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The nature of the action of digitalis continues to be an object of
searching enquiry in the clinic although there is no longer any doubt
in the minds of experienced clinical observers that its use in many
situations is beneficial. What mechanism in the heart is responsible
for the beneficial action that is so often observed, is, in practically all
instances other than in fibrillation of the auricles, unknown. One
difficulty in understanding its behavior consists in the confusion that
arises in the attempt to harmonize the results of clinial observation
with those of pharmacological analysis. The problem of what are to
be considered beneficial effects is still far from being adequately
stated or from being properly solved. What in short are the objects
of digitalis therapy?

The experiments which Harrison and Leonard (1926) and the
observations which Burwell, Neighbors and Regen (1927) have
recently published are the occasion for further reflection on this
matter. The observation that soon after the administration of
digitalis, the volume output of the heart per minute diminishes was
new and unexpected. It seemed to require revision of current views.
It had been the accepted belief that in heart failure when edema was
present, the volume output from the heart declined, and that im-
provement consisted in restoring this amount to the original level.
Under these circumstances, to prescribe digitalis which, it was now
clear, also depresses the volume output, appeared logically to be
mistaken practise. Harrison and Leonard accepted this situation as
if all the facts involved in it were known and proceeded to draw far-
reaching inferences from their observations. The inferences included
not only deductions on the action of digitalis itself and a change in its

53



CARDIAC SIZE AND OUTPUTAFTER DIGITALIS

classification from stimulant to depressant, but involved its use in
heart disease and in such diseases as pneumonia in which many ob-
servers believed it to be beneficial.

It soon appeared that in the new situation there were difficulties
which it was impossible to ignore. Some of them it seemed possible
to explore. They are questions such as these: Is the effect of digitalis
in decreasing the volume output transient, as in Harrison and
Leonard's dogs, or prolonged, as it appears to be in Burwell, Neigh-
bors and Regen's patients; is it the same in animals with hearts of
normal size and in animals the hearts of which are enlarged; does it
make a difference whether the hearts are merely enlarged or does the
presence of disease of the musde also play a role in the final effect;
does the presence of edema of the skin, tissues, and organs make a
difference? If in all these situations digitalis behaves alike, is there
perhaps a difference between dogs and man in the response to digitalis
under any or all the heads which have been mentioned? And finally,
in the interests of clearness, is the classification of digitalis as a de-
pressant correct, and on which of its essential actions does the in-
ference depend which places it. in this category?

There is another matter of great interest which arises in connection
with the studies of Harrison and Leonard. It concerns the defini-
tion of beneficial action and how its presence is to be ascertained.
Shall beneficial action depend on the a priori assumption that it can
be recognized and can be appraised in terms of one or another de-
tailed effect of this drug, such as its effect on the blood pressure or
the volume output or its effect on tone or on contraction or another
of the many actions which it undoubtedly possesses? Or is it to
depend on the net result of all these, on the general reaction of the
whole man. The matter is one really of great difficulty in connec-
tion with the circulation. If digitalis, for instance, slowed the rate
of the ventricles in auricular fibrillation but failed to relieve the
patient permanently of whatever general disability affected him,
would its use be continued even in the absence of a substitute? Ex-
amples like this may of course be multiplied. This one is suggested
to illustrate the point at issue, namely, whether beneficial action can
without searching analysis be equated with any one of the details of
the action of an agent, especially when it is scarcely known whether
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that action is conspicuously representative of the process, viewed in
its entirety, which is present. In this case, the function in question
is the volume output and the role it plays in heart failure. Enough
evidence on precisely what the course of this phenomenon in heart
disease is can scarcely be said to have been accumulated. To decide
that volume output may be used as an index of the degree of heart
failure is therefore premature.

These are the aspects of the problem of the action of digitalis from
which we have planned our experiments. They deal with certain
phases of its effects only. Their limited applications in the clinic
will be evident. They have we think the advantage of having been
conducted in animals free from anesthetics and from operative dis-
turbance.

METHODS

The subjects of these experiments were normal intact dogs. Anesthetics were
not used. They were trained to breathe in a Benedict spirometer before the
beginning of these experiments until they were able to do so quite naturally.
It required practice for no more than 20 to 30 minutes a day for 10 days to two
weeks to accomplish this result. At the end of this time they lay quietly during
estimations of oxygen consumption without emotional disturbance. The rubber
mask described by Blalock (1927) was used and found to be satisfactory.

