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THE RENALCIRCULATION OF THE DOG'
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(From the Department of Physiology, Western Reserve University Medical School, Cleveland)

(Submitted for publication October 1, 1949; accepted, December 5, 1949)

Clinical studies on congestive heart failure have
revealed a disproportionately large decrease in
renal blood flow as compared to the reduction in
cardiac output. Merrill (1) has reported an aver-
age diminution of renal blood flow to about one-
fifth of normal in a large series of decompensated
patients whose average cardiac output had de-
creased to approximately one-half of normal. An
average reduction of renal blood flow to about one-
third of normal has been described by Mokotoff,
Ross, and Leiter (2) in a similar group of patients,
but cardiac outputs were not determined. Since
these changes occurred in patients who presumably
had arterial pressures within or near normal
ranges, the question arises whether a reduction of
cardiac output per se produces such a marked im-
pairment of the renal circulation. These findings
have prompted us to investigate the effects of
acutely reduced cardiac output upon the renal
blood flow under experimental conditions in which
the cardiac output could be rapidly altered.

In a previous paper (3), we described the cardio-
vascular dynamics of acute graded stenosis of the
pulmonary artery, and demonstrated that it is
possible to achieve significant reduction of cardiac
output while maintaining the arterial pressure
within normal limits. This was accomplished by
compressing the pulmonary artery to a degree
where right atrial pressures were significantly ele-
vated while arterial pressures were only slightly
reduced or remained essentially unchanged. We
suggested that this procedure would be a con-
venient and relatively simple method for simulat-
ing acutely the conditions which are induced
chronically in clinical congestive heart failure.
This being the case, the procedure would afford
an opportunity for assaying the responses of the
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renal circulation to degrees of reduced cardiac
output which would not affect the renal blood flow
indirectly through concurrent changes in arterial
(4, 5) or venous (6, 7) pressures. In the pres-
ent series of experiments, therefore, we have ap-
plied clearance techniques in anesthetized dogs
subjected to graded pulmonary artery stenosis to
study the effects of acutely reduced cardiac output
upon the renal circulation.

METHODS

A series of nine satisfactory experiments was per-
formed on dogs varying in weight from 17.0 to 26.5 kg.
All dogs were anesthetized with an initial intravenous
dose of sodium pentobarbital (30 mg./kg.), and were
given additional small doses as necessary to maintain a
fairly light anesthesia. No pentobarbital was given dur-
ing experimental periods, and a time interval of at least
30 minutes was allowed to elapse after administration
before subsequent observations were made.

The thorax was opened by resection of the fourth left
rib, and respiration was maintained artificially through
a large tracheal cannula. The pulmonary artery was
separated from the base of the aorta by careful dissection,
and a brass clamp was placed about the pulmonary artery
near its origin. Gradual compression was exerted by
means of a screw-type arrangement which could be
locked in place at any desired position.

In the first five experiments, the aortic pressure was
registered optically by means of a modified Gregg ma-
nometer from the arch of the aorta through a cannula in-
serted down the left carotid artery. The right atrial pres-
sure was similarly recorded through a cannula passed by
way of the right external jugular vein. The mean arterial
pressure was determined by planimetry, and the right
atrial pressure pulse was measured at the "V" point;
that is, the point just before the opening of the tricuspid
valves. The "V" point was chosen as the point of ref-
erence, since the closed tricuspid valves separate the right
ventricle from the central venous system, and the meas-
ured pressure depends solely upon the quantity of blood
contained in the central venous reservoir and the volume-
elasticity characteristics of the right atrium and great
veins (8). It became evident, however, that precise de-
termination of the central venous pressure was not es-
sential to implement our studies, and so in the last four
experiments of our series, the mean right atrial pressure
was read periodically from a water manometer, and the
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RENAL FUNCTION WITH REDUCTIONOF CARDIAC OUTPUT

mean arterial pressure was recorded on a smoked drum
by means of a damped mercury manometer.

For the estimation of cardiac output by the Fick prin-
ciple, oxygen consumption was measured by placing a
modified Benedict-Roth spirometer in series with an inter-
mittent positive pressure respirator. The spirometer em-
ployed was the model devised by Harris and Matlock (9)
for use in open-chested animals, improved by introducing
suction between the two tanks of the apparatus in order
to overcome the resistance to expiration. Oxygen con-
sumption determinations done pre-operatively agreed
closely in all cases with values obtained in the same
animal with the chest open. A post-mortem oxygen con-
sumption was determined in each case as a check against
oxygen loss through leaks or by diffusion out of the
lungs in the open-chested dog, and the post-mortem oxygen
loss was then subtracted from all the experimental values.
In all but one experiment, the post-mortem value was less
than 10 per cent of the smallest experimental result.

