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Several studies have shown that rapid and
marked improvement in cardiovascular dynamics
results when the cardiac glycosides, digoxin (1-5),
ouabain (6) and lanatoside C (7) are administered
intravenously to patients with congestive heart
failure. At times the improvement is so marked
that the altered functions are returned to the nor-
mal state. There remains the question whether
concomitant improvement occurs in the circula-
tion and function of the various organs. In this
regard the kidney is of particular interest, not only
because of its relationship to the development of
some of the characteristic manifestations of con-
gestive heart failure, but also because of the brisk
diureses (8, 9) which the intravenously adminis-
tered glycosides often induce.

The present study was designed to determine the
interrelationships of the cardiovascular, renal and
electrolyte effects of single therapeutic doses of
digoxin administered intravenously to patients
with congestive heart failure, and specifically to
answer two questions: 1) Do renal hemodynamics
improve concomitantly with the known improve-
ment in cardiovascular dynamics? and 2) What is
the relationship of the ensuing diureses to the gen-
eral cardiovascular and renal hemodynamic effects?

METHODS

General. The plan of study was to make serial determi-
nations of six categories of function known to be altered
in congestive heart failure. Accordingly, cardiac out-
put was measured by the direct Fick method, cardiac

'This study was assisted by Grants in Aid from the
New York Heart Association, Inc., and the Life Insur-
ance Medical Research Fund.

2 Fellow, New York Heart Association, Inc.
S Post-Doctorate Fellow, United States Public Health

Service.

and peripheral blood pressures by Hamilton manometers,
oxygen content of blood by manometric analysis, blood
volume by Evans blue dye (T 1824) method, renal hemo-
dynamics by clearance techniques and electrolyte con-
centrations by flame photometer.

Patients. Five patients with congestive heart failure
obtained therapeutic benefit from the intravenous digoxin
and their data form the basis of this report. The con-
gestive failure was considered severe in four patients
and moderate in one. Two patients had hypertensive and
arteriosclerotic heart disease, two had arteriosclerotic
heart disease and one had rheumatic heart disease. All
patients had auricular fibrillation. Edema was present
in all five patients, respiratory distress at rest in four.
Treatment before the study consisted of limited activity,
bed rest in four, salt-poor diet in all patients and sedatives
as required. Three patients had not received digitalis
nor diuretics within the preceding month. Two patients,
because of the severity of their clinical status, each re-
ceived 0.5 mg. of digoxin intravenously several hours
after hospitalization. One patient was studied 12 hours
later, the other patient five days later. In both instances
improvement had been minimal and the congestive failure
was still severe at the time of the study. These small
doses of digoxin were considered not to have altered the
sequence of effects produced by the later therapeutic
dose of the drug.

Procedures. Observations were made in the morning
after an overnight fast. Electrodes for the electrocardio-
gram were applied and an indwelling catheter was placed
in the urinary bladder. After appropriate priming doses,
a sustaining infusion of inulin and para-aminohippurate
(PAH) in distilled water was begun and delivered at a
rate of 1 ml./min. by means of a pump. An intracardiac
catheter, usually with a double lumen, was placed in the
pulmonary artery or right heart (10) and perfused, at a
rate of 3 to 4 ml./min., with 5% dextrose in water. The
femoral artery and femoral vein were cannulated with in-
dwelling Cournand needles, a respiratory tambour was
placed about the chest and the patient was prepared for
collection of expired air into a Tissot gasometer. For all
local anesthesia a 2% solution of metycaine was used.

Determinations were made in 10 successive periods,
each of 15 or 20 minutes duration. The plan of the de-
terminations was to measure the cardiovascular hemody-
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namics (cardiac output, cardiac and peripheral blood
pressures, blood oxygen contents and oxygen consump-
tion) at the mid-point of the period during which the re-
nal hemodynamics (glomerular filtration rate, renal
plasma flow) and the water and electrolyte excretions were
measured. Accordingly, the following procedures were
carried out for each period;: urine was collected at the
end of the period and the bladder washed out with distilled
water; over a three-minute interval, at the mid-point of
the period, expired air was collected in the gasometer
while arterial and right heart blood were collected dur-
ing the last two of these three minutes; immediately fol-
lowing this sampling, arterial blood was obtained for
inulin, PAH, chloride, sodium, potassium and protein
concentrations and for hematocrit; during the first 30
seconds of the expired air collection pressures in the
femoral artery, right heart, and at times pulmonary ar-
tery and femoral vein, were recorded simultaneously by
Hamilton manometers, together with the electrocardio-
gram and respiratory rate. Plasma volume was de-
termined before, and again one and a half hours after,
digoxin was given.

