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STUDIES ONTHE EFFECT OF CARDIAC IRREGULARITY
ONTHE CIRCULATION

I. THE RELATION OF PULSE DEFICIT TO RATE OF BLOODFLOWIN
DOGSSUBJECT TO ARTIFICIAL AuRiCULAR FIBRIL-

LATION AND TO REGULARTACHYCARDIA

BY HAROLDJ. STEWART,J. HAMILTONCRAWFORDAND A. R. GILCHRIST

(From the Hospital of the Rockefeller Institute for Medical Research, New York City)

(Received for publication July 8, 1927)

In preceding papers (1, 2) we have reported observations concerning
the effect of regular and irregular tachycardia (auricular fibrillation)
on the rate of blood flow in normal unanesthetized dogs.

The terms "rate of blood flow" and "relative blood flow" have been
used in these investigations (1, 2) to denote specific functions. The
rate of blood flow refers to the arterio-venous difference in oxygen. The
difference corresponds to the tissue utilization of this gas. The vol-
ume of gas which the tissues take depends of course on the volume of
blood which passes them. If their requirements (that is to say,
metabolism) remain constant, the amount of oxygen taken must re-
main constant, provided that the volume of the blood and the partial
pressure of the gases in it, also remain constant. Weinfer that if the
arterio-venous difference changes, either by increase or by diminution,
the volume of blood which passes the tissues must have changed, for
there is no reason to believe that there has been change in any of the
other possible factors. Obviously, the data do not permit definitive
inferences to be drawn on the cardiac output, for we lack knowledge
in these experiments of the amount of oxygen which has been breathed.
O1; Wehave taken in a given animal, the arterio-venous difference to
represent 100, when the mechanism of his heart beat is normal. We
have also estimated it under the conditions developed by various
abnormal rhythms and have found a ratio between the normal and
the abnormal figures. This ratio we call relative blood flow. If, for
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CARDIAC IRREGULARITY

instance, the arterio-venous oxygen difference is 1.5 mM. during a
normal period and increases to 3.0 mM. during an artificial rhythm,
the rate of flow during the artifical rhythm must have been slower
during the second period. The ratio between the two then is 1.5/3.0
or 50 per cent.

It was found that the rate of blood flow was uniformly deceased in
auricular fibrillation. In regular tachycardia, on the other hand, the
rate of blood flow was unchanged in two-thirds of the observations,
but in one-third it was decreased. Why the rate of blood flow was
unchanged in some dogs during regular tachycardia and decreased in
others was not evident from the data which we had. On reflection,
it appeared that the difference is not due to absolute increase in heart
rate for we have increased the regular rate to 390 per minute without
changing the rate of blood flow, while on other occasions a decrease
occurred during rates of 250 to 280 per minute. Nor does it seem to
be due to the percentile increase in rate. For instance, an increase of
50 per cent was followed by a decrease in rate of blood flow; while an
increase of 129 per cent occurred without any change; that is to say
an increase of 50 per cent or 100 per cent may leave the blood flow
unchanged or bring about a decrease (2). The difference may, of
course, lie in differences in the hearts themselves, for the response
of one heart to approximately the same stimuli is not always the same
as that of another. Such differences cannot, however, now be de-
tected by measurement. It occurred to us that the presence of in-
effective beats (the pulse deficit) might be one of the factors concerned
in bringing about a change in the rate of blood flow which has been
found in our experiments. This factor occurred to us as a possibility
because we are already familiar with its occurrence in rapid auricular
fibrillation in patients. Wehave therefore correlated in a series of
experiments the rate of blood flow with the pulse deficit in regular and
irregular tachycardia in the same dog. These experiments form the
subject of this paper.