Arterial and mixed venous blood samples were collected
simultaneously over mercury in greased syringes from a
femoral artery and a small branch of the pulmonary artery,
respectively. In the pre-operative determinations of car-
diac output, however, samples of mixed venous blood
were obtained from the right ventricle. The samples
were kept on ice in the original syringes sealed with
mercury, and oxygen content was determined in duplicate
by the method of Roughton and Scholander (10) within
12 hours of the time of collection.

Renal clearance studies were performed using creatinine
as a measure of glomerular filtration rate and para-
aminohippurate (PAH) as a measure of effective renal
plasma flow. Mannitol was used as an osmotic diuretic
to assure a urine flow greater than 2.0 cc./min. during
control periods, and greater than 1.5 cc./min. during con-
striction periods. Following a priming dose, suitable
blood levels of creatinine and PAH were maintained by
continuous slow intravenous infusion at a constant rate
by means of a mercury pump. The alkaline picrate method
of Folin and Wu (11) was used for creatinine analysis of
urine and sodium tungstate plasma filtrates. PAH was
determined by the method of Smith and his associates (12)
on cadmium sulfate plasma filtrates and urine. All analy-
ses were done in duplicate. Urine was collected by cathe-
terization of the bladder in the first two experiments and
in all "pre-operative" control studies, and by catheteriza-
tion of the ureters in all other clearance periods. Blood
samples were drawn from the femoral artery at the be-
ginning and end of each pair of periods, and blood levels
were interpolated to the mid-points of each period by
plotting on semi-log paper.

In six of the experiments at least two different degrees
of pulmonary artery constriction were produced, and were
maintained for approximately 30 or 40 minutes, followed
in each case by complete release of the constriction. The
degree of compression and consequent reduction in cardiac
output was gauged by the rise in central venous pressure
and fall in arterial pressure, as discussed in our previous
paper (3). In two other experiments, after control
periods, the pulmonary artery was compressed for a

longer period of time. In one of these (Exp. BL 19,.
Table I), the constriction was maintained for four hours,
followed by a recovery period, while in the other (Exp.
BL 25, Table I), the duration of constriction was pre-
maturely terminated after two hours by the accidental
death of the animal. In the ninth experiment of this
series (Table II), extraction ratios for PAH were de-
termined during control and constriction periods.

In each experiment, no compression was applied to
the pulmonary artery until at least one pair of control
periods had been obtained. Post-operative control obser-
vations were made in each experiment after all surgical
procedures had been completed, and in three experiments
(BL 24, 25, and 26), a preliminary pair of pre-operative
control periods also was run following cannulation of the
trachea, left carotid artery and right jugular vein.

Blood withdrawn for analyses was replaced by hepari-
nized blood from donor dogs at the completion of each
pair of observation periods. In addition, 150 to 400 cc. of
0.9 per cent saline were administered intravenously be-
tween each pair of periods to compensate for the dehy-
drating effect of the mannitol diuretic. Hematocrit de-
terminations served as guides for the quantity of saline
to be given. At least 30 minutes were allowed to elapse
following the administration of blood and saline before any
subsequent experimental tests were performed.

RESULTS

Arterial and central venous pressures. Pressure
changes in the aorta and right atrium were em-
ployed as convenient and immediately available
criteria for estimating approximately the degree
of reduction of cardiac output during the actual
course of the experiment as stated above. After
a pair of control periods the pulmonary artery was
constricted until a definite elevation of mean cen-
tral venous pressure (ca. 5 cm. water) was elicited,
unaccompanied by any drop in mean arterial pres-
sure which would in itself affect renal blood flow
significantly (4, 5). Experimental observations
made under these conditions are arbitrarily in-
cluded under the designation "moderate constric-
tion periods" (Table I). Following a subsequent
interval of release of compression in four experi-
ments (Table I, BL 10, 15, 16, and 24), the pul-
monary artery was constricted to a still greater
degree. Such "severe constriction periods" were
designed so that the pulmonary artery was oc-
cluded to the maximal degree which would still
maintain the mean arterial pressure above 80 mm.
Hg.

During the release periods which followed each
pair of constriction periods, the aortic and right
atrial pressures approached control levels, but usu-
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ally did not return completely to the original values. cardiac outputs or renal blood flows were observed,
No consistent changes in heart rate were observed. so these periods were omitted from our tables and

In experiments BL 11, 15, and 16 (Table I), graphs.
the pulmonary artery was constricted between con- Cardiac output. In each experiment there was a
trol and moderate constriction periods to the point tendency for the cardiac output to decline during
at which no alteration occurred in aortic or right the course of the experiment (Table I). This is
atrial pressures, but where a prominent systolic probably partly the result of anesthesia, since a
thrill was palpable, to determine whether cardiac similar phenomenon has been reported in dogs
output was reduced before any pressure relation- anesthetized with sodium barbital (13). How-
ships were disturbed. No significant changes in ever, cardiac output determinations made soon

TABLE I

Data from eight experiments

Expt. no. TPR ea
(Wt. of dog) Procedures Time M.A.P. Rt. atr. Cardiac Renal Renal Filt. Filt. inT.PR. resitnal

(t. of kidneys) pressure output W.B.F. fraction rate fract. mi( A.U. resstnc(W XiOIA.IUIX1O'
min. mm. Hg mm. H20 1./min. cc./mis. per cent cc./min.