The dogs were in a basal metabolic state on the days the estimations of cardiac
output were made. Samples of arterial blood were drawn from a femoral artery
and those of mixed venous blood from the right ventricle by means of a cannula
inserted into that chamber through the right external jugular vein (Stewart,
1925). The skin over the vein was anesthetized locally with 2 per cent novocain
solution and the operation was carried out aseptically. The oxygen content of
these samples was estimated by the Van Slyke and Neill (1924) manometric
method. The difference between the oxygen content of the arterial and of the
mixed venous blood gives the amount of oxygen removed from the blood by the
tissues, or from the point of view of the lesser circulation, the amount of oxygen
taken up by the blood in passing through the lungs. Immediately after the
samples of blood were drawn the oxygen consumption was measured with a
Benedict spirometer equipped with a graphic recording drum.

Data were therefore at hand for calculating the cardiac output according to
the principle of Fick (1870):

cubic centimeters of oxygen removed per minute = cubic centimeters of
amount of oxygen absorbed by 1 cubic centimeter blood passing through

of blood in passing through the lungs the lungs per minute
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To study the effect of digitalis upon contraction of cardiac muscle we made use
of the method of photographing the motion of points of the heart's borders by
casting shadows of these points made by roentgen rays upon moving films. We
adapted for dogs the apparatus which Cohn and Stewart (1924) devised formerly

I

l

FIG. 1. PHOTOGRAPHOF THE APPARATUSUSED IN MAKING MOVINGX-RAY
PHOTOGRAPHSOF THE HEART

See figure 2 for a diagrammatic sketch of the apparatus. X, x-ray tube 34
inches from control film; P, plumb line for centering x-ray tube over slit S;
C, rod to indicate location of slit S; T, electromagnetic time marker from Petzold
clock; G, guide for dog board; D, switch to Petzold clock; E, current switch to
motor M; L, lead screen; S, 0.5 cm. slit in the lead screen; 1, guides for control
film; W, counter-weight; N, cable for drawing moving film past the slit; M,
motor.

for human beings. The photographic system instead of being vertical now
functioned horizontally. The dogs lay on a proper board. This was placed upon
a lead screen (fig. 1 and 2, L) in which a transverse slit (fig. 1 and 2, S) was cut
0.5 cm. wide. Opposite the slit near one end a time recording lever (fig. 1, T)
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was placed, consisting of the armature of a magnet in series with a Petzold clock.
The dog board (fig. 2, B) was movable on the lead screen so that the portion of
the border of the left ventricle which exhibited the greatest excursion could be
placed just above the slit. The x-ray tube was placed above the dog, 34 inches
from the lead screen. Between the dog and the lead screen a stationary cassette
(fig. 2, 1) was inserted which held a film. On this the familiar x-ray photograph
of the heart was taken, as well as the position of the time recorder. This lever
(acting as a pointer) indicated which portion of the heart's border was later
photographed on the movring film, the lever and that portion lying over the slit

FIG. 2. ScHEMATIC DRAWNGOF THE X-RAY APPARATUS ILLUSTRATING THE
METHODOF EXPOSINGTHE X-RAY Fnms

X, x-ray tube; D, dog lying on dog board; B, dog board; L, lead screen; S,
0.5 cm. slit in lead screen; 1, cassette carrying control x-ray film; 2, moving x-ray
film drawn past slit by motor; W, counter-weight.

Below the lead screen there was placed a second cassette (fig. 2, 2) containing a
film which was drawn past the slit on a track by a motor. Since the films are
wider than a dog's chest, respiratory movements, like those of the heart's borders,
could be and were recorded without additional mechanical means. During their
preliminary training the motion of points at several levels of a dog's heart were
photographed, so that the level which gave the greatest excursion might be
selected for further study.

Wewere able occasionally to measure curves obtained at two levels, at the
6th interspace, in dog 265 (table 1, fig. 3) as well as at the level of the 6th rib.
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Effect of digitulis on cardiac output, cardiac
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47.7
43.8
48.2
47.7
51.5

per cent

100.0

90.5
83.1
91.4
90.5
97.7

i=l
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7th rib

7th rib
7th rib
7th rib
7th rib
7th rib

February 6 16.0 18.24 15.28 2.96 139 4,696 100.0 18.98 95.0 80.0 69.1 100.0 8th rib

258 18.31 13.09 5.22 127 2,433 51.8 19.34 93.7 66.9 56.7 82.0 8th rib
Female February 7 14.8 18.56 15.65 2.91 130 4,467 95.1 19.4 94.6 80.1 60.0 87.0 8th rib