METHODS

The operative procedure used in the preparation of the dogs and the method of
investigation were described in preceding papers (1, 2). Briefly, wire electrodes
were sutured to the right auricles. The operations were performed with sterile

318



H. J. STEWART, J. H. CRAWFORDAND A. R. GILCHRTST 319

precautions. The dogs were anesthetized with ether given by the intratracheal
method. After the dogs recovered from the preliminary operation the heart
was stimulated through these electrodes and the effect of the new rhythm on the
rate of blood flow was studied. Irregular tachycardia (auricular fibrillation)
was brought about by means of a faradic current. Regular tachycardias were
maintained by means of single induced break shocks thrown into the auricle at a
regular rapid rate, which could be varied as desired. The apparatus which we
used to obtain these stimuli was described in a previous paper (2). In order to
calculate the pulse deficit we have recorded simultaneously on the same fihm the
electrocardiogram and a tracing of the femoral pulse. The femoral pulse was
transmitted by rubber tubing from a rubber cuff applied to the right hind leg
through the Kolls and Kubie modifications of the Erlanger capsule (3, 4) to a
Frank capsule placed in front of the camera. The rubber cuff on the leg was
inflated with air to a pressure near the diastolic level. The movements of a beam of
light focused on the mirror glued to the membrane of the Frank capsule were
reflected to the lens of the camera and were traced on the moving sensitive film.

The oxygen content of four samples of arterial and of mixed venous blood (5, 6)
was estimated by the Van Slyke and Neil manometric method (7) and the relative
blood flow calculated The first samples were taken during the period of normal
rhythm; the second, after auricular fibrillation had been present for one hour and
while it was still present; the third, one to two hours after the return to the normal
rhythm; and the fourth, one hour after the onset of regular tachycardia maintained
artificially near the same ventricular rate as that found during the fibrillatory
period. The pulse deficits were calculated from simultaneous electrocardiograms
and femoral pulse tracings taken at the time the blood samples were drawn. In
some animals the observations were made first during regular tachycardia while
in others first during the period of fibrillation, but a rest period of one to two hours
intervened between the two sets of observations in order to avoid confusion from
the effect of the two mechanisms on the blood flow. As before, the dogs lay
quietly on the table without anesthesia and were so far as we know in a basal
metabolic state on the day of the experiment. Under these conditions we have,
as has been said, interpreted changes in the oxygen consumed per liter of blood
(that is to say, the difference between the oxygen content of the arterial and of the
mixed venous blood) as representing changes in rate of blood flow and not to
changes in metabolism. And the ratio of the oxygen consumed in the two periods
gives therefore the relative blood flow. Wedid not attempt to estimate the oxygen
absorption of the dogs because of the wide variation in results obtained in un-
trained, unanesthetized dogs.- The basal oxygen consumption of an untrained
dog presumably does not differ from that of the same dog lying in the same position
after training. The untrained dog, however, reacts to the procedure used in
measuring the oxygen consumption by emotional disturbances with attendant
changes in oxygen consumption, while one trained to those procedures is not
disturbed by them. Wehave estimated the oxygen consumption in a few trained



CARDIAC IRREGULARITY

1.
%4 4) 9
0 4-- :1 93
C3

b. o 0cis
-0 4.. -zi'i,= A 91411.

I
4_m

4).- 00
4(.f 000 0'-40 00o00 0 0 0 00 00O

hCa |C,8o -S
.0 X op.. 'IO O O O O

X o N el C- j
-0 0

C'sCa 00 00~~~~~~~~~0

C' s:tb4 m N O en m o

0 0

0-~~~~~~~0

1~~~~~~000 000C40C mU) l 0 l

0 0 . .O '. -4 O 0\' et n4 cm00 00-U) e 0 0\ ( (
0

0
V t-U)Z 0L. > '04

0
d

0C.
if@ _4o)If) di)~4 ) + t- .t- t-

O Q % 0E 00 0% 0%O o 0\ I\ 0 0% _ 0% 0% 0O

*

U C-'1mN eie-~e~100o 0 '4O%%0' 0
V0nOoo tn \0 \ O0 (r O 00 O t- I-

-- q-- -4 - - 00 o

p)OQ C4e Coe 0t o

0 aoOoeNro

<t>0@00 0

a0. a eoo- oooo )~j44 _) -qX00 W t 0\0 1 ) -O ro

> *0 4mm N U

o ~-~55 -~eO 0 eq 0 - 0 0N \-
-~ ~ --v\ -- t- - - - - -4 -

t-

I=

| W gO . E . E. t
0 bO*5 bo bO bom

C14 r-

320

':5

4)

4)

4tk.