BL 10 Post-op.
(26.5 kg.) Control 0 137 37 3.53 507 14.5 94.7 .370 3.10 21.6
(174 gm.) Mod. Const. 147 122 108 1.76 418 23.7 106.1 .517 5.54 23.3

Severe Const. 299 99 195 1.11 351 31.6 80.7 .505 7.13 22.5
Release 361 112 46 2.40 253 10.6 71.7 .513 3.73 35.4
Severe Const. 464 104 169 1.35 255 18.9 66.8 .587 6.16 32.6

BL 11 Post-op. 0 94 30 3.05 372 12.2 64.9 .290 2.46 20.2
(17.0 kg.) Control 11 101 23 3.63 373 10.3 66.7 .281 2.22 21.6
(126 gm.) Mod. Const. 233 100 53 0.95 265 27.9 82.9 .496 8.41 30.2

Mod. Const. 245 97 92 1.13 205 18.2 63.1 .487 6.86 37.8
Release 304 98 65 1.91 239 12.5 81.4 .503 4.10 32.8
Release 316 107 55 1.61 257 16.0 79.9 .518 5.31 33.3

BL 15 Post-op. 0 115 68 1.78 171 9.6 39.8 .398 5.16 53.7
(20.5 kg.) Control 10 115 43 1.53 164 10.7 37.7 .400 6.01 56.0
(126 gm.) Mod. Const. 204 91 110 0.92 207 22.4 56.3 .446 7.90 35.1

Mod. Const. 214 93 112 1.00 173 17.3 45.7 .443 7.43 42.9
Release 245 115 67 1.27 214 16.8 54.1 .400 7.24 43.1
Release 255 108 55 1.27 188 14.8 56.3 .498 6.79 45.9
Severe Const. 308 82 130 0.88 151 17.2 51.0 .562 7.45 43.4
Severe Const. 318 80 130 0.91 161 17.7 49.4 .517 7.02 39.7
Release 348 115 50 1.66 148 8.9 50.1 .510 5.54 62.1
Release 358 117 43 1.52 164 10.8 54.7 .536 6.15 57.0

BL 16 Post-op. 0 135 86 3.50 368 10.3 62.4 .264 3.08 29.3
(19.5 kg.) Control 10 130 84 3.53 393 11.1 68.9 .266 2.94 26.4
(107 gm.) Mod. Const. 158 115 101 1.71 258 15.1 72.2 .446 5.37 35.6

Mod. Const. 168 110 100 1.95 254 13.0 69.6 .434 4.51 34.6
Release 197 118 62 1.96 297 15.2 70.9 .381 4.81 31.7
Release 207 114 60 1.93 289 15.0 75.8 .432 4.72 31.5
Severe Const. 260 97 103 1.25 218 17.5 59.1 .443 6.20 35.6
Severe Const. 270 104 90 1.38 184 13.3 54.7 .470 6.02 45.2
Release 297 120 81 2.22 228 10.3 63.7 .447 4.32 42.1
Release 307 121 65 2.01 223 11.1 65.6 .477 4.81 43.4

BL 19 Post-op. 0 100 32 2.80 472 16.9 65.5 .350 2.85 16.9
(24.0 kg.) Control 10 100 32 2.95 421 14.3 71.4 .378 2.71 19.0
(132 gm.) Mod. Const. 88 92 115 2.04 406 19.9 69.2 .412 3.60 18.1

Mod. Const. 98 93 105 2.26 394 17.4 67.3 .403 3.29 18.9
Slight 144 103 70 1.75 336 19.2 73.7 .428 4.70 24.5

additional 154 100 74 2.51 361 14.3 82.2 .478 3.18 22.1
constr. 196 101 89 2.28 313 13.7 78.1 .470 3.54 25.8

208 100 89 2.10 335 16.0 79.9 .496 3.80 23.9
249 103 83 1.50 313 20.9 70.2 .468 5.45 26.3
259 99 83 1.54 288 18.7 68.0 .489 5.14 27.5
308 102 97 1.37 302 22.0 69.4 .510 5.95 27.0
318 107 102 1.53 328 21.4 70.9 .518 5.59 26.1

Release 362 112 74 1.92 296 15.4 74.1 .518 4.66 30.2
Release 372 120 61 1.77 309 17.5 68.6 .483 5.42 31.0
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TABLE I (Continued)

(Wt. of dog) Procedures|oTime M.A.PRt. atr. Cardiac Renal Renal Filt. Filt. T.P.R. Renal(Wt. of kdney) Prcdrs Tm ...pressure output W.B.F. fraction rate fract. in A.U. resistance(Wt.ofkidneys) ~~~~~~~~~~~~~~~~XiO'A.U. X10
min. mm. Hg mm. HsO I./min. cc./min. per cent cc./min.