February 8 15.5 16.47 13.90 2.57 135 5,252 111.8 17.25 94.3 79.4
February .9 15.5 15.42 12.87 2.55 138 5,372 114.4 16.15 94.2 79.1 63.0 91.0 8th rib

February 14 19.5 21.26 19.11 2.15 113 5, 256 100.0 22.12 95.2 85.9 78.8 100.0 6th rib

259 21.93 17.60 4.33 114 2,633 50.0 23.42 92.8 74.7 70.8 89.8 6thrib
Male February 15 17.5 21.00 16.08 4.92 116 2 357 44.8 22.05 94.3 72.5 64 .5 81.1 6th rib

February 17 17.5 19.32 15.90 £.42 125 3,655 69.5 19.98 95.7 79.1 72.6 92.1 6th rib
February 21 17.7 17.79 16.16 1.63 119 7,300 140.0 19.22 91.6 83.6 78.0 98.8 6th rib

February 23 12.8 15.28 10.55 4.73 122 2,580 100.0 16.03 94.1 65.2 51.2 100.0 6th inter-
space

261
Male

20.81 7.30 13.51 112 829 32.1 22.39 92.1 32.3 37.1 72.4 6th inter-
space

February 28 10.9 21.38 15.58 5.80 99 1, 707 100.0 23.63 90.5 59.7 56.2 100.0 7th rib

263 23.88 14.36 9.52 86 902 52.8 25.50 92.9 55.9 51.1 90.9 7th ribMale February 29 10.3 21.55 15.96 5.59 95 1,698 99.6 21.93 97.7 72.3 50.4 89.7 7th rib
March 2 10.7 18.55 14.84 3.71 96 2,588 151.5 19.16 95.7 80.3 54.4 96.8 7th rib
March 8 10.8 17.72 14.02 3.70 97 2,622 153.5 18.26 95.9 76.2 57.4 100.2 7th rib

6th I.S. 6th rib 6th I.S. 6th rib 6th LIS. and
Marci 5 9.8 16.2414.01 2.23 96 4,305 100.0 17.12 93.7 81.3 39.8 40.2 100.0 100.0 6th rib

265
Male 16.03 9.26 6.77 98 1,447 33.6 17.40 91.0 52.6 34.8 35.4 87.5 88.3 6th I.S. and

6th rib
March 6 9.4 14.46 10.89 3.57 99 2,773 64.4 15.38 92.7 70.1 37.7 94.0 6th rib
March 10 9.4 14.12 11.75 2.27 96 4,190 95.0 15.13 92.0 77.0 40.1 40.2 100.7 100.0 6th I.S and

6th rib

March 6 13.9 16.42 14.30 2.12 133 6,300 100.0 17.35 93.5 81.8 58.3 100.0 6th rib

266
Male March 7 13.6 14.89 11.50 3.39 127 3 775 60.0 16.09 91.3 69.2 51.2 87.8 6th rib

March 8 14.0 14.99112.09 2.90 138 4,800 76.2 15.74 94.0 76.2 53.6 91.9 6th rib
March 9 14.0 14.40 11.62 2.78 141 5, 035 80.5 15.52 91.5 74.2 56.6 97.1 6th rib

* V = vomited.
t Before calculating the oxygen saturations 0.2 and 0.1 volumes per cent (the amounts of oxygen in physical solution) were sub-

tracted from the artenal and mixed venous contents respectively.
These x-ray photographs were taken at a distance of 34 inches.

J Tincture digitalis unless otherwise indicated; I = intravenously; M - by mouth.
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MI9,w c4r excursions in normal dogs

Analysis of moviDg films

per cent mM. per c

100 4.6 10

A139 5.8 12i
213 5.8 12
213 7.1 152

2225 5.5 121
109 5.6 12:

r.
4)

;ct

D0

26
26
54
20
22

pa minut

170

145
170
170
170
180

Analysis of electrocar-
diogram

per
min-

ate

160

130
160
160
170
170

0

tUCa,.

