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It is well established that increased intra-abdomi-
nal pressure alters renal function. In experi-
mental animals, distention of the abdominal cavity
under pressures greater than 15 mm. of mercury
usually reduces urine flow and, under pressures
greater than 30 mm., stops urine flow altogether
(1). In man, a tense accumulation of ascitic fluid
may be associated with oliguria and the retention of
water and salt, which disappear following para-
centesis (1). In one respect, increased intra-ab-
dominal pressure seems to improve the function of
the kidney, for the urine may become highly con-
centrated during the period of oliguria. This ef-
fect has found practical application in the hands of
radiologists (2, 3), who use abdominal compres-
sion during intravenous pyelography to assure
maximum density of the contrast media excreted
by the kidneys.

Until the present there has been no satisfactory
explanation for these alterations in renal function
during abdominal pressurization. It has been sug-
gested that they are due to partial urinary obstruc-
tion (3), but the radiologic evidence is against
this explanation (4). Urine flow may be in-
creased by diuretics during the application of pres-
sure in experimental animals, indicating the ab-
sence of obstruction. Thorington and Schmidt
(1) have called attention to the possibility that the
associated increased renal venous pressure may in-
terfere with normal blood flow through the kidney
and disturb renal function.

Recently, abdominal compression has been used
as a means of protecting airmen against the ill-
effects of centrifugal force (positive G) (5). It
was assumed that pressurization prevents the
pooling of venous blood in the abdominal veins and
sustains the return of blood to the heart. The

1 This work was done under a contract, recommended
by the Committee on Medical Research, between the
Office of Scientific Research and Development and the
Massachusetts Memorial Hospitals.

present study, undertaken primarily to determine
whether such procedures have detrimental effects
on the abdominal organs (6), revealed that the
diversion of arterial blood from large visceral cir-
cuits to more vital regions, such as the brain, is
also an important factor.

METHODS

The clearance and saturation methods devised by Smith
and his coworkers (7 to 9) were used to evaluate renal
hemodynamics and tubular activity during abdominal com-
pression in 17 normal human subjects, ranging in age
from 17 to 50, almost equally divided as to sex, and clin-
ically free of cardiovascular and renal disease. The ef-
fective renal plasma flow was measured by the diodrast
or p-aminohippurate (PAH) clearances; and the glomeru-
lar filtration rate, by the mannitol or inulin clearances.2
The maximal rate of tubular glucose reabsorption (glu-
cose Tm) and the maximal tubular diodrast excretory
rate (diodrast Tm) were determined to estimate tubular
function and to assess the distribution of filtrate and per-
fusate to tubular tissue.

The pressure within the abdomen was increased by in-
flating a rubber bladder with air under pressure, beneath
a girdle tightly applied to the abdomen. The bladder,
sewn into a pocket in the girdle, covered the anterior ab-
dominal wall. Pressures between 70 and 80 mm. Hg
were applied during the determination of clearance and
Tmvalues. These pressures were usually endured by the
subject without complaint. Occasionally, however, slightly
lower pressures were required or the period of application
was shortened because of discomfort and respiratory
difficulty. Among the subjects of the -studies reported
here, only very slight changes in blood pressure were ob-
served during pressurization.

All subjects were examined in the basal fasting state,
resting quietly in bed. Following the establishment of
appropriate plasma levels of the test substances by a-

2 A supply of sterile solutions of sodium p-amino-
hippurate (20 per cent) and mannitol (25 per cent) was
made available for use in this study through the courtesy
of the Medical Research Division of Sharpe and Dohme,
Incorporated, Philadelphia, Pennsylvania. Diodrast was
obtained in sterile solution (35 per cent) from the Win-
throp Chemical Company, New York City; and inulin
(10 per cent) from William R. Warner and Company,
New York City.
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technique described at length elsewhere (7), the bladder
was catheterized and washed out with a measured vol-
ume of isotonic saline solution. Urine was then collected
by catheter at intervals of 10 to 15 minutes and carefully
measured. After 2 or more control periods had been ob-
tained, abdominal compression was continuously applied
for 10 to 45 minutes and 1 to 3 collections of urine were
made during this time. On most occasions, 2 or more
urine-periods were obtained after the pressure was re-
leased. Samples of venous or arterial blood were taken
at 30-minute intervals.

Diodrast, PAH, mannitol, and inulin were determined
in cadmium filtrates of plasma (10) and in dilute samples
of urine, using methods described by Goldring and
Chasis (8). Glucose was determined by the Nelson-
Somogyi method (11) in cadmium filtrates of plasma and
diluted urine. Clearance and Tm values were calculated
by the procedures of Smith (7, 8).

In another group, comprising 15 subjects, a catheter
was placed in the renal vein and venous pressures meas-
ured during the application of increased abdominal pres-
sure. An extension of the technique developed by Cour-
nand and Ranges (12) for the catheterization of the right
atrium was employed. A small incision was made over
a median basilic vein under local anesthesia and the vein
secured by a suspensory ligature. A small longitudinal
incision was then made in the vein with a bayonet scalpel,
and an extra-length ureteral catheter s with a curved tip
(Cournand tip) was introduced into the lumen of the vein.
Sterile isotonic saline solution flowed constantly through
the catheter at a slow rate throughout the procedure to
prevent blockage by clotting. The catheter was next
passed into the superior mediastinum under fluoroscopic
control and then into the chamber of the right atrium.
The orifice of the inferior vena cava was entered with
difficulty on many occasions, apparently owing to obstruc-
tion by the valve of the inferior vena cava. This obstruc-
tion could be passed by rotating the tip of the catheter to
the right and posteriorly during passage through the
atrium. In the inferior vena cava, the tip was directed to
the right and usually passed with little difficulty into the
right renal vein. The catheter tip could be localized far
out to the right side of the abdominal cavity below the
shadow of the liver. The left renal vein was catheterized
less frequently and with somewhat greater difficulty.
Pressure determinations were made in the renal vein and
in the upper portion of the inferior vena cava with a saline
manometer after the method of Moritz and von Tabora
(13).