BL 24 Pre-op. 0 185 3.64 500 13.7 83.0 .330 4.06 29.6
(21.5 kg.) Control 10 184 - 3.86 522 13.5 86.0 .338 3.81 28.2
(124 gm.) Post-op. 230 155 50 1.63 314 19.3 66.6 .374 7.60 39.4

Control 241 155 55 1.58 334 21.2 72.3 .389 7.84 37.1
Mod. Const. 291 127 115 1.01 323 32.0 63.2 .368 10.04 31.4
Mod. Const. 301 130 125 1.14 269 23.6 52.8 .388 9.11 38.6
Release 336 130 80 2.52 297 11.8 53.8 .289 4.12 35.0
Release 346 130 80 2.69 265 10.2 50.7 .313 3.86 39.2
Severe Const. 410 95 125 1.52 199 13.1 38.8 .362 4.99 38.1
Severe Const. 420 100 95 1.59 161 10.1 33.7 .383 5.03 49.6
Release 445 110 65 2.38 205 8.6 37.3 .289 3.69 42.9
Release 455 110 80 2.47 217 8.8 41.4 .316 3.56 40.5

BL 25 Pre-op. 0 150 - 3.41 442 13.0 96.5 .344 3.52 27.1
(19.5 kg.) Control 10 155 3.06 462 15.1 92.8 .322 4.05 26.8
(145 gm.) Post-op. 125 123 70 1.34 278 20.8 70.1 .398 7.33 35.4

Control 135 120 70 1.31 264 20.2 74.2 .452 7.32 36.3
Mod. Const. 226 100 100 1.04 201 19.3 70.6 .538 7.68 39.6
Mod. Const. 236 105 100 1.07 227 21.2 72.0 .493 7.84 37.0
Mod. Const. 298 102 110 0.98 164 16.7 51.0 .477 8.32 49.7
Mod. Const. 308 108 110 0.94 178 18.9 54.4 .469 9.18 48.5

BL 26 Pre-op. 0 153 - 2.43 442 18.2 99.2 .367 5.03 27.6
(19.0 kg.) Control 10 154 2.81 488 17.4 95.7 .351 4.38 25.2
(128 gm.) Post-op. 172 138 38 1.62 359 22.2 72.2 .342 6.82 30.8

Control 187 135 38 1.55 423 27.3 78.0 .322 6.95 25.6
Slight 231 123 85 1.71 340 19.9 81.6 .392 5.75 28.9
Constr. 241 110 85 1.81 305 16.9 74.0 .402 4.87 28.9
Release 294 112 47 2.08 375 18.0 83.2 .371 4.30 23.9
Release 304 104 48 2.04 424 20.8 86.4 .345 4.08 19.6
Mod. Const. 354 86 80 1.35 332 24.6 72.0 .364 5.09 20.7
Mod. Const. 364 80 80 1.33 391 29.4 68.2 .298 4.82 16.4
Release 395 91 60 2.11 397 18.8 68.0 .268 3.44 18.3
Release 405 86 60 2.16 500 23.1 75.4 .255 3.18 13.8

after the onset of anesthesia are probably close to result of operative procedures and/or opening of
expected pre-anesthesia levels, since they agree the chest. However, it is exceedingly unlikely that
well with values reported by numerous other in- a reduction of such great magnitude occurred in
vestigators using the Fick principle in unanesthe- experiments BL 10, 11, and 16, since the post-
tized dogs (Table III). operative cardiac outputs in these experiments

In the three experiments in which pre-operative were all greater than 3 1./min.
cardiac output determinations were made (BL Table I also shows that compression of the pul-
24, 25, and 26), the output of the heart was dimin- monary artery causes a further decline in cardiac
ished by 57, 59, and 39 per cent, respectively, as the output beyond the post-operative control value,

TABLE II
Extraction ratios for PAHduring acute pulmonary

artery constriction

Mean Right Extraction
Period arterial atrial ratio of

pressure pressure left kidney

mm. Hg mm. HtO per cent
Pre-op. control 167 - 78.7
Post-op. control 144 64 76.6
Mod. constriction 143 104 81.8
Release 143 84 82.8
Severe constriction 90 136 80.9
Release 133 76 79.5

TABLE III

Comparison of our cardiac output data in pentobarbitalized
dogs with those of other investigators

in unanesthetized dogs
Investigator Anesthesia Mean cardiac index*

Marshall (14) Unanesthetized 3.09
Harrison and associates (15) Unanesthetized 4.12
Stewart and Gilchrist (16) Unanesthetized 2.58
Cohn and Stewart (17) Unanesthetized 6.41
Rasmussen (18) Unanesthetized 2.75
Our studies Pentobarbital 3.90