Change in T-waves

V.P.C.§0
Vent. par. tach. 5

2.8 cc. I

hours

V.
21

261
151
97i

2421

9 100 6.5 100 180 140

3.0cc. I V
rtk2 179 7.5 115 150 100 Change in T-waves 21
*.3 148 10.1 155 156 170 25

160 50
148 8.2 1;6 180 160 701

:3.0 100 4.9 100 105 100

4.4 cc. I V
5.3 177 6.2 127 80-90 50-60 Change in T-waves 21
4.1 137 7.4 151 105 130 A.P.C.** 26

* 53 177 6.4 131 105 110 74
4.7 157 7.7 157 110 130 242

3.4 100 4.5 100 108 130 Change in T-waves

2.9 cc. I V
6.4 188 5.0 111 200 230 P- and R-waves 3

changed

2.0 100 4.2 100 96 80-90
2.S cc. I V

4.8 240 5.7 136 60 80 Change in T-waves 3
4.7 235 7.0 167 96 120 Blocked P-waves 26
4.5 235 6.0 143 84 80 23
4.0 200 5.0 119 96 80 215

6th LS. 6th rib 6th I.S. 6th rib 6th I.S. 6th rib 6th I.S. 6th rib 6th I.S. 6th rib
1.6 2.4 100 100 3.6 3.9 100 100 120 105 130

5.O cc. I V

3.2 4.2 200 175 4.3 4.8 120 123 110 105 80-90 Change in T-waves 3

4.0 167 5.6 144 130 120 26
2.0 2.8 125 117 3.2 4.3 89 110 90 72 120 119

3.6 100 3.6 100 190 100

1.0 gm. M V
(digitan)

5.0 139 4.1 114 150 110 Change in T-wave 261
4.0 111 4.2 117 156 100 501
4.2 117 4.1 114 108 110 74

The rhythm was in all cases normal.
V.P.C. - ventricular premature contractions.

11 Vent. par. tach. - ventricular paroxysmal tachycardia.
* A.P.C. - auricular premature contractions.
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CARDIAC SIZE AND OUTPUTAFTER DIGITALIS

FIG. 3. SHOWINGTHEEFFECTOF GIVING DIGITALIS ONCARDIACOUTPUT, CARDIAC
SIZE AND EXCURSIONSoF THE RIGHT AND LEFT VENTRICLES IN DOG265

Photographs were made at the 6th interspace as well as at the level of the 6th
rib. As the effect of digitalis wore off cardiac output, cardiac size and extent of
ventricular excursions returned simultaneously toward normal.
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At both levels there was an increase in contraction after digitalis was given, and
a return toward normal as the digitalis effect wore off. In general the left and
right ventricular excursions at the level of the 6th rib were slightly greater than
at the level of the 6th interspace. That the extent of contraction differs at
various points on the heart silhouette has become known through cinematographs
published by Eyster and Meek (1920).

Usually when once the location of greatest excursion was discovered this level
was marked permanently on the dog's chest in order that subsequent observa-
tions might always be made of this point. The anti-cathode of the x-ray tube,
this mark on the dog's chest and the slit were always in the same vertical line.
Care was also taken to see to it that the dogs were in true antero-posterior position.

That the results obtained by the use of this method are valid is demonstrated
by measurements which were taken in one dog over a period of two weeks (table 2).

TABLE 2

Measutrements of cuirves of a normal dog (dog 257) at an interval of two weeks

Analysis of moving film Analysis of sta-tionary film

Level Left ventricular Right ventricular HeartDate photo-
excursion excursion rate Area of

gtaphed __Area of heart

hcart per cent
Hleight Percent Height Per cent of initial

of initial of initial

mnm. per cent mm. per cent minu:e sq. cm. per cent

January 17, 1928 ......... 6th rib 3.0 100 3.8 100 140 53.6 100.0
January 18, 1928 ......... 6th rib 2.8 93 3.7 97 165 54.6 101.8
January 28, 1928 ......... 6th rib 2.9 97 3.9 103 132 54.7 102.0
January 31, 1928 ......... 6th rib 2.9 97 3.8 100 170 55.2 103.0

On January 17, 1928, the left ventricular excursion at the level of the 6th rib
measured 3.0 mm.; the next day, 2.8 mm.; 10 days later (January 28), 2.9 mm.;
and 3 days later still (January 31), 2.9 mm. On corresponding days right
ventricular excursions measured 3.8, 3.7, 3.9, and 3.8 mm. respectively. Constant
comparable curves are obviously obtainable over a longer period of time than the
duration of these experiments. Inspection of the stationary films taken at the
same time showed that identical points of the left and right ventricular borders
had been photographed on the moving films. The heart meanwhile had not
changed in size. The variation of 3 per cent which was found is within the error
of the method.

