury, the height of which can be varied at will,
and which oscillates with each pulse-wave until the pressure is
raised sufficiently high to prevent the pulse-waves entering the
compressed portion of artery, There are, we believe, two serious
objections to this method, viz. first, the fact that to make the
pulse-beats evident, a long colnmn of mercury requires to be set
in motion, and the inertia of this necessarily proves a serious
source of error; and, secondly, the fact that at the best the
method can only give information regarding the maximum
intra-arterial pressure. We doubt much whether any confidence
can be placed on the results obtained by its use.

Potain also compresses the artery by means of a cushion, the
pressure in which is known, but avoids the employment of the
column of mereury to give information regarding the moment
of occlusion of the artery, which he determines by means of the
finger placed on the vessel on the distal aspect of the cushion.
The objections to this method are obvious, and we need only
mention that the recognition of the moment of occlusion of the
artery depends on the tactile sensibility of the physician’s finger,
the accuracy of which we do not believe is so great as that of
an appropriate recording-instrument. There is, moreover, the
risk of the pulse-wave being conveyed to the part of ‘Eha artery
lying beyond the cushion by means of the comparatively .ﬁee
anastomosis through the palmar arch, Besides these ohjections
the fact that only the maximum pressure in the artery can be
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32 HEART-BEAT AND PULSE-WAVE

of the pulse-waves as recorded by an instrument of this kind
depends 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
in & given time.

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,

Fig. 35,

Curve of height of sphygmometer pulss-waves with different extra-arterinl - pres-
sures.  From healthy male, wt. 40. The abscissa are the extra-vascolar pres-
sures in mm. of mereury. The ordinates are the heights of the pulse-waves.

and let uz now consider what will be the mean arterial pressure
at which waves of this height will cause the greatest alterations
of the cublc 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.

It must be kept in mind that, as has been shown by one of us!

I Roy, " Elasticity of the Arterial Wall," Jowrn. of Fhysiology, vol, 11 (1581).
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HEART-BEAT AND PULSE-WAVE. 29

the arteries of adults in man are relatively wider in the un-
distended condition (i.e. when the intra- and extra-vascular
pressures are equal), so that when the intra-vascular pressure is
reduced but very slightly below that outside the vessel, or when
the extra-vascular pressure is very slightly raised above the
intra-vascular pressure, a relatively great change in the cubic
capacity of the artery results, owing to the flexible-walled tube
undergoing collapse. Knowing this fact, it is not difficult to see
that a pulse-wave of 30 mm. of mercury in height will produce
the greatest change in the cubic contents of a portion of artery
if at each pulse-wave the artery is alternately collapsed and
opened out.

It need hardly be said that, in normal conditions, the pressure
in the arteries never sinks below that outside the vessel walls—
never, in other words, becomes sub-atmospheric. The same
effect can be produced, however, in so far as the relation between
the intra-vascular pressure and the cubic contents of any given
piece of artery is concerned, by raising the extra-vascular pres-
sure. For example, a pulse-wave which causes a rise of pressure
within the artery from 100 to 130 mm. of mercury will, if the
extra-vascular pressure be raised to 105 mm. of mercury, produce
the same maximum change in the cubic contents of that portion
of artery as if the intra-arterial pressure oscillated between — 5
and + 25 mm. of mercury, with the extra-arterial pressure equal
to that of the atmosphere. -

We would expect, therefore, the pulse-waves recorded by the
sphygmometer to reach their maximum size when the extra-
vascular pressure reaches a height which just exceeds! the
minimum intra-vascular pressure.

Let us now see how, in individual cases, the size of the pulse-
wave is affected by the extra-vascular pressure. The simplest
way to do this is probably to construct a curve the abscisss
of which will represent the extra-vascular pressures, while the
ordinates show the corresponding heights of the pulse-waves.
Fig. 85, as we have already said, is such a curve, taken from a
healthy male @t 40.

' The pressure required to cause collapse of a portion of an artery like the

radial, after excision, is so small that it may safely be ignored in the present
CONNEXian,