In 8 subjects, catheterization of the right renal vein
was carried out for the determination of the, percentage
extraction of PAH by the kidney during abdominal
pressurization. In this procedure, a constant plasma level
of PAH (1 to 2 mgm. per cent) was established. Sam-

8 the catheters used in this study were manufactured
by the United States Catheter and Instrument Corpora-
tion, Glens Falls, New York. They are 100 centimeters
long and terminate in a curved tip (Cournand tip) with
1 eye.

ples of blood were obtained simultaneously from the right
renal vein and from a peripheral vein in the arm opposite
to that in which the infusion was administered. The ex-
traction percentage was calculated by dividing the differ-
ence between the concentration of PAH in the peripheral
and renal venous blood by its concentration in the periph-
eral blood. This value, the percentage of PAH removed
from each milliliter of blood as it traverses the kidney,
was determined before, during, and following application
of abdominal pressure.

RESULTS

A. Alterations in renal blood flow and glomerular
filtration during abdominal compression

1. Intra-abdominal pressure and renal venous
pressure

When the rubber bladder of the abdominal
pressure cuff was inflated with air at pressures be-
tween 70 and 80 mm. Hg, it was found that intra-
abdominal pressure measured at various locations
within the abdomen averaged 20 mm. Hg, within
a very small range. This value was determined
with a saline or Hamilton manometer in the stom-
ach, duodenum, and rectum by means of the Miller-
Abbott tube (6), and in the bladder and renal pel-
vis by catheters. Such a uniform elevation of pres-
sure throughout the confines of the abdomen pro-
vided evidence in support of the view that the ab-
domen and its contents could be considered as
relatively non-compressible and fluid in character,
behaving in accordance with Pascal's law. The
difference in pressure between the cuff and the
peritoneal cavity probably resulted from thee re-
sistance to compression by the abdominal wall and
from the resistance to extension of pressure by
the diaphragm.

The pressure in the cuff represented, therefore,
the average force exerted upon the anterior abdom-
inal wall, and did not necessarily reflect the pres-
sure within the abdominal cavity. As a matter
of fact, the intra-abdominal pressure varied con-
siderably depending upon the state of contraction
of the abdominal musculature. Thus, the average
figure of 20 mm. Hg was typical of complete re-
laxation, whereas pressures as high as 176 mm. Hg
(Table I) were recorded from the renal vein dur-
ing a strong "bearing down" contraction of ab-
dominal muscles. Contrariwise, increased rigidity
of the abdominal wall, in pushing away the inflated
bladder, blocked altogether the transmission of
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TABLE I

Intra-abdominal venous pressure before, during, and
after abdominal compression

Pressure applied to anterior abdominal wall by pneu-
matic girdle at 80 mm. Hg. Venous pressure was meas-
ured with a saline manometer before, during, and after
(recovery) the application of pressure. The pressures
tabulated under "Strain" were obtained when the subject
voluntarily increased his intra-abdominal pressure by a
"bearing-down" maneuver, during the application of
pressure.

Renal vein

Subject Control compreion Strain Recovery

mm. Hg mm. Hg mm. Hg mm. Hg
C. M. 5.8 18.1 42.6 5.8
R. S. 6.4 20.2 45.8 9.6
J. S. 6.2 17.6 75.6
W. C. 7.9 20.2 88.1
D. C. 7.0 22.1 108.0 5.7
O. C. 5.3 14.1 - -

J.F. 5.1 18.9 176.0 -
H. B. 2.9 17.8
M. B. 5.8 16.0 101.0 8.2

Inferior vena cava

C. W. 5.2 13.6 44.1
0. C. 2.4 24.5 38.1

cuff pressure into the abdominal cavity. In cer-

tain well-muscled individuals (J. Q., Table II)
the absence of renal functional change during ab-
dominal compression was ascribed to this factor.

Owing to the technical difficulties involved in
measuring and maintaining constant intra-abdomi-
nal pressures, a constant compressional pressure
was used during these studies, with the assumption
that the averaged results could be discussed in

terms of an average intra-abdominal pressure of 20
mm. Hg. This proceeding seemed justified since
the voluntary effort of resisting the cuff was fatigu-
ing and not usually sustained. Most subjects
quickly adjusted themselves to the compression
and relaxed.

Renal venous pressure partook in the general-
ized rise of intra-abdominal pressure. In 9 sub-
jects (Table I) the control renal venous pressure

of 5.8 mm. Hg increased to 18.3 mm. on the aver-

age. A similar increase of pressure in the upper

portion of the inferior vena cava was observed
twice (C. W. and 0. C., Table I). It is probable
that mean arterial pressure within the abdomen
was not altered since extra-arterial pressures

lower than diastolic pressure cannot affect intra-
arterial mean pressure (14). Hence, the head of
pressure at the beginning of the renal circuit
probably did not rise during compression while
the venous pressure increased 3- to 4-fold. Such
a change in the gradient of pressure along the renal
vascular tree might be expected to result in a re-

duction of renal blood flow. This expectation was

borne out by clearance studies.