The stationary film was exposed first during inspiration and then removed.
Without changing the dog's position the moving film' was next exposed during

1 Eastman duplitized films were used in a reenforced French cassette.
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normal quiet breathing. The cardiac records which are obtained by this method
are similar to sine curves, the troughs and the crests representing systolic and
diastolic positions (fig. 4). The curves were traced on thin paper (fig. 4) and
tangents were drawn to the troughs and crests. The distance between these
tangents we took to represent the extent of ventricular contraction. All the
waves in a single respiratory cycle were accordingly measured and the average
figure used as the basis of comparison. In the photographs made day after day
only those were studied in which it was established that identical levels of the
heart's margins had been photographed. In most of the exposures the motions
of the right as well as of the left ventricular excursions were photographed sharply
enough to be measured.

To estimate the effect of digitalis on the size of the heart, that is to say its
dimensions in the frontal plane, its area as seen in the stationary films was
measured (Stewart, 1927). The diastolic size of the heart we took to represent
what we choose to regard as the evidence of its tone; any change in diastolic size,
we regarded as a change in tone. In those stationary photographs in which both
the systolic as well as the diastolic position of the heart could be identified, the
diastolic area was the one measured. No corrections have been made in the
measurements of the moving films in order to obtain values comparable to those
taken at a distance of two meters. Wehave neglected to do this because the
conclusions which we draw are independent of the magnification caused by the
divergence of the x-rays. There is of course an error due to the decrease in size
of the heart after giving digitalis, but the greater the decrease the less is the error
due to magnification of the excursion. Should this error be corrected, the
magnitude of the changes which we found would be exaggerated. We have
therefore as in our earlier study, neglected it.

PLAN OF OBSERVATIONS

Observations were made before and at varying intervals after the
administration of digitalis, the first usually after 2 to 3 hours, then
24 hours later and again at longer intervals up to 5 to 10 days. The
observations were always made in the following order: The x-ray
photographs (stationary and moving) were made first, then followed
estimations of the cardiac output; and finally electrocardiograms
were taken in the standard manner. Tincture of digitalis2 (Upsher
Smith) was injected intravenously. Weinjected in one dose 25 to 30
per cent of the calculated lethal dose. Wechose this amount because
Robinson and Wilson .(1918) found the therapeutic dose of digitalis
for cats to be 30 per cent of the calculated lethal dose and because

2 The cat unit of the preparation was 0.65 cc.
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Cohn (Cohn) found that the dose for cats must be multiplied by the
factor 1.16 to arrive at a comparable quantity for dogs. Wehave
accordingly injected this amount. To several dogs we administered
digifoline (Ciba) intravenously for the sake of comparison with the
experinxents of Harrison and Leonard (1926). Of this preparation
we injected 0.5 cc. per kilogram of body weight (Harrison and
Leonard (1926), Pardee (1925)). To one dog we gave digitan
(Merck) 1.0 gram by mouth. The same phenomena resulted ir-
respective of the preparation that was administered.

OBSERVATIONS

In 7 dogs we have complete data of the effect of giving digitalis on
cardiac output, cardiac size and ventricular contraction (excursions).

The effect of digitalis on cardiac output. In dog 257 the cardiac
output was 3820 cc. per minute (table 1, fig. 5). Two and one-half
hours after tincture of digitalis 2.8 cc. had been given intravenously
the output fell to 2351 cc. per minute; there occurred, that is to say,
a decrease to 61.2 per cent of the initial output. Later, at 26' hours,
the output fell still further to 1790 cc., equal to 46.8 per cent only
of the output at the beginning. On the second day there was a
change. The output increased to 2359 cc. and in 10 days returned
to 3592 cc., that is to say, to 94 per cent of the initial value. In this
dog then there was after the administration of digitalis a decrease in
cardiac output within 21 hours which reached a maximum 24 hours
later. The return to normal, though not complete, took place at the
end of 10 days.