After three 15-minute control periods, 1.0 mg. to 1.5
mg. of digoxin, diluted with 20 ml. to 30 ml. of 5% dex-
trose in water, was injected into a peripheral vein or
the right atrium. The injection was made over an in-
terval of 10 minutes, and 10 minutes later the period
(fourth) was brought to a close. Then followed, in
turn, three periods of 15 minutes each and three periods
of 20 minutes each.

Andyses. Standard methods and procedures were used
for the following analyses: oxygen and carbon dioxide in
air (Haldane), oxygen and carbon dioxide in blood (11),
plasma protein (12), blood and plasma volume (13), and
the blood and urine concentrations of inulin (14, 15),
PAH (16), chloride (17), and sodium and potassium
(internal standard flame photometer). In blood, sodium
was determined on serum and potassium on plasma, sepa-
rated from heparinized blood within 15 minutes of sam-
pling. Blood oxygen capacity at equilibrium with room
air was determined on two samples; one pooled from pe-
riods 1, 2 and 3, the other from periods 8, 9 and 10. The
hematocrit was measured in Wintrobe tubes. Heart rate
was obtained from the electrocardiogram and ventilation
volume from the expired air collection. For all pres-
sure determinations the zero point of reference was 5.5
cm. to 6.5 cm. posterior to the angle of Louis. Systolic
and diastolic pressures were obtained by averaging the
,respective pressures over two respiratory cycles and
mean pressures by planimetric integration of the re-
spective pressure waves over the same two respirations.
Because of the edema and the acute nature of the ob-
servations, the values are presented without attempted
correction for surface area.

RESULTS

Digoxin produced considerable subjective im-
provement in all five patients with congestive heart

failure. A lessening of the general distress and
anxiety, easier breathing and decreased orthopnea
became apparent 20 to 30 minutes after the start
of the injection. Improvement then continued for
30 to 45 minutes and some subjects even dozed a
little. Thereafter, accumulating fatigue led to in-
creasing discomfort and restlessness, but even so,
the condition of the patients at the end of the ob-
servations was improved over that before the dig-
oxin was given.

Changes in cardiovascular and renal functions
and in urinary excretions occurred in all subjects
and the averaged data for the five patients are pre-
sented in Table I and Figure 1. Since the aver-
aged data obscure considerable differences in the
action of the drug among the various patients,
several important interrelationships for the indi-
vidual patients are presented in a series of charts
(Figures 2-6). The averaged data, nevertheless,
indicate the more representative response and form
the basis of the presentation.

Cardiovascular hemodynamic effects. The he-
modynamic effects produced by digoxin were
rapid in onset (Table I). Thirty minutes after in-
jection the drug's chief effects were fully evident,
changing rapidly and consisted of: ventricular
slowing, increased cardiac output, increased oxy-
gen content of mixed venous blood, reduced A-V
oxygen difference, decreased peripheral venous
pressure, decreased right atrial pressure, decreased
right ventricular end diastolic pressure, decreased
pulmonary artery diastolic pressure, increased
peripheral arterial systolic and pulse pressures and
a decrease in systemic vascular resistance. Over
the ensuing one to one and a half hours these
changes continued progressively but more slowly.

The first change usually observed was a slowing
of ventricular rate, which became apparent five
minutes after the start of injection of the drug
and when only one-half of the dose had been given.
At the time of the first hemodynamic measurements
(five minutes after the end and 15 minutes after
the start of injection) femoral venous and right
atrial pressures had already fallen and systolic and
diastolic arterial pressures had already risen. At
this time cardiac output and A-V oxygen differ-
ence showed inconsistent changes and pulmonary
artery and right ventricular pressures remained
unchanged. At the time of the next determina-
tions (20 minutes after the end of injection) the
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TABLE I

The effect of 'intraven'ously administered digoxin on the cardiovascular, respiratory, renal and electrolyte
functions itn congestive heart failure *

(All data are averages for the number of patients indicated)