*e

14

I. 1>. 00 ~ 4 C0 0 00
. -q t- - -41 - - -n



H. J. STEWART, J. H. CRAWFORDAND A. R. GILCHRIST 321

00 00° t

- -

0o o o CD c
b) bo b#)I

00 0~~~00if

~4 - eq

Ifu) E) u #)

e.~J E). . .

+ vo so o0% 0
b e vo + 4 Q

00%0 If)~~~~~~~~~~~~~~~~~~~~~~4 %0~~~~~~~~~~~~~4~~

0o if) e q

- 0 eq

00 0% 0

4)
(.D

.0

U2

00

*:%

0

co

0

0 14

o M~~

)C

'0

O 0

.14.

h ' me
U

o Q

8~.L z

*g 4)te SX



0~~~~~~~~O )C 0C C ) 0O O00*i (1 ,- ,

la 0

2 0-

j~~~~~~~~~~~~~~0=0- m

_3
a ce > oo

10 rt_ 00 1- a"o,

Q~~~~~0 0 cl

O---ro 00 e

e n
\

_

4 .a 3it O Oe 0o Oec

0...
cW.93 °a0 oe _e s >> $o

0 o o o o s ob o§ oo N o o + o o+
CaO. o £o e O o n

-~~~~~~~~~~~~~~~~~~~~o 0Wo

.. C4 V

322 CARDIAC IRREGULARITY

1.
, -*au
g 0 Ij :1

C3 d S.0=1 zi.0 -W -- 'dz E *J10-

t4

;A
4
m

9



H. J. STEWART, J. H. CRAWFORDAND A. R. GILCBRIST 323

C14~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4

000000e O0U)0U)0s 0-
e~-a|2~~~ - " a - °°- - ° -E nS8

0 00 000 0 0 000 00
Um C-4 -4 -

So

bOD

0 ~~~ cG~

4)

- - 0% U) V~~~~~~~~~~~1 t- .0O

8
8 ~~~~~~~~~~~~~~~~~~~oi° 82 °"88t°° °t N o°°

U)e~~~~~~i - ~~~~~4 U) ~~~W- U)
C4

0% 0 % % 0 0 % 0 0%0%

U~~~~~W)

.~ 0._0%~ 0% V-

V-4 ~ % % % 0% -00- 0

Ur) toU

00

P X ~~~~~~~~~~~~>

00
X,. X 0 0 0

v Mo

m tn m¢4 vt m 0

U) U) - cXq U) 00co1 U

C)04 0
00

eq tqu) 0000

00 . . t'. V U) ~. V .' . w4. 0

0 o U)0 '-)0 1o 6

-) 0 0% 0% 0 0% 0 - 00X 4)

-4 -4 - - o- o

>

I~ ~ 4 I ;
_

_ _ r~~~~~~~~~~~~~~~~~~~~o
eq U)~~~~~~~p

O O '- 4 eoXOXSq

0 -~~~~~~~~~~~~~~~~~~~~~~~~~~0
E.U 2 .= E ! E . i. t > A S %

o- z .]1
_ > < s s m3~~~~~~~~~~~~~~~p

3
ux \0 * ~~~~~~~~~~~~~~~~~~~~+ co a

_ A _ J~~~~~~~~~~~~~~~~~~~~~~~-



CARDIAC IRREGULARITY

dogs during these experiments and found that the metabolism of the dogs remains
constant (8). The calculations designated relative blood flow made in this paper
and the two preceding ones (1, 2) are therefore valid, in so far as the assumption
is made that the changes which were observed depend on changes in the rate of
blood flow and not on changes in the rate of metabolism.

Rqulara
Rhythm Normal rhythm tachycerdia

so_I8

rOxyenremoved from >k
> each liter c bloodl.

da 8
C.d 7

I0 0 6

.?5 5
~7- 4

Relative blood
ftow

Percent
100

FIG. 1. IN THIS FIGURE IS COMPAREDTHE EFFECT OF REGULARAND OF IRREGU-
LAR TACHYcARDiA UPONTHE RATE OF BLOODFLOWAND THE OCCURRENCE

OF T PULSE DEFICIT IN DOG14

324



H. J. STEWART, J. H. CRAWFORDAND A. R. GILCHRIST 325

OBSERVATIONS

The correlation of the rate of blood flow and pulse deficit in
auricular fibrillation

There are 10 sets of observations on 10 dogs (table 1). In all there
was a decrease in rate of blood flow ranging from 20 to 54 per cent
during the fibrillatory period. During the natural normal rhythm
all the beats were effective, but during the period of auricular fibril-
lation there were pulse deficits ranging between 50 and 200 per minute,
the ventricular rates ranging between 290 and 350 per minute.

