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INTRODUCTION

The assumption of the upright position is known
to cause decreases in urine volume, renal blood
flow, and sodium excretion (2, 3). Since, by con-
gesting the limbs of supine subjects, it is possible
to simulate under better controlled conditions cer-
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tain of the hemodynamic effects of the upright posi-
tion while avoiding others, it seemed worthwhile
to investigate the effects of this procedure upon
renal clearances and the urinary excretion of salt
and water. It seemed particularly pertinent to do
so in hypertensive patients before and after lumbo-
dorsal splanchnicectomy, an operation which con-
ceivably might alter the renal responses to venous
congestion. It also seemed relevant to inquire
whether the renal disturbances caused by this pro-
cedure in any way resemble those found in associa-
tion with other conditions characterized by venous
congestion or edema in the limbs.

SUBJECTS AND METHODS

The subjects were patients admitted to the Massachu-
setts Memorial Hospitals, who at the time of study had
either no cardiovascular-renal abnormalities (normoten-
sive controls) or essential hypertension (hypertensives
before and after splanchnicectomy). Throughout the test
the subjects were given by mouth 200 cc. of water every
half hour. Otherwise they were studied in the basal state,
lying supine in bed. At the beginning of the test, blood
pressure cuffs were applied smoothly to the upper thighs
and bandaged (without compression) in place. A soft
rubber catheter was placed in the bladder in a position that
allowed complete drainage. A freshly prepared infusion
containing 4 per cent glucose solution in water and ap-
propriate amounts of inulin and sodium para-aminohip-
purate for renal clearance studies (4) was given at a rate
of 4 cc. per minute in an antecubital vein. An indwelling
needle, fitted with obturator for taking blood samples, was
inserted through the skin anesthetized with metycaine into
the brachial artery, or in a few experiments into a periph-
eral vein. Arterial pressure and pulse rate were meas-
ured by the usual clinical methods in the opposite arm.
Accurately measured collections of urine were made and
the bladder was washed with 20 cc. distilled water at
(usually) 10-minute intervals and when desired, samples
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of blood were taken 21 minutes later. After a good (3 to
10 cc. per min.) and fairly steady urine flow was estab-
lished, and when at least three control renal clearance pe-
riods had elapsed, the cuffs on the thighs were inflated at
slightly less than diastolic pressure (usually at 70 mm.
Hg). Observations were made for one to six periods,
whereupon the congesting cuffs were released and re-
covery observations were made.

In some experiments during the control period before,
and the recovery period after, venous congestion of the
limbs, the thigh cuffs were inflated every 5 minutes at the
same pressure as used during the congestion period, but
only for 30 seconds. This was to accustom the patient
to the sensory stimulus of the inflated cuff. In other ex-
periments, after a suitable control period the entire limbs
up to the thigh cuffs were compressed by means of a se-
ries of cuffs or inflatable leggings (of a "G"-suit) for the
same length of time as they were subsequently (after an-
other control period) congested by inflation of the upper-
most cuff alone. This compression was designed to cause
an equal or greater degree of ischemia, anoxia, and dis-
comfort in the limbs without venous congestion or edema.
A number of such additional experiments were done in
order to test the effects of other variations in the standard
procedures just described upon urine flow, electrolyte ex-

cretion, arterial pressure, and pulse rate. These will not
be described in detail, but will be mentioned under "Special
Results."

Samples of urine and blood were analyzed for clearance
substances according to the methods of Goldring and
Chasis (4). They were analyzed for sodium and potas-
sium by means of an internal standard flame photometer 9
and for chloride by the method of Wilson and Ball (5).

Hematocrits of the blood samples were measured in
Wintrobe tubes, and the protein content of the plasma by a
specific gravity technique (Copper Sulfate).

RESULTS

General

Detailed results on a number of patients are
shown in the Figures and in Table I, and a statisti-
cal analysis of these results is given in Table II.
In the experiments shown in Table I the various
periods have been grouped and averaged in an at-
tempt to save space without altering significantly

9 Perkin-Elmer Corporation, Main Avenue, Norwalk,
Connecticut.
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the true trends of the results.10 It will be seen that
in general the effects of venous congestion in the
limbs upon renal clearances and the excretion of
water and salt were essentially similar in the nor-
motensive control subjects (Table I-A and Figures
1-4) and in the hypertensive patients both before
(Table I-B) and after splanchnicectomy (Table
I-C and Figures 5, 6). Thus, characteristically
afte,r about ten minutes of limb congestion, the urine
flow began to decrease, frequently falling to one-
tenth its previous rate. With the initial fall in

10 Thus the control period immediately before congestion
of the limbs (first period before) has been averaged to-
gether with the two prior periods under "First through
third." When more than three control periods were used
all the earlier periods have been averaged under "Fourth
and more." The periods during congestion and after its
release have also been averaged together in a similar way,
except for the first period in each case, which has been
recorded separately as probably not indicative of the sub-
sequent general trend. Likewise, in the statistical analysis
in Table II comparisons have been made only between
those portions of the experiments which are representative
of a relatively "steady state."