Before digoxin After start of injection of digoxint
Number- __-__- _ -

Period number of 1 2 3 4 5 6 7 8 9 10subjects
per

function
Time of period, minutes -50oto -34 to - 18 to 0 to 22 to 38 to 55 to 71 to 90 to 108 to

______________________________________ _______-34 -18 0 22 38 55 71 90 108 130

Heart rate, Per min. 5 117 119 114 103 104 100 97 99 96 97Resp.rate, per min. 5 28 28 29 2.9 28 28 28 27 28 -

Expired Air

Ventilation volume, titers/mix. 5 10.76 10.681 10.40 11.19 11.02 9.74 10.15 10.03- 9.64 -
Oxygen consumption, mt./mix. 5 250 267 j249 257 251 251 251 233 233 -

Blood Gases

Arten'al oxygen, vots. % 5 16.6 16.6 16.6 16.3 15.9 15.7 15.6 I15.6 15.5 15.5
Arterial oxygen saturation, % 5 86 86 86 86 85 83 84 I84 85 84
Mixed venous oxygen, WEt. %o 5 8.8 8.6 8.4 8.3 9.4 9.7 9.8 I9.9 9.1 9.2
Mixed venous oxygen saturation, % 5 45 44 43 43 49 50 52 I52 49 50
A-V oxygen difference, vots. % 5 7.8 8.0 8.2 8.0 6.5 6.0 5.8 j 7 6.4 6.3

Blood Pressures

Femoral vein
(Pts. W. G., 3. P., R. D.) Mean, mm. Hg 3 17.8 17.3 16.5 14.8 10.3 10.3 8.3 8.2 8 5.3

Rignht atrium
(Pta. B. A., I. B., R. D.) Mean, mm. Hg 3 21 19 20 16 14 12 12 10 12 10

Right ventricle Systolic, mm. Hg 2 38 42 40 38 40 40 38 35 37 41
(Pts. W. G., J. P.) End diastolic, mm. Hg 2 15 19 15 16 14 12 12 8 7 7

Pulmonary artery Systolic, mm. Hg 2 39 42 35 42 38 39 38 35 42 42
(Pts. W. G., j. P.) Diastolic, mm. Hg 2 26 29 27 29 24 25 26 23 20 20

Mean, mm.Hz 2 32 32 32 35 29 28 30 28 28 30

Femoral artery Systolic, mm. Hg 5 155 150 153 164 165 172 176 180 179 175
Diastolic, mm. Hg 5 98 94 97 103 101 98 93 94 91 92
Mean, mm. Hg 5 118 113 1114 1122 1125 1124 1118 1122 1118 119

Cardiovascular Dynamics

Cardiac output, titerslmis. S ~3.4j, 3.3 3.1 3.4 4.2 I4.4 4. 4.6 I4.0 -
Systemic vascular resistance, dynes sec. cm.'G 5 1,83003.03013.160 2,690 2.41012.270 2.280 j2.730 -11

Blood Volumes

Plasma protein, grams % 5 6.22 6.18 6.09 6.151 6.06 6.05 6.07 5.97 5.98 5.88
Plasma volume, titer 3 4.1 I4.2
Hematocrit (arterial), % (Pta. W. G., 3. P., I. B.) 3 43 I42
Blood volume, titers j3 7.2 6.9

Renal Dynamics

Glomerular filtration rate, mt./min. 5 69 72 I67 80 82 79 84 78 I83 85Renal Plasma flow, mt./mia. 5 153 157 IS17 180 181 191 211 189 I199 218Filtrationfraction, % 5 46 45143 44 45 41 40 .42 I42 40
Renal blood flow, mt./min. 5 272 279 I282 313 310 322 362 324 I340 371
Renal vascular resistance, dyxes see. cm.-' 5 27,550 27,7601 28,300 28,820 30,770 30,500 26,900 30,4001 27,500 26.700
Renal fraction, % 5 9.1 9.2 9.7 9.5 7.9 7.3 8.3 7.2 1 . -

Urine Excretions

Urine flow. mt./min. 5 1.3 1.2 1.1 1.2 2.0 2.7 3.2 3.2 3.3 4.3
Sodium excretion, peq./mix. 5 34 31 25 36 98 128 156 154 186 233
Potassium excretion, pseq./mix. 5 34 35 30 42 52 63 69 60 67 73
Chloride excretion, paeq./min. 5 27 26 19 29 107 136 146 146 192 267