The results were similar in the other 6 dogs (table 1, figs. 3 and 6),
with this exception, namely that in 3 dogs (dog 258 (fig. 6), dog 259
and dog 263) the output, following the initial decrease actually be-
came greater than it had been at first. This observation will be
discussed later at greater length. In general, though, the output
decreased uniformly 21 to 3 hours after the administration of digitalis,
but the maximum was usually delayed until 24 hours later. It varied
between 34 and 62 per cent of the initial value (table 1). Later the
cardiac output returned toward normal (dog 261, dog 265 (fig. 3)
and dog 266) or exceeded this value (dog 258 (fig. 6), dog 259 and
dog 263). The changes in output occurred irrespective of changes
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FIG. 5. SHOWINGTHE EFFECT OF GIVING DIGITALIS ON CARDlAC OUTPUT, SIZE
OF THE HEARTAND EXCURSIONSOF THE RIGHT AND LEFT

VENTRICLES IN DOG257
Attention is called to the fact that in this dog the cardiac output, area of

the heart and ventricular excursions returned toward normal (100 per cent)
simultaneously.
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in heart rate (recorded electrocardiographically) though this was
found usually to have decreased 2 to 3 hours after administration.
Later the rate returned to what it was at the outset of the experiment.

'Per

HoUP.s yDay
FIG. 6. SHOWINGTHEEFFECTOF GIVING DIGITALIS ONCARDIACOUTPUT, CARDIAC

SIZE AND ExcuRSIONS OF THE RIGHT AND LEFT VENTRICLES IN DOG258

In this instance, after the preliminary decrease, the cardiac output increased
and overshot the initial measurement even though the heart was smaller than
it was in the beginning. This result is attributed to the fact that the height of
the ventricular excursions continued greater than it was in the initial
measurements.
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The effect on output depended on two factors, tone and contrac-
tion. These were therefore analyzed separately.

1. The EJect of digitalis on the size of the heart (tone). In dog 257
the initial heart area was 52.7 sq. cm. It decreased to 47.7 sq. cm.

22 hours after digitalis was given (table 1, figs. 5 and 7), and 24
hours later still farther to 43.8 sq. cm. Following this fall there was
a gradual return toward normal, so that at the end of 10 days the
area measured 51.5 sq. cm. There was then a maximum fall to 83
per cent of the initial size in 264 hours, followed by a return toward
normal as the effect of digitalis wore off.

The results in the other 6 dogs corresponded to this one. The
maximum decreases varied between 72 and 90 per cent of the initial
measurement (table 1, figs. 3 and 6), the maximum being attained
sometimes 2 to 3 hours and at other times not until 24 hours after
the drug was given. As the effect of the drug wore off the dimensions
of the cardiac area returned toward normal.

2. E4jTect of digitalis on contraction. In dog 257 the excursion of
the margin of the left ventricle at the level of the 6th rib measured
2.3 mm. Wiithin 24 hours after tincture digitalis 2.8 cc. was ad-
ministered the excursion increased to 3.2 mm. and 24 hours later still
farther to 4.9 mm. The excursions were still greater (5.2 mm.) 4
days later than at the beginning, but at the end of 10 days they
returned to normal (2.5 mm.) (table 1, figs. 4 and 5). The excursion
of the right ventricle likewise increased, in this case.from the initial
value, 4.6 mm. to a maximum of 7.1 mm. The return toward
normal occurred in 10 days (table 1, figs. 4 and 5). The extent of
contraction was therefore more than doubled in this dog.

In the other 6 dogs the results were identical; the ventricular ex-
cursions were always increased after digitalis was given (table 1,
figs. 3 and 6). It is important to point out that the effect on con-
traction and on the tone of the muscle was not always parallel. The
difference between the two became apparent when the effect of
digitalis wore off. The effect on contraction often persisted longer
than that on tone. Which was to be the predominating effect was
not predictable.

Efject of digitalis on the cardiac mechanism and on the electrocardio-
grams. The effect on the electrocardiograms observed most con-
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stantly was change in the form of the T-waves (table 1). If the waves
were negative in the beginning their size might show slight changes;
in other cases waves became positive; and in other still, positive
ones became negative. These changes persisted 24 to 48 hours, but
the initial form was always regained at the end of 4 days. There was
no change in conduction time. The ventricular rate was usually
slower 2 to 3 hours after giving digitalis, but returned to the first rate
24 hours afterward (table 1). Dog 261 is an exception. Sinus
tachycardia, 230 per minute, developed after digitalis was given.
The dog died within 18 hours. Runs of ventricular tachycardia
(dog 257), auricular premature contractions (dog 259) and blocked
auricular waves (dog 263) were each encountered once.

Effect of digitalis on metabolism. The oxygen consumption of each
dog remained practically constant (table 1), nor did significant
changes occur following the administration of digitalis. The small
fluctuationp which were found from day to day were obviously un-
important.