* Cardiac index is defined as cardiac output per minute
per sq. meter of body surface (Meeh's formula). The
cardiac output in all cases was determined by means of the
Fick principle.
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with a return toward control following release of
constriction. Comparative analysis of the con-
current changes in mean arterial pressure reveals
that the arterial pressure falls to a much lesser ex-
tent than does the cardiac output, indicating that
some mechanism acts to support the arterial pres-
sure in the face of a reduction of cardiac output.
This phenomenon will be discussed in more detail
in connection with total peripheral resistance.

Of the three variables involved in the determina-
tion of cardiac output by the Fick principle, the
oxygen consumption and the arterial oxygen con-
tent remained relatively constant during the vari-
ous experimental procedures. The oxygen con-
tent of the mixed venous blood, however, varied
considerably with changes in cardiac output, and is
the principal variable also in most cases of clinical
congestive heart failure (19, 20).

Renal blood flow. The possible effects of anes-
thesia should be considered in interpreting the
changes in effective renal blood flow which were
observed in our experiments. It has been amply
demonstrated that renal blood flow determinations
made soon after the onset of pentobarbital anes-
thesia do not appreciably differ from pre-anes-
thesia controls (21-23). In our experiments,
most of the post-anesthesia control renal blood
flows were from 400 to 500 cc./min. Therefore, it
is evident that anesthesia did not significantly im-
pair the renal circulation early in each experi-
ment. Studies by Selkurt, Hall, and Spencer (6),
however, have revealed a tendency for a gradual
fall in renal blood flow to occur in pentobarbitalized
dogs over the course of several hours, even when
subjected to no experimental procedures. This
probably is partially responsible for the failure of
the effective renal blood flow to return completely
to control levels after release of pulmonary artery
constriction.

Further comparison of our data with those ob-
tained from studies on unanesthetized dogs also
fails to reveal any appreciable effect of pentobar-
bital upon the effective renal fraction (the ratio
of the effective renal blood flow to the cardiac
output). In our pre-operative studies, effective
renal fractions ranged from 13.0 to 18.2 per cent,
with an average of 15.2 per cent. Levy and Bla-
lock (24), using direct flow measurements, ob-
tained an average of 18.5 per cent in unanesthetized
dogs, with a variation from 10.4 to 25.7 per cent,

while renal fractions calculated from data presented
by Bing, Thomas, and Waples (25) ranged from
8.3 to 22.4 per cent in unanesthetized dogs. Our
data, therefore, fall well within the ranges reported
in unanesthetized dogs.

From Table I it is evident that reduction of the
output of the heart by compression of the pul-
monary artery diminishes the quantity of blood
flowing through the kidneys. The renal blood
flow is reduced proportionately less, however, than
is the cardiac output, as illustrated in Figure 1,
where the effective renal blood flow during con-
striction periods is plotted against cardiac output,
both in terms of per cent of post-operative control.
In this figure, all points would fall about the
diagonal line if the renal blood flow fell com-
mensurately with the reduction in cardiac output.
The majority of points, however, fall above this
line; in fact, when the cardiac output is depressed
to below 70 per cent of control, all points fall
above this line.

This phenomenon is presented in another fashion
in Figure 2 in which the effective renal fraction
is plotted in terms of per cent of post-operative
control for the entire series of experiments, accord-
ing to experimental periods. The horizontal line

v

z

KL

130~~~~~~
120

110

100 - *
90~~~~~~~90 0

70 _ X X an

60_*
50 - 0

40_

30 -

20-

I0

0-
0 10 20 30 40 50 60 70 80 90 100lo1
CARDIAC OUTUJT IN PEfRNT OF CONTROL

FIG. 1. PLOT OF RENALBLOODFLOWAGAINST CARDIAC
OUTPUTDURING ACUTE PULMONARYARTERY CONSTRIC-
TION

448



RENAL FUNCTION WITH REDUCTIONOF CARDIAC OUTPUT

z
0
F-

z
LUJ

300
1

0
Ir-
z 250
0
U

o 200

o 10

(n

s 150

0-
L
0

z
w

IW 50
wa-

0
PRE-OeP POST-OP MOQ RELEASE SEVERE RELEASE
CONTPL CONTROL CONSTR. CONSTR.

FIG. 2. CHANGESIN THE EFFECTIVE RENAL FRACTIONDURINGCONTROL,CONSTRICTION, ANDRECOVERY
PERIODS

Solid horizontal lines in each period represent the mean effective renal fraction.

in each period represents the mean effective renal
fraction for that period. It is evident that moderate
and severe constriction of the pulmonary artery sig-
nificantly elevates the renal fractions, and with re-
lease of constriction the renal fractions return ap-
proximately to control values. Therefore, simple
reduction of cardiac output without marked lower-
ing of arterial pressure produces a dispropor-
tionately smaller decrease in renal blood flow,
with the result that a larger fraction of the cardiac
output circulates through the kidneys. It is of
interest to note that even when cardiac output is
diminished after surgical procedures the renal
blood flow is reduced to a lesser extent, as reflected
in the higher post-operative renal fractions as com-
pared to the pre-operative values. This parallels
the findings reported by Phillips and his associates
(23) in dogs after moderate hemorrhage. They
observed that the renal circulation tends to be
spared at the expense of the peripheral circulation
before true, irreversible shock supervenes.