*Renal, uri'nary and electrolyte data are averages for the period s; cardiovascular and respiratory data are for mid-
points of the periods. The 'concentrations of sodium, potassium and chloride in blood did not change throughout the
10 periods. In calcuating systemic and renal vascular resistances the pressure gradient was taken as mean femoral
arter pressure minus mean right atrial pressure or femoral venous pressure.7Digoxin 1.0 mg. to 1.5 mg. given during first 10 minutes of period 4.
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FIG. 1. CARDIOVASCULAR, RENAL AND ELECTROLYTEEFFECTS OF DIGOXIN
ADMINISTERED. INTRAVENOUSLY TO PATIENTS WITH CONGESTIVE HEART
FAILURE

The averaged data for the five patients are presented.
This chart and subsequent charts are similarly plotted: On the abscissa is

time in minutes. The black box immediately above the abscissa indicates the
time and duration of the digoxin injection. On the ordinate are plotted, in
order, from below upward, femoral venous pressure or right atrial pressure
in mm. Hg; urine flow in ml./min.; urinary sodium (solid line) and potas-
sium (dotted line) excretions in Ieq./min.; glomerular filtration rate and
renal plasma flow in ml./min., plotted for each period, including control pe-
riods, about the mean of the three control periods as the reference line; renal
fraction (dotted line) in per cent of cardiac output; cardiac output (solid
line) in liters/min. and A-V oxygen difference (dotted line) in vols. %.

major effects of the drug were all present and
changing progressively (Table I).

There were no apparent changes in plasma vol-
ume, blood volume or hematocrit. Respiratory
rate, ventilation volume and oxygen consumption
did not change, or fell slightly in the patients who
initially manifested the greatest respiratory dis-
tress. The electrocardiogram either remained un-
changed or showed minimal lowering of T waves.

Arterial oxygen content, and saturation, con-
sistently decreased sharply in the first and second
periods after digoxin and thereafter fell more
slowly and progressively. This decrease, espe-
cially the first sharp fall, was not attributed to the
repeated blood sampling for the hematocrit re-
mained essentially unchanged.

Although initially (period 4) the systolic and
diastolic arterial pressures both increased, the sub-
sequent change (beginning in period 5) was a

progressive widening of the pulse pressure, which
resulted from a considerable rise in systolic pres-
sure and a small fall in diastolic pressure.

In two patients, ventricular premature contrac-
tions began to appear approximately one hour af-
ter the injection of digoxin and increased in fre-
quency, until two hours after injection one patient
had a sustained idioventricular rhythm and the
other had five or six short runs (4 to 6 beats) of
ventricular tachycardia per minute. In both pa-
tients the arterial pressures were maintained and
the right atrial pressures remained at their lowered
levels. However, cardiac output fell and A-V
oxygen difference increased (Figures 4 and 6).
These changes were sufficiently marked to influ-
ence adversely the average values for these func-
tions (period 9, Table I) even though improved
values were sustained in the other patients.

Renal henodynamic effects. The averaged
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FIG. 2. CARDIOVASCULAR,RENAL AND ELECTROLYTEEFFECTS OF 1.5 MG.
DIGOXIN ADMINISTERED INTRAVENOUSLYTO B. A.

White female, 60 years, hypertensive and arteriosclerotic heart disease, en-
larged heart, auricular fibrillation with ventricular rate 122/min., paroxys-
mal nocturnal dyspnea, peripheral edema 3 +, class IV E. (For details of
charting see legend of Figure 1.)

MINUTES

FIG. 3. CADIOVASCULAR, RENALAND ELECTROLYTEEFnCTS OF 1.3 MG.
DIGOXIN ADMINISTERED INTRAVENOUSLYTo W. G.

White male, 70 years, healed pneumococcal endocarditis and arteriosclerotic
heart disease, enlarged heart, auricular fibrillation with ventricular rate 78/
min., 2 + peripheral edema, class III D. (For details of charting see legend
of Figure 1.)
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MINUTES

FIG. 4. CARDIOVASCULAR, RENAL AND ELECTROLYTEEFFECTS OF 1.0 MG.