A comparison of the effect of auricular fibrillation and regular tacky-
cardia in the same dog

In 6 dogs we have observations on the rate of blood flow and the
pulse deficit during regular tachycardia as well as during auricular
fibrillation (table 2). The rate of blood flow in dog 14 was unchanged
during the regular tachycardia; there was no pulse deficit even when
the heart was beating at a rate of 370 per minute (fig. 1). During
auricular fibrillation the rate of blood flow was decreased 45 per cent
but there was a pulse deficit of 70 to 120 per minute, the ventricular
rate varying between 290 and 340 per minute. The rhythms which
obtained at the time the blood samples were taken in this dog were
recorded electrocardiographically with simultaneous tracings of the
femoral pulse (fig. 2). Similar results were obtained in 4 (dogs 11,
12, 13 and 14) of the 6 dogs.

In dog 15 there was a decrease in rate of blood flow of 44 per cent
during auricular fibrillation, the ventricular rate being 360 to 380 per
minute; there was a pulse deficit of 180 per minute (fig. 3). During
regular tachycardia at the same ventricular rate (350 per minute)
the rate of blood flow was, however, likewise decreased (22 per cent).
The unexpected decrease may be explained by the fact that at times
all the beats were effective, while at other times only every other beat,
that is to say, there was a pulse deficit of 175 per minute. The
rhythms which were present at the time the blood samples were drawn
were recorded electrocardiographically and simultaneous femoral
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FIG. 2. ELECTROCARDIOGRAmS(LEAD II) OFDOG14 ARE SHOWNAT THETi mE
BLOODSAMPLESWEREDRAWN

a was taken during the normal rhythm; b during regular tachycardia; c 2 hours
after the end of the period of regular tachycardia and before auricular fibrillation
was started; and d during auricular fibrillation. In this figure as well as in figures
4 and 5, X is the shadow of the electromagnetic signal and shows the frequency
of the induced break shocks; Y is the electrocardiogram; Z is the femoral pulse
tracing. A short time interval is seen between the beginning of the QRScomplex
of the electrocardiogram and the corresponding femoral pulse. This is due partly
to the transmission time from the heart to the femoral artery and partly to the
transmission time from the rubber cuff to the Frank capsule. In the femoral
pulse tracing taken during auricular fibrillation (d curve Z) attention is called
to the variation in the excursion of the femoral pulse from beat to beat. In this
figure and in figures 4 and 5 divisions of the ordinates equal 10-4 volts; divisions
of the abscissae equal 0.04 of a second. The original curves are sharply con-
trasted black and white; no half tones are lost by the method of reproduction.
The curves are reduced to two-thirds of their natural size.
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FIG. 3. IN THIS FIGuURE IS COMPAREDTHIE EFFECT OF REGULARAND OF IRREGU-
LAR TACIHYCARDIA UPONTHE RATE, OF BLOODFLOWAND THE

OCCURRENCEOF THE PULSE DEFiciT IN DOG15

FIG. 4. ELECTRocARDioGRAms(LEAD II) ARE SHOWNOBTAINED FROMDOG15
a was made during the normal rhythm; b and c during the regular tachycardia;

d 2i hours after the end of the period of regular tachycardia and before auricular
fibrillation was induced; and e at the end of the fibrilatory period. The rever-
sion to the normal rhythm is shown. In curve b a pulse deficit occurs at every
other beat, but in curve c all the ventricular beats are effective. The curves are
reduced to two-thirds of their natural size.
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pulse tracings made (fig. 4). A similar state was found to exist in the
case of dog 16.

In 6 dogs, therefore, there was a decrease in rate of blood flow during
auricular fibrillation and a pulse deficit was present in each instance.