2. The effective renal blood flow

Figure 1 illustrates the renal hemodynamic re-

sponse to abdominal compression. In this sub-
ject (J. S.), the effective renal plasma flow (so-
dium p-aminohippurate clearance, CpAH) re-

mained relatively unchanged during the control
periods, but fell strikingly from an average of 827
ml. per minute to 270 ml. per minute during pres-

TABLE II

Effect of increased intra-abdominal pressure on renal plasma flow and glomerular filtration rate
All figures, with the exception of those marked with an asterisk, are averages of 2 or more periods.

Control During pressure Recovery

Subject Sex Age Glomer- Effective Glomer. Effective Glomer- Effective
ular renal Filtration ular renal Filtration ular renal Filtration

filtration plasma fraction filtration plasma fraction filtration plasma fraction
rate flow rate flow rate flow

ml. per mi. per ml. per ml. per mi. per ml. per c

min. min. per cet min. mX. pe cent min. min. prcn

H. B. Male 21 102.0 827 12.3 *67.6 640 10.6 *98.5 764 13.0
P. K. Male 43 113.0 536 21.0 *83.5 432 19.3 *139.7 686 20.4
A. N. Female 45 128.0 655 19.5 120.7 581 20.8 112.0 559 20.1
A. C. Female 31 87.5 541 17.8 81.8 437 18.7 83.0 388 22.1
N. P. Female 27 94.8 625 15.1 66.7 437 15.3 100.7 656 15.4
J.S. Female 26 125.3 827 15.2 43.8 269 16.2 117.5 697 16.8
M. E. Female 43 122.7 540 22.7 107.0 399 27.7 157.0 486 32.2
J. Q. Male 42 143.4 834 17.6 143.7 884 16.3 153.1 966 15.9
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FIG. 1. ALTERATIONS IN EFFECTIVE RENALPLASMAFLOWANDGLOMERULARFILTRATION RATE DURINGABDOMINAL
COMPRESSIONIN SUBJECTJ. S.

The effective renal plasma flow (ml. per min.) measured by the p-aminohippurate clearance (CPAH) and the glo-
merular filtration rate (ml. per min.) measured by the inulin clearance (CIN) were determined during the applica-
tion of 80 mm. Hg pressure to the abdominal wall. The filtration fraction (FF), the percentage of plasma filtered
(CIN/CPAH), remained unchanged throughout. During compression the concentration ratio of inulin (U/P) in-
creased and continued to rise after the pressure was released. Urine flow (V) (ml. per min.) fell markedly. Ar-
rows at the top of the chart indicate the time of urine collection.

surization. There was a rapid return to the con-
trol level following the release of pressure.

Likewise, in 7 of the 8 subjects (Table II) in
which it was determined, the effective renal plasma
flow was reduced, although the average reduction
was not so large in the other subjects as in J. S.
In several individuals, during 1 or more periods
immediately after the application of the abdominal
cuff, the reduction in effective renal plasma flow
was as large as that seen in J. S., but these changes
are minimized in the calculation of the average
figure by the inclusion of periods in which evi-
dence of circulatory readjustment was observed.
In these subjects, where the time of observation
was sufficiently prolonged (more than 30 minutes

of compression), the effective renal plasma flow
and other renal functions (4 of 10 studies) showed
a return toward the control values despite con-
tinued compression. Nevertheless, when all the
figures were averaged disregarding this fact and
including J. Q., in whom abdominal compression
produced no change (possibly because of abdomi-
nal muscular resistance), it was found that effec-
tive renal plasma flow was reduced from 673 ml.
per minute to 509 ml. per minute, an average re-
duction of 24.4 per cent.

4 Figure 2 (J. W.) illustrates such an adjustment
of the maximal tubular diodrast excretory rate (TmD)
and the glomerular filtration rate (CIN). Effective renal
plasma flow was not measured.
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It is noteworthy that renal hyperemia did not
occur following the period of compressional ische-
mia. Occasionally very short urine periods col-
lected immediately after release of pressure yielded
high clearance values. These anomalous values
may be attributed to a relatively larger contribution
of dead-space urine to the total. Usually, how-
ever, high clearance values during recovery were
absent. Indeed, the averaged figures of Table II
reveal that effective renal plasma flow during re-
covery tended to be lower than during the control
period. The absence of reactive hyperemia in the
kidney observed during this study is in agreement
with a large body of evidence obtained by others
in the study of the renal circulation in man and
other mammals (15, 16).

Proteinuria. It has been repeatedly demon-
strated that a reduction of renal blood flow fol-.
lowing obstruction to renal venous drainage is
associated with the appearance of proteinuria (17).
With abdominal pressure also, it was found that
protein appeared in the urine in variable amounts.
In 1 subject who had no history of previous renal
disease and who was in good health, a 2 + protein-
uria developed during the application of the ab-
dominal cuff. On most occasions, however, the
proteinuria was not striking, although it occurred
regularly.

Validity of the method of renal blood flow meas-
urement. It is possible that these changes in clear-
ance values were caused by errors inherent in the
method of measurement.rather than by alterations
of renal plasma flow. If pressure reduced the ca-
pacity of renal tubular cells to remove PAH from
the blood, the clearance value would fall because
of incomplete clearance of PAH. Or, if blood
were shunted away from tubular tissue into the
veins so that an opportunity for complete clear-
ance were lacking, the clearance value might be
decreased despite an absence of change (or even
an increase) in blood flow.

The determination of renal PAH extraction,
using the catheterization technique, provided the
answer to this problem. The data summarized in
Table III reveal that no change in PAHextraction
occurred during compression. Hence, the clear-
ance of PAH and, by analogy, of diqdrast, pro-
vides an accurate measure of the behavior of renal
plasma flow during increased abdominal pres-

TABLE III

Renal extraction of sodium p-aminohippurate before,
during, and after abdominal compression

Subject Control AbdominalSubj ect Control compression Recovery

per cent per cent per cent
C. M. 90.0 93.6 93.8
D. C. 91.0 93.2 91.9
S. G. 92.8 94.0 93.5
0. C. 94.2 90.7
M. B. 93.8 95.3 95.8
F. H. 90S5 91.5 92.5
M. H. 92.1 92.3
L. J. 94.5 93.2 91.6

sure. In addition, the possibility that arterio-
venous shunting occurs during increased pressure
is excluded by this evidence.