DIGOXIN ADMINISTERED INTRAVENOUSLYTO I. B.
Negro female, 52 years, rheumatic heart disease, enlarged heart, mitral

stenosis and insufficiency, auricular fibrillation with ventricular rate 126/min.,
4 + peripheral edema, class IV E. Five days previously 0.5 mg. digoxin was
given intravenously, none since. After period 6, ventricular premature con-
tractions appeared and increased to five or six runs of 4 to 6 consecutive
idioventricular beats/min. (For details of charting see legend of Figure 1.)

data for the five patients show small increases in
renal plasma flow, renal blood flow and glomeru-
lar filtration rate (Table I, Figure 1). Thus, one

and a half to two hours after digoxin the averaged
renal plasma flow had increased by 51 ml./min.,
from 157 to 208 ml./min., the averaged renal
blood flow had increased by 75 ml./min., from
280 to 355 ml./min., and the averaged glomerular
filtration rate had risen by 15 ml./min., from 69
to 84 ml./min.4 There was considerable varia-
tion in the response from subject to subject.
Usually the onset of the changes occurred at some

time within 45 minutes after the injection of dig-
oxin (Figures 2, 4, 5, 6). After the initial rise,
renal plasma flow increased progressively to a

small extent in some subjects and not at all in
others, while glomerular filtration rate was usu-

ally sustained at the new level without subsequent
appreciable change. The renal hemodynamic re-

sponse was rated as a definite and sustained im-
4 The initial values are the averages of the three con-

trol periods; the final values are the averages of periods
9 and 10.

provement in two patients (Figures 2 and 5); im-
provement with considerable variation from pe-
riod to period in one patient (Figure 6), equivo-
cal improvement in one patient (Figure 4); and in
one patient no improvement until a slight increase
in periods 9 and 10 (Figure 3). However, after
digoxin was given, no patient showed a definite
or sustained reduction in renal plasma flow or fil-
tration rate below the average values of his three
control periods.

Filtration fraction changed little. The averaged
value before digoxin was 45%, the final value
41 %. Three patients showed slight falls, the
other two patients only equivocal changes.

Unlike the progressive decrease in systemic
vascular resistance, renal vascular resistance did
not fall. On the contrary, three subjects showed
slight increases in renal resistance during the first
three periods after digoxin and then a return to
the initial levels; the other two subjects showed
essentially no changes. Probably associated with
this behavior in renal resistance was the tendency
for the already low renal fraction (per cent of
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FIG. 5. CARDIOVASCULAR,RENAL AND ELECTROLYTEEFFECTS OF 1.0 MG.
DIGOXIN ADMINISTERED INTRAVENOUSLYTO J. P.

White male, 53 years, unknown type and arteriosclerotic heart disease, en-
larged heart, auricular fibrillation with ventricular rate 148/min., 4 + edema,
moderate dyspnea, class IV E. Serum sodium 113 mEq./L. Twelve hours
previously 0.5 mg. of digoxin had been given intravenously. (For details
of charting see legend of Figure 1.)

cardiac output perfusing the kidney) to decrease
further as the cardiac output increased (Table I,
Figure 1). Although the averaged renal fraction
fell from 9.5%o to 7.5%o during the drug's action,
individual responses varied widely. In some pa-
tients renal fraction decreased, in others it re-
mained unchanged, but in no patient did renal
fraction increase. A further dissociation between
renal blood flow and cardiac output was noted
in the patients whose cardiac outputs fell as ven-
tricular arrhythmia developed. Renal blood flow
was maintained and, as a result, the renal fraction
increased as cardiac output decreased (Figure 6).

Urine volume and electrolyte excretion. Dig-
oxin produced a prompt and progressive increase
in urine volume and in the rate of excretion of
electrolytes (Table I, Figure 1). Occasionally the
first urine collected after digoxin (20 minutes af-
ter start of injection) showed these changes (Fig-
ure 2) but in all instances the second urine speci-
mens (from the 20th to 35th minute after start
of injection) showed increases in volume and in
the quantity of sodium, chloride and potassium

excreted (Figures 2-6). Thereafter, urine vol-
ume and electrolyte excretions increased progres-
sively, until one and a half to two hours after in-
jection the averaged urine volume had increased
threefold, averaged sodium excretion sevenfold,
averaged chloride excretion tenfold and averaged
potassium excretion twofold. During these in-
creased excretions, the concentrations of the three
electrolytes in the blood remained unchanged.