ADDITIONAL OBSERVATIONS

Weare able to make report of the action of digitalis in 6 other dogs
which were studied in the same way as were those already described.
The experiments differ only in that we have no photographic curves
showing ventricular contraction. Changes in cardiac output and
cardiac area were however studied (table 3). The usual stationary
x-ray photographs of the heart were made. In these as in the other
dogs the effect of injecting digitalis was to decrease the cardiac output,
the maximum reduction being attained in 2 to 24 hours. There
was then a return toward normal or even an over-shooting of it.
At the same time the size of the heart was likewise decreased. The
ventricular rate was as in the others always slowed 2 to 3 hours
afterward, except in'one dog (dog 254) in which ventricular paroxysmal
tachycardia occurred. Changes in the T-wave were constantly ob-
served. There were no changes in conduction time.
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SUMARY

Following the administration of digitalis to normal dogs in so-
'called therapeutic amounts the following effects were observed: (1)
the form of the T-wave in the electrocardiogram changed; (2) the
cardiac output decreased; (3) the size of the heart decreased; (4)''the
height of ventricular excursions increased. When_ digitalis -was ex-
creted all these measurements returned toward normal.

DISCUSSION

We have demonstrated then that following the administration of
digitalis to normal dogs the cardiac output and the cardiac size
decreased; but the extent of ventricular contraction on the other hand
increased. In what way are these observations to be connected in
analyzing the effect of digitalis on cardiac output? In our early
experiments (Cohn and Stewart, 1928a) the six to which reference has
just been made and in which cardiac output and cardiac size alone
were correlated, there was close agreement between the two; when
the cardiac size decreased the cardiac output decreased,- as we thought,
necessarily. But that the influence of digitalis on the two func-
tions was distinct and separable became apparent when the effect
of digitalis began to wear off. When the size of the' 'heart 'began
to increase, the output sometimes increased more than it should
have done were size the only factor involved (dogs. 254 and 255,
table 3). Why this was so was difficult at first to explain, but the
reason became evident as we thought, when we began to take into
account the effect of the drug on contractio-n-- There was -ample
reason to anticipate a striking effect on this function based on evi-
dence gained by many other observers from experiments on animals
that had been operated on. What- the effect is9-in intact animals to
which no anesthetic had been given was ho.wuever unknown...The
method of the moving film employed in this study permitted an
answer to this question; ventricular contraction increases in the
intact as it does in the animal which has been operated upon.

There are in fact two opposed actions of digitalis; there is an
effect on the size of the heartt rhwe1telprtr narreffect
on tone, in this case an in,crease in tone of the heart muscre, from
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whi- thereresults naturally a decrease in cardiac- output-.-'- The
smaller pump, xpels a smaller-vodluime. There is also an effect on con-
traction-: indickted: by an increase in t4h 'height-- of the- ventricular
excursions. A es'sutlof this action is' a tendeincy -more completely to
empty thehearit'at'ach syst6le' ahd so 't6 ificrease the c-ardiac output.
The net effect of these two' a-'tions,-eonel tening to decrease -and
the other to increase the output, varied so that the results in all
stages but especially the later ones are not always predictable.
During the first day, in all dogs, the effect on tone predominated over
the effect on contraction so that the dimensions of the ventricular
cavities diminished and the output in consequence was decreased in
spite of the fact that the extent of the ventricular excursions some-
times doubled (figs. 3, 5 and 6). Later, when the effect on tone
began to diminish, the output rose occasionally above the initial value
even though the size of the heart continued -to be- smaller than it- was
in the beginning. We attribute this result to persistence of the
effect on contraction (dog 258 (fig. 6), dog 259 and dog 263). In.
this case the heart was larger than a minimum critical value. It
appears clear to us that when the size of the heart becomes smaller
than the critical value, the possibility of increased output disappears,
even though marked increase in the height of the ventricular
excursions takes place. Wehave been puzzled to know the source
of the in~creased amount of blood, but are unable to come to a de-
cision. Two possibilities suggest themselves, first that the source is
the residual blood; second that it is contributed by the ventricular
walls as the result of more vigorous contraction, in consequence of
wnhidEthey dr1ntnieTheve more completel1yof the blood in the
capilarie.s and .Thebesianiyveins, -in the sense developed by Wearn
(1928). In other dogs, if size and excursions returned simultaneously
to normal, there was no .syershooting of the--cardiac output but a
gradual and consistent return to normal (dog 257 (fig. 5), and dog
265K (fig. 3))- orJtoward-normal '(dog 266). The effects of'digitalis-
on-. heart .muscle- are .the same in Fall dogs, but the-. net result on the
oatput from the'ventricles. depends- upon which of -the two -effects
described. is the greater. -.