Storage of PAHor diodrast during compression
by nephrons that continue to be capable of ex-
cretory activity although unable to contribute to
urine formation, might also introduce an error in
the clearance determination that would elude de-
tection in the measurement of the extraction ratio.
However, this phenomenon would necessarily re-
sult in falsely high clearance values during re-
covery as a result of storage wash-out, and the re-
lationship between calculated filtration rate and
effective renal plasma flow would be thus altered
artificially. This effect was never observed.

It appears that the clearance technique may be
used with confidence under these conditions for
the measurement of effective renal plasma flow,
since extraction of PAH was not altered and
storage probably did not occur.

3. Glomerular filtration rate and filtration fraction
The glomerular filtration rate was nearly always

greatly reduced. Among the group collated in
Table II, filtration fell to 88.4 ml. per minute (on
the average) from the control level of 117.2 ml.
per minute, a 27.5 per cent decrease. This obser-
vation was repeatedly confirmed in other studies,
in which renal plasma flow was not measured (see
Table IV). Of particular significance is the fact
that glomerular filtration was reduced to the same
extent as the effective renal plasma flow. This
equal percentile reduction was not a statistical
accident but was observed whenever renal plasma
flow decreased, as in Figure 1. Consequently, the
ratio between filtration and plasma flow, the filtra-
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TABLE IV
Effect of increased intra-abdominal pressure on urine flow and urinary concentration

The urinary concentration is expressed as the concentration ratio of inulin or mannitol calculated by dividing the
urinary concentration by the plasma concentration. All U/P ratios are averages of 2 or more periods with the exception
of those obtained during compression. These values are the maximal concentrations observed and they are presented
with figures for filtration rate and urine flow determined simultaneously. All other values, except those marked with
an asterisk, are averages of 2 or more periods.

Control Abdominal pressure Recovery

Subject
Glomerular Urinary Glomerular Urinary Glomerular Urinary

filtration concen- Urine flow filtration concen- Urine flow filtration concen- Urine flow
rate tration rate tration rate tration

mi. per mix. ml. per mix. mi. per mix. mi. per mis. mi. per mi. mi. per mix.
P. K. 127.5* 40.0* 3.1* 83.5 39.0 2.4 139.7* 38.3* 3.6*
A. N. 128.0 29.0 4.4 116.3 38.1 3.1 113.0 37.0 3.0*
A. C. 87.2 25.1 3.5 80.0 28.2 2.8 86.0 28.0 3.0
N. P. 94.8 27.s 3.5 43.7 27.1 1.6 100.0 32.1 3.1
S. Q. 143.0 17.6 8.2 144.0 24.9 5.7 153.1 22.9 6.7
M. S. 97.5 27.4 3.5 79.0 36.6 2.2 115.3 28.8 3.9
J. Si. 155.0 16.9 9.2 110.0 26.5 4.2 193.9 21.9 8.8
L. R. 126.8 11.9 10.9 112.7 34.7 3.2 126.8 29,3 4.3
M. P. 114.9 11.3 10.0 67.4 20.0 3.4 105.4 16.1 6.7
L. R. 98.8 8.4 11.8 37.7 24.5 2.4 112.5* 21.2* 5.3*
H. B. 102.0 24.8 4.1 67.6 33.2 2.0 98.5* 32.8* 3.0*
J. S. 125.3 18.2 7.4 34.3 23.5 1.1 117.5 64.7 1.9
J. W. 123.9 6.7 18.4 80.9 40.5 2.0 144.7 58.6 2.4
M. E. 122.7 8.5 12.1 108.8 34.4 3.3 157.0 31.1 5.0
L. G. 111.0 12.8 9.3 79.6 15.9 5.0 120.2* 15.8* 7.6*
H. B. 98.0 28.1 3.5 72.0 31.3 2.3 78.5 32.0 2.5
J. Q. 143.4 17.6 8.2 144.0 25.0 5.8 153.1 22.9 6.7

tion fraction, or the percentage of plasma filtered
at the, glomerulus, remained constant. This fact
is clearly shown in Figure 1 and Table II. More-
over, in most instances, the filtration fraction re-
mained constant during adjustment to compression
or during recovery.

B. Tubular function during abdominal
compression

1. Tubular reabsorption of water

Urine flow decreased strikingly immediately
after the application of abdominal compression in

every subject (Table IV) even in the presence of
diuresis during the control period. The reduction
in filtration rate had little influence in pro-

ducing this effect per se, since the urinary con-

centration usually increased markedly, indicating
the operation of increased tubular water reab-

sorption as the cause of the oliguria.
In Table IV, the maximal concentration change

is presented in terms of mannitol or inulin urine:
plasma concentration ratios denoting the extent
to which these substances are concentrated in the
tubular urine by the active reabsorption of water.

TABLE V
Effect of increased intra-abdominal pressure upon maximal glucose reabsorptive capacity (Tmo) in normal subjects

All values except those marked with an asterisk are averages of 2 or more periods.