Generally water and electrolyte excretions in-
creased concomitantly (Figures 2-4). However,
in one subject the increased electrolyte excretion
was accompanied by only a minimal change in
water excretion (Figure 6). Increased water ex-
cretion without increased electrolyte excretion
was not observed. In a markedly edematous pa-
tient with hyponatremia (serum sodium 113
mEq./L.) the increase in urine volume was ac-
companied by only a slight rise in the very low
output of sodium in the urine. However, the diu-
resis was accompanied by the increased excre-
tion of potassium and chloride (Figure 5).

An additional patient, in moderately severe
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congestive heart failure, also received 1.0 mg. dig-
oxin intravenously. He was considered to have
arteriosclerotic heart disease and in addition,
chronic glomerulonephritis (GFR 42 ml./min.,
RPF 235 ml./min., FF 18%o) and anemia. Ap-
proximately 45 minutes after receiving the drug
he developed pulmonary edema and required
morphine sulfate (8 mg.) intravenously to con-
trol the respiratory distress and permit comple-
tion of the observations. No changes in cardio-
vascular or renal hemodynamics or in urine vol-
ume and electrolyte excretion occurred in this pa-
tient and his data have not been averaged with the
five patients who were benefited by digoxin. This
absence of effect remains unexplained but, per-
haps, congestive failure accompanying glomeru-
lonephritis does not respond in the same manner
as the failure due to heart disease alone.

Control observations. The cardiovascular, re-
nal, urinary and electrolyte changes produced by
digoxin in congestive heart failure did not occur
in three patients who underwent the full test pro-

cedures and served as controls: a) a patient with
essential hypertension, without congestive heart
failure, who received 1.5 mg. digoxin intrave-
nously, b) a normotensive subject without con-
gestive heart failure who received 1.3 mg. digoxin
intravenously and c) a patient with arterioscle-
rotic heart disease and severe congestive heart fail-
ure who received no medication. In the last patient
renal plasma flow, glomerular filtration rate, elec-
trolyte excretions and urine flow decreased as the
observation period continued, while cardiac output
and right atrial pressure remained unchanged
(Figure 7).

DISCUSSION

The patients studied were few but the data
indicate definite patterns of effect for each of the
several functions studied and show consistent
similarities and differences between the responses
of the several functions. Furthermore, generali-
zations based on these data appear tenable, for the
results of the present integrated observations are
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FIG. 6. CARDIOVASCULAR,RENAL AND ELECTROLYTEEFFECTS OF 1.2 MG.
DIGOXIN ADMINISTERED INTRAVENOUSLYTO R. D.

White male, 68 years, hypertensive and arteriosclerotic heart disease, en-
larged heart, auricular fibrillation with ventricular rate 110/min., marked
respiratory distress and Cheyne-Stokes respiration, 1 + peripheral edema,
class IV E. In period 6, ventricular premature contractions appeared and
increased in frequency until in periods 9 and 10 there were several runs of
10 to 30 consecutive idioventricular beats/min. After period 10 sustained idio-
ventricular rhythm developed which was restored to sinus rhythm by pro-
caine intravenously. (For details of charting see legend of Figure 1.)
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FIG. 7. CARDIOVASCULAR, RENAL AND ELECTROLYTEEFFECTS OF THE FULL
TEST PROCEDUREALONE. No MEDICATION GIVEN.

F. W., negro male, 64 years, unknown type and arteriosclerotic heart dis-
ease, enlarged heart, regular sinus rhythm with ventricular rate 102/min.,
ventricular and atrial premature contractions, moderate dyspnea, 4 + periph-
eral edema, class IV E. (For details of charting see legend of Figure 1.)

supported by data obtained in larger series of pa-

tients, in whom either cardiovascular hemody-
namic observations alone (1-5) or renal hemo-
dynamic and urinary studies alone (9) were car-

ried out.
The cardiovascular hemodynamic changes pro-

duced by digoxin were similar to those already re-

ported (1-5). To these reports the present study
adds more detailed and sequential observations.