Extraction ratios for PAH were not expected
to change during the course of our experiments,
since Phillips and his colleagues (23) had to re-
duce the renal blood flow to 3 per cent of normal
before PAH extraction was impaired. Never-
theless, we did perform one experiment in which

extraction ratios were determined during experi-
mental periods similar to those in our previous
experiments, and the results are presented in Table
II. It is apparent that no significant alteration
in the capacity of the renal tubules to extract PAH
was incurred as the result of compression of the
pulmonary artery. However, even if impairment
of renal tubular function had occurred during any
of our experiments due to the diminished renal
blood flow, the actual renal blood flow and renal
fraction would have been even greater than that
shown in Table I.

Glomerular filtration rate and filtration fraction.
In some experiments, the glomerular filtration rate
remained almost constant with the decrease in
cardiac output and renal plasma flow, while in
others it fell, but at a much slower rate than did
plasma flow (Table I). Consequently, there was a
rise in the filtration fraction in all cases. A good
part of this rise in the filtration fraction is probably
attributable to the operative procedures and pro-
longed state of anesthesia, but constriction of the
pulmonary artery produced further elevation of
the filtration fraction which was not always main-
tained upon release of the constriction. The recent
work of Selkurt, Hall, and Spencer (6) excludes
the possibility that the elevated filtration fraction
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is due to the increased renal venous pressure.
Therefore, the increased renal fraction is probably
dependent upon changes in afferent and efferent
arteriolar resistance. These changes will be ana-
lyzed in more detail in the section on resistances.

Changes in total peripheral and renal resistances.
Total peripheral resistance (T.P.R.) and renal re-
sistance (Rk) were calculated for each period, and
the results expressed in absolute units (dynes
cm.-5 sec.), by means of the following formulae:

T.P.R. M.A.P. X 1332
C.O. (cc./sec.)

M.A.P. X 1332
R.B.F. (cc./sec.)

M.A.P. x 1332 represents the mean arterial pres-
sure in terms of dynes per sq. cm., and renal blood
flow (R.B.F.), and cardiac output (C.O.) are ex-
pressed in terms of cc./sec. Mean right atrial and
mean renal venous pressures were not subtracted
from the mean arterial pressures in these calcula-
tions, since the venous pressures are virtually neg-
ligible as compared to arterial pressures.

Figure 3 illustrates the changes which occur in
T.P.R. and Rk during the various experimental

400-

* T. P. R.
-j o0=0K
H-300

uU)Ui 5

00

uJ0<a_~~~~~
zL

periods. Both sets of resistances are expressed as
per cent of post-operative controls. Comparison
with control studies reveals that moderate and
severe constriction of the pulmonary artery pro-
duced increases in T.P.R. and Rk, but the changes
in T.P.R., both as a result of the operative proce-
dure and of pulmonary artery stenosis, were rela-
tively much greater than were the changes in Rk.
Also, the T.P.R. tended to return more toward
control during release periods, while Rk tended
to show a gradual increase over the course of the
experiment, with no statistically significant changes
between periods of constriction and release.

It is, of course, not valid to predict changes in
vasomotor tone on the basis of resistance changes
alone. As Green and his colleagues (26) empha-
size, the pressure-flow relationship for various tis-
sues is not linear, even when vasomotor tone is
constant. Therefore, resistance may vary with
changes in pressure or flow even when vasomotor
tone remains unaltered. However, if changes in
flow are observed at constant pressures, or changes
in pressure at constant flows, then one can validly
draw conclusions concerning vasomotor activity
from resistance calculations, provided other fac-
tors (especially hematocrit) remain constant.

v
PRE-OP. POST-OP. MOD. SEVERE

CONTROL CONTROL CONSTR. CONSTR.