Control Pressure Recovery

Glomer- Glomer- Glomer-
Sub. ular Lodular Lodularject Sex Age Plasma Load filtra- Plasma Lodfiltra- Plasma Lodfiltra-concen- glucose Glucose tion concen- glucose Glucose tion concen- glucose Glucose tiontration Glucose Tm rate tration Glucose Tm rate tration Glucose Tm rateglucose Tm Glucose glucose Tm Glucose glucose Tm Glucose

Tm Tm Tm

mgm. mgm. mgm. mgm. mgm. mgm.
per cent per mix. per cent per mix. per cent per =si.

L. R. Male 30 302 1.55 245.6 0.514 259 1.46 185.4 0.560 231 1.20 229.4 0.554
L. G. Female 28 535 1.69 353.0 0.348 512 1.71 252.1 0.330 482* 1.64* 351.0* 0.342*
J. Si. Male 17 522 2.51 327.8 0.483 516 2.42 238.0 0.469 495* 2.78* 356.0* 0.520*
J. Q. Male 43 497 1.60 459.3 0.315 459 1.52 435.7 0.330 443 1.47 427.8 0.359
M. E. Female 43 549 1.81 373.0 0.329' 497 1.55' 344.0 0.327 490* 1.83* 42 1.0* 0.330*
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All other substances examined likewise showed
an increase in concentration.

There was no evidence favoring the possibility
that ureteral obstruction by the compressing ab-
dominal cuff might account for the oliguria. Fol-
lowing release of the cuff, the urine flow continued
to be depressed in most instances. A sudden in-
crease of urine flow following pressure release,
due to the outflow of impounded urine, was never

observed. Moreover, the change in clearance val-
ues and urine flow was observed on 2 occasions
when the ureters were catheterized and pressure

applied to the abdominal wall.

2. Tubular transfer maxima (Tm)

The maximal tubular reabsorption of glucose
and the maximal tubular excretion of diodrast
were reduced by abdominal compression (Tables
V and VI). Glucose Tmwas measured in 5 sub-
jects. In 2 (J. Q. and M. E.), the Tmvalue was

not significantly reduced, possibly because of
reduced pressure transmission. In the remaining
subjects, glucose Tm fell strikingly from 35 to
24.5 per cent on the average. Greater falls during
individual periods are masked by the inclusion in
the average value of periods in which readjust-
ment had taken place. Among the subjects in
whom diodrast Tm was determined, significant
average reductions were noted on every occasion
during compression. During the recovery phase,
the Tmvalues returned to the control level and, on

several occasions, somewhat above it, possibly as

a result of dead-space error. It will be noted that

the reduction ranged between 39 and 23.4 per cent.
In all subjects, exclusive of those in whom no

significant change was observed, the average re-

duction of glucose and diodrast Tm was of the
same order of magnitude as the average reduction
of effective renal plasma flow and glomerular fil-
tration.

When the relation between filtration rate and
the simultaneously determined Tmvalue was ex-

amined, it was found that the maximal tubular
transfer of either glucose or diodrast varied more

or less directly with the filtration. Figures 2 and 3
illustrate this relationship. It can be seen that the
ratio between Tmand filtration rate remained rela-
tively constant throughout. Table V reveals that
this ratio did not change significantly on the aver-

age in the case of maximal tubular glucose reab-
sorption. In 2 of the 5 subjects in whomdiodrast
Tmwas measured, however (Table VI), there was

a significant depression of the ratio (L. R. and
M. P.). In these instances the inclusion of high
values observed in the control period and the pos-

sible operation of intra-renal vasoconstriction may

have been responsible for the alteration. On the
whole, it appeared that the maximal rate of tubular
transfer of glucose and diodrast was reduced by
abdominal compression to about the same extent
as the glomerular filtration rate and effective renal
plasma flow.

Validity of the methods of the measurement.
The observed reduction in maximal tubular trans-
fer capacity could be ascribed to inadequate load-
ing of the intracellular mechanisms by glucose or

TABLE VI

Effect of increased intra-abdominal pressure upon maximal diodrast excretory capacity (TmD)
All values, except those marked with an asterisk, are averages of 2 or more periods.

Control Pressure Recovery

Glomer- Glomer- Glomer-
Sub. Plasma ~~~~ ~ ~~~~~ularLodular LodularSub-sx Age lasm dioadrs filtra- Plasma dLoadrt filtra- Plasma dLoadrs filtra-SueIt Se Age concen- iodrast iodrast tion concen- diodrast Diodrast tion concen- di|dra.t Diodrast tion

tration Dio- Tm rate tration Dio- Tm rate tration Dio- Tm rate
diodrast, drast Dio. diodrast drast Dio| diodrast drast - Dio-

Tm drast Tm drast Tm drast
Tm Tm Tm

mgm. mgm. mgm. mgm. mgm. mgm.
per cent per mix. per cent per mim. per cent er mix.

M. S. Female 50 12.8 1.07 50.1 1.94 11.6 1.05 36.9 2.09 11.4 1.13 47.3 2.08
L. R. Male 30 14.5 1.37 44.5 2.23 13.1 0.95 36.4 1.75 -
M. P. Male 16 16.0 1.92 40.5 2.84 17.7 2.11 26.6 2.12 18.5* 2.06* 48.6* 2.03*
L. G. Female 28 19.0 2.60 41.5 2.67 17.8 2.37 31.8 2.59 16.3* 2.45* 47.6* 2.53*
J. W. Female 29 23.0 2.96 57.2 2.17 17.9 2.24 34.8 2.33 14.2 2.14 55.4 2.61
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FIG. 2. ALTERATION IN MAXIMALTUBULARDIODRAST EXCRETORYRATE (DIODRAST TM) AND GLOMERULARFIL-
TRATION RATE DURING ABDOMINALCOMPRESSIONIN SUBJECT J. W.