The data do not indicate, as had been hoped, the
primary site of action of digoxin, whether on the
myocardium to increase stroke volume and cardiac
output primarily, or on a vascular bed to relax its
tonus, reduce thereby cardiac overstretch and in-
crease cardiac output secondarily. The data sug-

gest that peripheral venous and right atrial pres-

sures fell before cardiac output increased. Thus,
the first determinations after digoxin (five minutes
after the finish of injection) showed an averaged
decrease of 14% in femoral venous pressure, with
a fall in pressure in all patients, and an averaged
decrease of 25%o in right atrial pressure, with pres-
sure falls in four of the five subjects; in contrast,
cardiac output showed an averaged increase of
only 6% and only one subject showed an une-

quivocal rise. The next measurements, 15 min-
utes later, showed such marked changes in fem-
oral venous pressure, right atrial pressure and
cardiac output in practically all patients that resolu-
tion of primary from secondary effects was not
possible. Since per cent changes from control
values need not necessarily correlate with the
physiological effectiveness of a change and since
the effects were in such close relationship to each
other, the present data are considered not to de-
termine the primary effect of digoxin.

In general, renal hemodynamics appeared to
improve slightly following digoxin. Since the
changes in renal hemodynamics were small in ab-
solute values and close to the error of the methods
of measurement, the question arises whether the
changes were real. The following reasons sug-

gest that these small increases may indeed be con-

sidered to be real. For each patient, the increases
were of greater magnitude than the variations from
period to period during the three control periods.
When the changes occurred, they were almost al-
ways in the same direction, increases above the
average of the values for the three control pe-

riods; decreases were encountered rarely and then
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were small and not sustained. Finally, even
though conclusions based on statistical analyses
of such small samples may be open to question,
nonetheless, an analysis of the values for periods
1, 2, and 3 with the values for periods 9 and 10
gives for GFRa t value of 3.61, P = 0.03, and for
RPFa t value of 2.67, P = 0.06, values which are
at the borderline of statistical significance. The
conclusion remains that in general renal hemody-
namics improved slightly but in individual patients
measurable changes were at times absent.

The averaged data for all of the subjects show
that the maximal percentile changes in renal he-
modynamic functions (glomerular filtration rate
+ 20%, renal blood flow + 27%o, renal plasma
flow + 32%) 4approached the maximal percentile
changes in cardiovascular hemodynamics (cardiac
output + 41%, A-V oxygen difference - 29%o,
right atrial pressure - 50% ).5 However, such an
analysis obscures important differences between
the changes in these two categories of functions.
Thus, the renal effects were quite small in abso-
lute values and in no instance were renal hemody-
namics returned to normal. In contrast, the car-
diovascular effects were sizable and definite and
several of the cardiovascular functions, particularly
cardiac output, A-V oxygen difference and right
atrial pressure, were often returned to normal.

Rapid phlebotomy has been shown to improve
cardiovascular dynamics in congestive heart failure
(2) and to decrease glomerular filtration rate and
electrolyte excretion in normal subjects ( 18). The
repeated blood sampling in the present study
caused a total blood loss of 300 ml. to 400 ml. and
the effect of this blood loss alone on the functions
studied must be considered. At least in one con-
trol subject (Figure 7), the relatively slow blood
loss of the repeated blood sampling did not im-
prove cardiovascular hemodynamics, while glo-
merular filtration rate and water and electrolyte
excretions were decreased by amounts similar to
those observed in normal subjects who were bled
(18). Since these changes were strikingly dif-
ferent, some of them in the opposite direction, from
the effects in the digoxin-treated patients, it seems
unlikely that the blood loss alone played a signifi-
cant part in the effects noted after digoxin.

The changes in renal plasma flow and glomeru-
5 See footnote on page 1255.

lar filtration rate appeared to be associated with
the improvement in the general circulation, but
they were less consistent, rather slower in onset
and less progressive than the general cardiovascu-
lar effects. Moreover, in some instances there
were no changes in one, or both, of these renal
hemodynamic functions in the presence of con-
siderable cardiovascular changes (Figure 3).
The differences in the general circulatory and
renal circulatory effects of digoxin are further
indicated by the tendency for renal vascular re-
sistance to increase, or remain unchanged, as the
systemic vascular resistance decreased, and by the
fall in renal fraction as the cardiac output rose.