FIG. 3. CHANGESIN TOTAL PERIPHERAL RESISTANCE (T.P.R.) AND RENAL RESISTANCE (RK) DURING
CONTROL, CONSTRICTION, AND RECOVERYPERIODS

Solid horizontal lines in each period represent the mean resistance.
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TABLE IV

Renal afferent and efferent arteriolkr resistance*

Expt. No........... BL 10 BL 11 BL 15 BL 16 BL 19 BL 24 BL 25 BL 26

Procedures . RA RE RA RE RA RE RA RE RA RE RA RE RA RE RA RE

Pre-op. control -_ .219 .030 .186 .040 .174 .044

Post-op. control .119 .038 .091 .038 .211 .145 .214 .010 .049 .037 .241 .067 .141 .170 .151 .038

Mod. constr. .007 .118 -.019§ .185 .016 .169 .100 .123 -.003t§ .107t.173 .070 .000$.233$.118 .076

Severe constr. -.046§ .128.-

Release -.014§ .194 - .037§ .199 .105 .164 .123 .089 .017 .140 .220 .054 - - .090 .051

Severe constr. -.316§ .364 - -.253§ .391 .045 .170 - - .122..113 - - .037 .047
Release - - - - .019§ .385 .118 .159 - - .209 .072 - - .041 .025

* RA = renal afferent arteriolar resistance expressed in mm.Hg/cc./min.
RE = renal efferent arteriolar resistance expressed in mm.Hg/cc./niin.

t Average of 10 determinations.
t Average of four determinations. All other figures are averages of two determinations.
§ Negative values indicate a breakdown of the formula for afferent resistance when mean blood pressure is low and

filtration fraction very high (as noted by Lamport [42]). These figures nevertheless are useful in demonstrating the
directional changes in afferent resistance.

In our fifth experiment (Table I), where mod-
erate constriction was maintained for four hours,
there was no significant alteration in mean arterial
pressure, but the cardiac output was reduced to
between one-third and one-half of control levels.
In this experiment, therefore, it is valid to con-
clude that generalized vasoconstriction had taken
place. In most of the other experiments, the mean
arterial pressure fell only slightly compared to
the decrease in cardiac output, and it is reasonable
to conclude that vasoconstriction was present in
most of these cases.

Although the increase in total renal resistance
was relatively, insignificant following acute reduc-
tion of cardiac output, application of Lamport's
formulae (27) to our data reveals marked changes
in the component afferent and efferent arteriolar
resistances. Table IV shows that afferent arterio-
lar resistance fell with constriction of the pulmo-
nary artery, accompanied by a rise in efferent re-
sistance. With release, there was a return to-
ward control values. Unpublished data from our
laboratory have demonstrated parallel pressure
changes in the right atrium and renal veins follow-
ing experimental pulmonary artery stenosis in
open-chested dogs. On this basis, post-arteriolar
resistances were calculated, substituting right atrial
for renal venous pressures, and it was found that

only small increases in post-arteriolar resistance
occurred with reduction of the cardiac output.
Plasma protein concentrations were not determined
in our experiments, but a value of 6 gm./100 cc.
was assumed in our calculations. This would, of
course, introduce a slight error, but it would not
affect the relatively large directional changes in
afferent and efferent arteriolar resistances.

DISCUSSION

In a large series of patients with congestive
heart failure, studies by Merrill (1) have revealed
a reduction in the cardiac output with a propor-
tionately greater decrease in the renal blood flow,
resulting in a markedly diminished renal fraction.
In our acute experiments, however, the contrary
proved to be true; namely, a relatively smaller re-
duction in renal blood flow than in cardiac out-
put, with an elevation of the renal fraction. Sev-
eral factors should be considered in an attempt to
explain this disparity. It has already been indi-
cated that anesthesia is probably not responsible
for this difference, since cardiac outputs, renal
blood flows, and renal fractions in our control ani-
mals are similar to those in unanesthetized dogs.
Also, shock secondary to operative procedures or
occurring in the course of the experiment does not
play a role, since blood pressures never fell below
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80 mm. Hg even during constriction periods. Nor
can the disparity be attributed to structural or
physiological differences in the circulation of the
kidneys in man and the dog. Trueta and his co-
workers (28) have demonstrated the structural
similarity, and Reubi and Schroeder (29) present
fairly conclusive evidence that physiologically re-
nal vascular shunts do not operate in either man
or the dog. It is possible that in clinical congestive
heart failure the reduced cardiac output acts indi-
rectly to produce a decreased renal fraction by
means of a delayed nervous mechanism, or more
likely by some humoral factor (such as renin or
V.E.M.). If such factors do come into play,
they may not be elicitable in an experiment of
short duration (maximum of four hours of main-
tained constriction) and would require chronic
studies for more satisfactory evaluation.