Diodrast Tm (TmD) (mgm. per min.) and glomerular filtration rate (CIN) (ml. per min.) fell during increased
intra-abdominal pressure while the inulin U/P ratio rose. The relation between glomerular filtration rate and
diodrast Tm (CIN/TmD) remained unchanged throughout. It can be seen that both diodrast Tm and the filtra-
tion rate increased late in the period of pressure application. Urine flow (V) (ml. per min.) was markedly de-
pressed.

diodrast, either as a result of over-all renal ische-
mia and lowered filtration rate or focal ischemia
and localized slowing of filtration. In the first in-
stance, the smaller carriage of diod'rast or glucose
would result in a failure to supply sufficient ma-

terial for saturation of the whole kidney and, in
the second, adequate over-all loading would mask
focal ischemia and failure to saturate tubular trans-
fer mechanisms in discrete localized regions.

a. over-all loading. The calculated load of glu-
cose presented to the tubules for reabsorption
should exceed the tubular capacity by 20 per cent
and the quantity of diodrast carried in the plasma
to the tubules 5 should exceed the excretory capac-

5The load of glucose brought in the glomerular fil-
trate to the tubule cells for reabsorption was calculated
as the arterial plasma concentration of glucose (mgm.

ity by 100 per cent (8) to assure adequate satura-

tion. In every instance the load to Tm ratio for
glucose was greater than 1.2 (Table V). On 2
occasions (M. S. and L.-R.), the diodrast load fell
below the prescribed limit (Table VI). Consider-
ing the fact that the decrements in diodrast Tmin

per ml.) times the filtration rate (ml. per min.). The
diodrast load is the amount of diodrast carried in the
plasma to the tubules less that removedtby filtration. It
was calculated as the plasma concentration of diodrast
(mgm. per ml.) times the estimated effective renal plasma
flow, less the plasma concentration of diodrast (mgm. per
ml.) multiplied by the filtration rate (ml. per min.) and a

factor (0.72) to correct for protein binding. Since effective
renal plasma flow cannot be determined at high plasma
levels of diodrast, it was estimated on the basis of the ob-

served filtration rate, assuming a normal value of 20 per
cent for the filtration fraction.

Jw I

VI'
40
3a

2C

'PO

/d/a
6

8.3 2.0 2.6 2.3

1017

a,

I
I
I

I I



STANLEY E. BRADLEYAND GERALDINE P. BRADLEY

4 - 1 __I__L.G.

130

7

ABDOMINAL PRESSURE
80 muv HG

A- .I~~~~~~~

.l LI I " J

/0 MIANUTES 30 40 50

FIG. 3. ALTERATIONSOF MAXIMALTUBULARDIODRASTEXCRETORYRATE (DIODRAST TM) ANDMAXIMALTUBULAR
GLUCOSEREABSORPTIONRATE (GLUCOSETM) DURINGABDOMINALCOMPRESSIONIN SUBJECTL. G.

Diodrast Tm (TmD) (mgm. per min.) and glucose Tm (TmG) (mgm. per min.) fell equally during compression.
The relationships between the Tm values and the glomerular filtration rate measured by the mannitol clearance
(Cm) remained constant. Urine flow (V) decreased, but returned toward the control level following the termina-
tion of the period of pressure.

these cases during pressure were of the same mag-

nitude as those where the calculated loads were suf-
ficiently high, it is possible that the calculated loads
were erroneous. The calculation of diodrast load
requires an estimation of the renal plasma flow on

the basis of the filtration rate, assuming a normal
filtration fraction of 20 per cent. It is not unlikely
that this assumption was in error in these instances
and that the actual plasma flow was much greater.
In any case, it is evident that inadequate loading
cannot be the cause of the reduction in tubular ac-

tivity during increased intra-abdominal pressure
in most of these studies.

b. focal loading. Despite the demonstration that
adequate loading did not prevent the fall in Tmob-
served during pressure, it might be argued that
these figures, referable to the kidney as a whole,

may fail to reveal focal inadequacies. This argu-
ment may be visualized and examined as follows.

For the purposes of discussion, the kidney may
be divided into 4 concentric zones (Table VII)

TABLE VII

Reduc- Filtr Plma Load Reab- Load Ex-
Zone tion tion flow glu- sorbed dio- created

rate cose glucone drast diodrast

mi. mt. mgm. mgm. mgm. mgm.
per per per per per per

min. min. min. miM. miS. min.
I 80% 6 25.0 36 36 6.3 6.3

II 50% 15 62.5 90 90 15.5 13.0
III 10% 27 112.5 162 100 27.8 13.0
IV 0% 30 125.0 180 100 31.0 13.0

Over-all
effect 35% 78 325.0 468 326 80.6 45.3

Total
reduction 35% 35% 35% 18.4% 12.9%
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EFFECT OF ABDOMINALPRESSURIZATION ON RENAL FUNCTION

throughout each of which blood flow and filtra-
tion are regularly distributed, although great dif-
ferences may exist between zones.6 It may be
further assumed that the effect of compression is
different in each zone (as the result of a gradient
of pressure, for example, so that the compressional
force is greater at the periphery than at the center),
but that the effect in each zone is constant and reg-
ular throughout the entire region. During the
control period, prior to compression, the over-all
glomerular filtration rate, blood flow and transfer
maxima of glucose and diodrast are equally divided
among all the zones. The over-all glomerular
filtration rate may be taken as 120 ml. per minute,
the renal plasma flow as 500 ml. per minute, glu-
cose Tm, 400 mgm. per minute, and diodrast Tm,
52 mgm. per minute, while the glucose and dio-
drast plasma levels are maintained at 600 mgm. per
cent and 30 mgm. per cent, respectively. With the
application of a compressional force, the plasma
flow and filtration rate may be assumed to undergo
reductions of 80, 50, 10, and 0 per cent in zones I
to IV, respectively. The data tabulated in Table
VII reveal that the percentile reductions in over-
all Tm thus produced do not equal the percentile
reductions in plasma flow and filtration rate, and
the reductions in diodrast and glucose Tmare not
equivalent. The discrepancy in Tm values could
be expected to vary greatly, depending upon the
relative loading of the 2 tubular mechanisms.
Therefore, it appears that the changes in tubular
function observed during abdominal compression
cannot be ascribed to focal ischemia due either to
focal vasoconstrictive activity or to the operation
of a gradient of pressure across the kidney.