One of the most striking and consistent effects
of digoxin was the prompt and pronounced in-
crease in urine flow and in the rate of excretion of
electrolytes. There appeared to be no consistent
relationship between these urinary changes and
the changes in glomerular filtration rate and renal
plasma flow. In general, water and electrolyte ex-
cretions increased coincidently with a slight im-
provement in these renal functions (Figures 1 and
2) but the diureses were not necessarily dependent
on such improvement (Figure 3). In some sub-
jects water and electrolyte diureses occurred in
the virtual absence of changes in renal plasma
flow or glomerular filtration rate, or both (Figure
3); in others the diureses preceded an improve-
ment in either one or both of these renal hemody-
namic functions (Figure 5). Furthermore, the
increases in water and electrolyte excretions were
marked and progressive, whereas the absolute im-
provement in GFRand RPF was relatively small
and not progressive. Similar dissociations follow-
ing digoxin have been reported in a larger group
of subjects (9) and in four of the 12 patients with
congestive heart failure therein studied, water and
electrolyte diureses occurred in the absence of
changes in glomerular filtration or renal plasma
flow (9).

There was a closer relationship between the
urinary changes and the general cardiovascular
effects. Thus, the increases in water and electro-
lyte excretions coincided with the increase in car-
diac output and the concomitant development of
the peripheral circulatory changes of increased ar-
terial pulse pressure and decreased systemic ve-
nous pressure. It seems more reasonable that
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the diuresis should be related to some renal change,
perhaps of a circulatory nature and related to car-

diac output, than to so general a cardiovascular
function as cardiac output itself. This suggestion
receives support from the observations in the two

subjects who developed ventricular arrhythmia.
Although the cardiac output fell, the water and
electrolyte excretions remained elevated and, per-

haps significantly, the peripheral circulatory
changes which had developed remained at their
new levels, the arterial pulse pressure wide and
the systemic venous pressure low. It is probable
that similar pressure changes occurred in the renal
circulation and to these changes the water and
electrolyte diureses seemed closely related.

The close relationship between the probable ar-

terial and venous pressure changes in the kidney
and the increased water and electrolyte excretions
does not prove a causal relationship. The re-

lationship may be a concomitant one and the di-
ureses may be secondary to some other primary
effect, not herein studied. Factors which must be
considered and which require evaluation include
a direct effect of digoxin on the renal tubule cell
(9) and the influence of some humoral factor, pitu-
itary or adrenal in origin, activated or eliminated
by the changing cardiovascular hemodynamics.

In short, digoxin administered intravenously to

patients with congestive heart failure produces a

prompt and marked improvement in general car-

diovascular hemodynamics, a slower, somewhat
inconsistent but suggestive improvement in renal
blood flow and glomerular filtration rate, and a

prompt and marked water and electrolyte diure-
sis. The diureses seem less consistently related to
changes in renal blood flow and glomerular filtra-
tion than to changes in cardiovascular hemody-
namics.

SUMMARY

1. Serial determinations were made of the car-

diovascular, renal and urinary functions of five
patients with congestive heart failure during the
two hours following the intravenous administra-
tion of single therapeutic doses of digoxin.

2. The cardiovascular hemodynamic effects ap-

peared within 15 to 20 minutes, improved mark-
edly in the first 30 minutes, progressed more

slowly thereafter and consisted of the following:
ventricular slowing, increased cardiac output, in-
creased oxygen content of mixed venous blood, de-

creased A-V oxygen difference, decreased periph-
eral venous and right atrial pressures, decreased
right ventricular end diastolic pressure, decreased
pulmonary diastolic pressure and widened femoral
arterial pressure. Blood volume did not change.

3. Because the cardiovascular functions changed
rapidly and concomitantly it was not possible to
resolve cause from effect and determine the site
of primary action of digoxin.

4. Unlike the uniform changes in cardiovascu-
lar dynamics, the changes in renal plasma flow and
glomerular filtration rate were less consistent,
smaller in absolute values and slower in onset and
progression. In general, they were slightly in-
creased one and a half to two hours after digoxin;
filtration fraction was slightly lower.

5. In contrast to the inconsistent changes in
GFRand RPF, urine flow and the rate of excre-
tion of sodium and chloride, and to a lesser extent
of potassium, increased promptly, within 30 min-
utes of digoxin injection, and continued to increase
markedly and progressively.

6. Although water and electrolyte excretion gen-
erally increased concomitantly with the slight im-
provement in filtration rate and renal plasma flow,
the diureses were not consistently, nor necessarily,
related to improvement in these renal hemodynamic
functions.

7. The increased water and electrolyte excre-
tions appeared closely associated with changes in
renal vascular pressures, as represented by in-
creased arterial pulse pressure and decreased sys-
temic venous pressure.
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