On the other hand, studies on patients with con-
gestive heart failure may not define cause and ef-
fect relationships with certainty. It is virtually im-
possible to compare the data for cardiac output and
renal blood flow in a patient with congestive heart
failure with the control values of that particular
subject prior to the onset of the cardiac disease.
The extremely wide range of renal fractions in nor-
mal human subjects (from 10 to 27 per cent) (30)
emphasizes the importance of knowing the control
value for each individual case. Furthermore, emo-
tional disturbances and increased muscular ac-
tivity (dyspnea, muscular tension, etc.) may be
pronounced in patients suffering from congestive
heart failure, even when ostensibly at rest. These
factors are known to increase the cardiac output
and decrease the renal blood flow (31-35), thereby
militating toward a reduced renal fraction. It
must finally be mentioned that a marked impair-
ment of renal blood flow is not an invariable ac-
companiment of heart failure, since decompensated
patients have been described with renal flows
within the range of normal, or only slightly re-
duced (36, 37). If, however, a reduced renal
fraction is characteristic of the majority of cases
of chronic congestive heart failure, cautious appli-
cation of our observations to clinical heart failure
suggests that the diminution in cardiac output
per se is not directly responsible for this relatively
greater decrease in renal blood flow. Studies by
Mokotoff and Ross (38) indicate that the renal
vasoconstriction reported in clinical cases is prob-

ably not dependent upon a neurogenic mechanism.
They submitted decompensated subjects to high
spinal anesthesia, and observed no significant
change in the renal blood flow. By exclusion,
therefore, they postulated a humoral factor ini-
tiating the renal vasoconstriction, and conjectured
that once this relative renal ischemia occurred,
generalized vasoconstriction would be produced
through the elaboration of renin or V.E.M. Subse-
quently, Mokotoff and his coworkers (39) re-
ported the presence of V.E.M. in the renal venous
blood in every case of cardiac failure studied. In
addition, in eight of 11 decompensated patients
studied by Merrill, Morrison, and Brannon (40)
the renin content of the renal venous blood was
found to be increased. Thus, it is possible that
such humoral mechanisms may be operative in
clinical heart failure to produce the observed in-
crease in total peripheral resistance. In our acute
experiments, however, marked alterations in total
peripheral resistance could be elicited in a matter
of a few seconds, indicating a neurogenic mecha-
nism. The degree of change in total peripheral re-
sistance in our experiments was of a similar order
of magnitude to that occurring in clinical heart
failure, while the changes in total renal resistance
were relatively slight.

Just what factors operate to apportion the circu-
lating blood to the various organs and tissues under
conditions of reduced cardiac output by regulating
their individual resistances is still not clear, but
evidence has recently been presented which demon-
strates the ability of the kidney to maintain its flow
in the face of diminishing arterial pressure. Sel-
kurt, Hall, and Spencer (5) observed that a de-
crease in renal arterial pressure resulted in a drop
in afferent arteriolar resistance with no significant
change in efferent resistance. The afferent arterio-
lar changes appear to be due to an intrinsic mecha-
nism within the kidney, for even in the denervated
kidney, flows tend to remain fairly constant over
a wide range of arterial pressures (5, 41).

The marked reduction in renal blood flow in
clinical congestive heart failure has been ascribed
principally to an efferent arteriolar vasoconstric-
tion (1, 2). Weapplied Lamport's formulae (27)
to Merrill's data on patients with rheumatic heart
disease, assuming normal blood pressures, and
found the values for efferent resistance to be in-
creased up to 20-fold, while the average afferent re-
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sistance was slightly elevated but still within the
limits of normal (42).

In our experiments, we observed a decrease in
afferent resistance and an increase in efferent re-
sistance, both of significant magnitude, but with
only a slight increase in the total renal resistance
as the cardiac output was reduced. The decline
in afferent resistance is probably on the same basis
as the intrinsic, autonomous adjustment noted with
experimental variations in arterial pressure. How-
ever, the efferent vasoconstriction appears to be
extra-renal in origin, since such changes were ob-
served only when cardiac output was acutely re-
duced, but not when the arterial pressure to the
kidney alone was diminished.

SUMMARY

Acute reduction of cardiac output was produced
in dogs by means of graded constriction of the pul-
monary artery. Changes in arterial and central
venous pressures were measured by means of op-
tical manometers in some experiments and by mer-
cury and water manometers in others. Alterations
in cardiac output were determined by the Fick
procedure, and renal circulatory data obtained by
clearance techniques. Experimental observations
were made during pre-operative and post-opera-
tive control periods, during periods of acutely re-
duced cardiac output, and during subsequent re-
covery periods.

Effective renal blood flow was diminished by
compression of the pulmonary artery, but to a les-
ser degree than the cardiac output, resulting in a
significant elevation of the renal fraction. Mean
arterial pressure fell slightly, and in no case below
80 mm. Hg. Glomerular filtration rate remained
unchanged or decreased somewhat, producing a
rise in the filtration fraction.

Acute reduction of the cardiac output elicited
a relatively large increase in the total peripheral re-
sistance, but only a comparatively slight augmen-
tation of the total renal resistance. Analysis of
the changes in renal resistance by Lamport's for-
mulae indicates a significant increase in efferent
arteriolar resistance countered by a decrease in
afferent resistance.
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