-he ..point, which has just been dis'cussd concerning-the possibility-'
of 'a'. citical.relation.--et*ee.-the.size .of the heart and its: volume-
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output, we have attempted to study by plotting systematically all
the measurements of size that we have made in all the dogs and of
correlating them with the corresponding simultaneous volume out-
puts (fig. 8). The sizes (not grouped from the point of view of their
origin in individual dogs) are arranged in decreasing order (table 1,
column 14 and table 3, column 15). It will be observed that as the

cetMet

FIG. 8. SHOWINGTHE CORRELATIONBETwEENCARDIAC SIzE AND CARDIAC
OUTPUT

For explanation see the text

areas of the hearts decrease, volume outputs also decrease consist-
ently, though these naturally fluctuate. The slope of the curve of
cardiac output is greater than that of heart area. The difference is
to be expected since cardiac output is a cubic, while the heart area
is a square measurement. Were it not that we have data on differ-
ences in the extent of the ventricular excursions we should be unable
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to explain the high peaks on the curve of cardiac output. These
are higher because of that other effect of the action of digitalis, one
namely on ventricular excursions which overbalances the effect of
decrease in size and yields an end result so far as output is concerned
greater than the size of the heart would lead one to expect.

These experiments confirm those of Harrison and Leonard (1926)
and of Burwell, Neighbors and Regen (1927) in respect to the effect
of digitalis on the output from the ventrides. Wehave, however,
analyzed the result of giving digitalis further and have found reason
for disagreeing with the inferences which they drew. Wehave been
able to unravel a twofold action of digitalis. One is on the tone of
the muscle from which issues a decrease in output. Unlike Harrison
and Leonard we think that this result is plainly not the consequence
of a sedative action, not depressant, but of an action which in effect
is the reverse of this, is due in fact to an increase in tone and consists
in making of the heart a smaller pump. The second effect is the
action on contraction; this too can scarcely be regarded as sedative.
Certainly, increasing the height of the excursions must be thought of
as stimulation. The use of the term depressant used by Harrison
and Leonard is not, it appears, descriptive of the action of digitalis
on the functions of heart muscle which we have been able to analyze.
To apply it to the output of hearts affected primarily by stimulating,
augmenting, actions, may it seems to us lead to serious misunderstand-
ing. Inferences which involve this idea should be reviewed when
direct evidence becomes available, both in heart failure and in,
pneumonia. It is not without interest to recall the fact that this is
not the first time that the action of digitalis has been regarded as
sedative. Bouillaud (1835) in 1835 stated "ce medicament, comme
je l'ai deja dit, est le veritable opium du coeur."

Since the experiments described in this paper refer to the short
fibered normal heart the conclusions to be drawn from them need not
necessarily apply to extended, perhaps over-extended, fibers of the
enlarged or diseased heart. The effect must be studied separately
in each. Wehave accordingly proceeded to experiments on the en-
larged heart and are reporting these in a second paper (Cohn and
Stewart, 1928a).
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SUMMARY

The effect of therapeutic doses of digitalis given intravenously and
by mouth upon the circulation of normal dogs has been studied. It
was found that:

1. Changes in T-waves of the electrocardiograms were constantly
observed.

2. The heart rate always slowed 2 to 3 hours after giving digitalis
unless an abnormal rhythm developed. In 24 hours the rate was
like the initial count.

3. The cardiac area decreased.
4. The ventricular excursions increased.
5. The cardiac output always decreased at first, but might later

increase.
6. These effects were at a maximum 2 to 24 hours after the ad-

ministration of the drug.
7. As the effect of digitalis wore off the cardiac output, cardiac

size and ventricular excursions returned to normal. The cardiac
output often became greater than the initial value.

CONCLUSIONS

Digitalis within the first 24 hours decreases the cardiac output of
normal dogs. The cardiac output which obtains at any later in-
stant is the net result of the working of two opposing factors. The
first- of these effects increases cardiac tone and results in decrease in
the size of the heart. It is due to this action that cardiac output tends
to decrease. The second effect increases ventricular contraction and
tends to increase cardiac output.- If cardiac size is not smaller than
a critical value, increase in- ventricular contraction overbalances
decrease in size so that cardiac output increases beyond the begin-
ning value.
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