TABLE 3

Summary of experiments correlating rhythm, pulse deficit and rate of blood flow

Rhythm Rate of blood flow Pulse deficit
Dog

number egular Auriculaar Increase No change Decrease Present Absent

+ ~~~+ 0

11{ + +

+ + 0~~~~~+

121 + + o

14 + ++ +

131 + + 0+

+ + +
16 + ++~~~+

14 + + __+
2 + ~~~~~~~++

3 + ~~~~~~~++

4 { +
tachycardia and there+ +

+ ++ +

1 + + +
2 + + +
3 + + +
40 + + +

of blood flow was decreased during this rhythm but a pulse deficit
occurred. In short then, whenever the rate of blood flow decreased
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in these experiments, whether in regular or irregular rhythms, a pulse
deficit occurred (table 3).

............T.. ,, ,....,,,,.....,,,.,,,,,,,,,.. ..........:5fT5lglUM

:ir~lLSt___pri m | I0JEI!tISS444jiSfu1:12li ll F sIS Fit"11 T

y

y

FIG. 5. ELECTROCARDIOGRAMS(LEAD II) ARE SHOWNOBTAINED FROmDOG12
a was made during the normal rhythm; b during auricular fibrillation and c

at the end of the fibrillatory period. The return to the normal rhythm is shown.
In curve b all of the ventricular beats are effective while in c and other portions
of the record there is an occasional pulse deficit. The curves are reduced to two-
thirds of their natural size.

DISCUSSION

We have shown in these experiments that whenever a decrease
in rate of blood flow occurred a pulse deficit was found to be present.
The pulse deficit cannot, however, be the only factor involved, for in
many instances when it was found, the number of beats which were

A.
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effective was still as large as during the normal slower rate. In dog
12 for instance (table 2, fig. 5) all the beats were effective in long
stretches of the record, while here and there only a small pulse deficit
occurred. We have no explanation to offer for this phenomenon,
that is to say, the effectiveness of a certain number of beats at certain
times and the ineffectiveness of the same number at others. In other
cases not only were some beats wholly ineffective but there was also a
variation in the degree of effectiveness of individual beats, as ob-
served in differences in the excusion of the femoral pulse from beat to
beat (figs. 2, 4 and 5). The inference which we draw on the nature of
the influence of pulse deficit on rate of blood flow is that the intra-
ventricular pressure developed during cardiac systole was either not
great enough to open the aortic valves at all (pulse deficit) or was only
sufficient to open the valves and to expel a small amount of blood,
so that the net result so far as the propulsion of blood is concerned waq
a decrease. Wedo not know what factors were responsible for the
decreased effectiveness of the beats. Amongpossible ones there may
have been in the first place rapid rate combined with decreased ven-
tricular filling, due to shortening of the diastolic period, and on this
account decreased flow and output (8). In the second place, as we
have previously shown (9), dilatation of the heart may have occurred
sometimes to the extent that the muscle fibers attained a length
greater than optimal so that the heart began to fail in output. In
the third place, continuous rapid rates may have brought on a state of
fatigue associated perhaps with a fall in aortic pressure, consequent
decrease in the rate of coronary artery flow, followed by undernutri-
tion of the muscle an.d decrease in contractile function. What part
each of these factors played in the net result naturally cannot be
estimated.

SUMMARY

The rate of blood flow and pulse deficit have been correlated in
artifically induced regular and irregular tachycardia in normal un-
anesthetized dogs. It was found that:

1. During rapid auricular fibrillation the rate of blood flow was
decreased and a pulse deficit was present.
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2. During regular tachycardia there was no pulse deficit when the
rate of blood flow was unchanged, but a pulse deficit was present when
the rate of blood flow was decreased.

3. Wehave shown, what we supposed was the case, namely, that
there is a positive correlation between rate of blood flow and pulse
deficit.

CONCLUSIONS

In spite of the correlation which exists between pulse deficit and
rate of blood flow in these experiments, there need be and there prob-
ably is no causal relation between them. Rather they both may occur
as the result of the presence of one or more other factors such as de-
creased filling time, decreased aortic pressure and cardiac dilatation.
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