DISCUSSION

It has been found that abdominal compression
increases the pressure equally throughout the ab-
dominal cavity and in doing so produces striking
renal functional changes. Renal plasma flow and
glomerular filtration are almost always reduced,
together with the tubular activities of maximal glu-
cose reabsorption and maximal diodrast excretion.

Is It is obvious that the kidney may be further sub-
divided until each zone refers to a single nephron. Hence,
what is said here with reference to 4 arbitrary and
regularly placed renal zones would apply with equal force
to discrete units distributed irregularly through the kid-
ney.

All these functions are reduced to the same de-
gree. Water reabsorption, on the other hand, is
always enhanced, the urine flow decreases, and
the urine becomes more concentrated.

Every effort was made to eliminate experimental
error. Determinations of the renal extraction of
sodium p-aminohippurate have validated the use
of the clearance technique in measuring the changes
of renal blood flow. Arteriovenous shunting has
been definitely ruled out by this method. Like-
wise, the alterations in glucose and diodrast Tm
may be accepted as indicative of changes in tubular
function, since it appears that inadequate loading
or focal ischemia may be excluded as possible
misleading factors.

On the basis of the averaged data, it seems likely
that the increase of venous pressure during ab-
dominal compression is usually sufficient to account
for the reduction of renal plasma flow. Excluding
J. S. and J. Q. (Table II) from consideration, the
averaged figures may be used in calculating the
reduction to be expected on the basis of an incre-
ment of venous pressure alone." If the pressure
gradient across the renal circuit is assumed to
change from 85 mm. Hg to 70 mm. Hg during
compression as a result of an increase of renal ve-
nous pressure from 5 mm. Hg to 20 mm. Hg (the
mean renal arterial pressure remaining constant
at 90 mm. Hg), and, if the renal resistance does
not change, the average renal plasma flow of 621
ml. per minute would fall to 512 ml. per minute.
Actually, it was observed to fall to 488 ml. per
minute, a somewhat greater decrease, which would
require a venous pressure increment of 18 mm.
Hg. It can be seen that the elevation of venous
pressure alone is approximately sufficient to ac-
count for the observed change.

The reduction of renal plasma flow was much
greater than average immediately following the
application of pressure in many subjects and

7 In any vascular bed of constant resistance, the
relation of blood or plasma flow to the loss of pressure
from the beginning to the end of the circuit remains con-
stant. This relationship may be expressed as follows,
where F is the initial renal plasma flow; P, the initial
difference in renal arterial and renal venous pressures;
F' and P', these values when the pressure difference has
been altered as with an increment of venous pressure:

F'IP'= F/P and
F' = P'F/P
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throughout the entire study in J. S. Although
these facts may indicate the operation of vaso-
constriction, it is not at all unlikely that venous
pressure, in these instances, was higher than aver-
age as a result of compressional contraction of the
abdominal musculature. The intra-abdominal
pressure may be raised as high as the arterial pres-
sure by this maneuver. On the other hand, mus-
cular contraction may lower intra-abdominal pres-
sure by thrusting away the pressure girdle, and
it is possible that the adjustment to compression
noted in some instances, where renal function
gradually improved, may have arisen from this
factor rather than from the release of vasoconstric-
tion.

Although the increase in renal venous pressure
seems to provide an adequate cause for the reduc-
tion in renal blood flow, it is at first difficult to ac-
count for the other changes in renal function on
this basis. Certainly one might expect a change in
filtration fraction similar to that attributed to ef-
ferent arteriolar vasoconstriction (18), since the
elevation of the pressure gradient in the renal vas-
cular bed should increase effective filtration pres-
sure and the filtration rate should remain relatively
constant despite the reduction in blood flow. Since
an increment of venous pressure is equally effec-
tive in all parts of the renal vascular bed, there is
no reason to expect a fall in diodrast and glucose.
Tm. The fall in these values indicates the cessa-
tion of function in a number of nephrons and glo-
meruli proportional to the decrement in Tm (19).

The closure of afferent arterioles would produce
changes in renal function similar to those observed.
In obstructing blood flow, arteriolar closure would
halt filtration in the glomerulus and, in conse-
quence, abolish glucose reabsorption and diodrast
excretion in the nephron dependent upon it. Al-
though the tubule might remain in a normal state,
it is obvious that glucose would no longer be
brought to it for removal and that excreted dio-
drast would not be washed into the renal pelvis.
Hence, the nephron would cease to contribute to
Tm and the values for it would be reduced. In
the remainder of the kidney, renal blood flow and
glomerular filtration rate must continue undis-
turbed, since the filtration fraction and the rela-
tion between the clearance values' and Tmare not
altered by compression. Thus, afferent arterioles
would be required to close completely or remain

unconstricted. While this hypothesis satisfactorily
accounts for many of the changes in renal function,
it fails to consider the implications of the elevation
of venous pressure.

It has been pointed out above that the increase in
venous pressure is probably sufficient to account
for the observed reduction in renal blood flow,
but, under the conditions of afferent arteriolar
constriction, it would be necessary to assume that
increased resistance to flow is entirely responsible
and that the venous pressure increment is without
effect. It must be admitted, however, that dimin-
ished resistance in the remainder of the renal vas-
cular bed is necessary to offset the rise in venous
pressure. If such a vasodilation occurred in the
efferent arterioles it is possible that blood flow and
filtration rate might maintain a constant relation-
ship to one another and to the Tm values as ob-
served. However, it seems extremely unlikely
that both vasoconstriction and vasodilation occur
simultaneously in the kidney. An adjustment of
efferent arteriolar tone in response to renal venous
pressure has not been observed in other condi-
tions, and it seems highly improbable that it oc-
curs during abdominal compression. For these
reasons the hypothesis that afferent arteriolar
vasoconstriction results in functional amputation of
a portion of the renal parenchyma may be dis-
missed as unacceptable.

In the discussion thus far, the fact that the pres-
sure rises in the renal pelvis, opposing the outflow
of urine, has not been considered. If the resistance
to the flow of urine differs in different nephrons
(as it may, since the tubules vary considerably in
length), there may be a wide range of pressures
at the terminal ends of the tubules. Elevation of
pelvic pressure would then block urine outflow
from those tubules in which the terminal pressures
are lower than pelvic pressure. As a result, Tm
values and the glomerular filtration rate would fall.
In this situation the blood perfusing inactive glo-
meruli would continue to be cleared of diodrast or

p-aminohippurate by. neighboring operative tu-

bules and the filtration fraction would fall as a

result of the reduction of filtration rate independ-
ently of blood flow. Since the renal venous pres-
sure rises during abdominal compression, however,
the filtration fraction in the active glomeruli would
be increased and might be expected to mask the
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effect of the clearance of diodrast or p-aminohip-
purate from blood perfusing inactive glomeruli.

This hypothesis has the advantage of providing
a simple explanation for all the changes observed
in this study. Vasoconstriction would be un-
necessary, the fall in blood flow being entirely ac-
counted for by the increment in renal venous pres-
sure. The demonstration by others (18) that the
filtration rate in man tends to remain unchanged
is supported by the finding that it does not change
in the residual active glomeruli. Such reduction
of filtration rate and Tm values as occurs is en-
tirely attributable to the blockage of flow from
"low-pressure" nephrons by the elevated pelvic
pressure. It should be noted that equal elevations
in renal venous pressure and pelvic pressure pro-
duce equal percentile changes in renal blood flow
and in the mass of functioning tubular tissue, re-
spectively, according to this hypothesis. The im-
plications of such a relationship are not clear and
are under further investigation.

Increased intrapelvic and intratubular pressure
may be instrumental in raising the urinary con-
centration by stimulating the mechanisms of water
transfer to greater activity. However, the psychic
and physical stimulus of compression should pro-
voke the release of antidiuretic hormone by the
pituitary, since less severe stimuli have been found
to have this action (20). In 1 subject with docu-
mented diabetes insipidus presenting marked diure-
sis as a result of withdrawal of pitressin, abdominal
compression caused oliguria.

The pathological renal physiology of increased
intra-abdominal pressure has been clarified by this
study. Under the conditions imposed, retention
of water and probably of salt occurs in spite of the
presence of factors conducive to diuresis. The
reduction of glomerular filtration rate and oliguria,
if maintained for any length of time, would cer-
tainly prevent the normal excretion of urea, and
azotemia would develop.

For the short period of time during which posi-
tive G is experienced by airmen, abdominal com-
pression sustains the cardiac output by the
expression of blood into the thorax from the abdo-
men and by minimizing the gravitational effects
upon the flow of blood from the inferior venous
chamber into the superior chamber. The simul-
taneous reduction of arterial blood flow into the
splanchnic bed also results in the diversion of a

greater proportion of the cardiac output to the
brain. It is likely that prolonged application of
increased intra-abdominal pressure may be detri-
mental because the cardiac output is ultimately re-
duced by about the same extent as the blood flow
through the kidneys and liver (21, 22). Hypo-
tension and faintness were observed on several
occasions during the course of this study in sub-
jects not reported herein.

SUMMARY

The effective renal plasma flow, glomerular
filtration rate, and tubular function have been
measured in 17 normal human subjects by the
clearance and saturation techniques during the ap-
plication of a pneumatic abdominal girdle under
pressure. Measurement of the venous pressure
in the inferior vena cava and renal vein following
venous catheterization revealed that the compres-
sional pressure of 80 mm. Hg used in this study
raised intra-abdominal venous pressure -to about
20 mm. Hg.

The effective renal plasma flow and glomerular
filtration rate were always reduced by increased
intra-abdominal pressure, on the average of 24.4
per cent and 27.5 per cent, respectively. The fil-
tration fraction, or the percentage of the plasma
flow filtered at the glomerulus, showed no signi-
ficant change.

It was found that the elevation of renal venous
pressure was probably sufficient to account for the
reduction of renal plasma flow.

The extraction of sodium p-aminohippurate by
the kidney was not altered, indicating the validity
of the clearance method for measuring renal
plasma flow under these conditions and demon-
strating the absence of arteriovenous shunting.

Maximal tubular diodrast excretion (diodrast
Tm) was reduced significantly in all 5 subjects,
while maximal tubular glucose reabsorption (glu-
cose Tm) fell significantly in 3. The percentile de-
crease in both values was equal to that in effective
renal plasma flow and glomerular filtration rate.
It appears that this phenomenon cannot be attrib-
uted to inadequate loading of tubular transfer
mechanisms, as a result of either diffuse or focal
ischemia.

The theoretical implications of these findings
are discussed.
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