urine flow there was a decrease in calculated renal
plasma flow (PAH clearance) and filtration rate
(inulin clearance) and in observed sodium ex-
cretion, chloride excretion, and sometimes potas-
sium excretion. The percentage decrease in ex-
cretion of electrolytes and clearance substances was
not so great as of water, so that the concentration
of these materials in the urine usually rose, often
to a marked degree (Figures 2, 4, 6).
Not only was the reduction of urine flow greater

in amount, but it was also usually longer in dura-
tion than the other renal changes produced by ve-
nous congestion of the limbs. Thus, during the
first part of the long (40- to 60-minute) congestion
experiments (Figures 1, 2, 5, 6) the urine flow de-
creased, and it usually remained at the lower levels,
even during the last 20 to 30 minutes of congestion
when the calculated renal plasma flow and glomeru-
lar filtration rate (and occasionally the electrolyte
excretion) were often returning towards if not to
control levels. Sodium, chloride, and potassium
excretion usually remained definitely below control
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FIG. 5. CHART OF AN EXPERIMENT ON A HYPERTENSIVE SUBJECT Two WEEKS AFrER A LUMBO-
DORSAL SYMPATHECTOMY CONDUCTED SIMILLY TO THAT SHOWN IN FIGURE 1

Method of charting as in Figure 1.

levels throughout the congestion period. On re-

lease of the congesting cuffs there was often a fur-
ther slight to moderate decrease in urine volume
and electrolyte excretion for one or two periods,
then a gradual return to control levels, the urine
flow usually returning more slowly than the elec-
trolyte excretion.
During short (10- to 30-minute) periods of ve-

nous congestion similar effects occurred (Figures
3 and 4), although usually not to the same degree
as during the longer periods, so that by the time
the congesting cuffs were released the urine flow
and other renal functions, though decreased, had
usually not fallen to their minimum values. After
release of the cuffs these functions continued to fall
for one or two periods; indeed, it appeared in many
of the shorter tests as if the release of the congest-
ing cuffs was a brief stimulus to further small re-

ductions in urine flow, renal clearances, and so-

dium excretion. Even including these reductions,
the total decreases in sodium excretion as a rule
were not as great as from the long periods of con-

gestion, although the decreases in urine flow were

about as great. After release of the cuffs the urine
flow often returned more slowly than the other
functions, whereas renal plasma flow, glomerular
filtration rate and sodium and chloride excretion
tended to increase promptly together. Potassium
excretion behaved more irregularly, but usually
fell during congestion and returned to control levels
after release but not necessarily simultaneously
with sodium and chloride excretion.

General Hemodynamic Effects

As a rule pulse rate increased moderately dur-
ing the period of venous congestion, while systolic
and diastolic arterial pressures were not greatly
changed. Sometimes, however, pulse rate rose

markedly and occasionally arterial pressure fell
(Figure 5), rarely even to collapse levels. When
a definite hypotensive reaction occurred it was al-
ways followed by very marked responses of the

same general type as already described, the anti-
diuresis being particularly profound and sometimes
persisting for more than an hour after release of

Na
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TABLE II

Statistical analysis

Systolic Diastolic Pulse UNaV
C

UCIV UKVrate UV UNaVCPApressure, pressure mE./ m.1 Mpmm. Hgrg pmrm. uHrg bbeattsl ml./min. ml./min. ml./min. m *q./ mEq./ mEq./
mm.Hgmm.Hgmin. ~~min. min. MIX.

Periods before Mean (n - 18) 132 85 77 5.1 107 S54 0.14 0.10 0.051
congestion Standard error of mean 7 4 3 0.6 6 30 0.013 0.012 0.008

First through
third
(Control)

Periods during Mean (n - 18) 126 87 87 2.0 71 360 0.088 0.067 0.032
congestion Standard error of mean 6 4 4 0.3 5 22 0.008 0.007 0.004

Second and Mean difference from control -6 3 10 -3.0 -36 -194 -0.050 -0.036 -0.018
third Standard error of difference 2 1 2 0.6 S 26 0.007 0.008 0.005

Significance of difference (P) 0.03 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Fourth and more Mean (n - 6) 114 81 100 0.6 80 382 0.052 0.036 0.022
Standard error of mean 2 2 7 0.2 5 30 0.008 0.008 0.001
Mean difference from control -5 3 18 -4.9 -24 -179 -0.064 -0.044 -0.022
(n -6)

Standard error of difference 6 3 4 1.0 9 43 0.029 0.016 0.006
Significance of difference (P) 0.46 0.39 <0.01 <0.01 0.05 <0.01 0.08 0.04 0.02

Periods after Mean (n - 15) 137 89 81 2.8 96 492 0.11 0.082 0.038
congestion Standard error of mean 7 4 4 0.6 5 30 0.012 0.009 0.004

Fourth and Mean difference from congestion 8 -1 -9 1.1 25 142 0.026 0.014 0.005
more periods second and third (n - 15)

Standard error of difference 3 2 2 0.5 5 30 0.008 0.006 0.002
Signice of diffce (P) <0.01 0.56 <0.01 0.05 <0.01 <0.01 <0.01 0.03 0.08

edifferece from congtion 9 -2 -14 3.2 9 107 0.026 0.021 0.011
periods fourth and more (i 5)
Standard error of diffeence 5 2 4 0.9 4 40 0.008 0.007 0.002
Significance of difference (P) 0.14 0.37 0.02 0.02 0.08 0.06 0.03 0.04 <0.01
Mean difference from control 1 2 2 -2.0 -11 -41 -0.028 -0.026 -0.015
(n - 1S)
Standard error of difference 3 1 1 0.8 5 22 0.016 0.012 0.008
Significance of difference (P) 0.76 0.18 0.11 0.03 0.06 0.09 0.11 0.05 0.08

the cuffs, whereas the arterial pressure usually re-

turned promptly to control levels.
Hypertensive patients, though usually more un-

stable in their blood pressure reactions, showed no

striking differences after as compared with before
lumbodorsal splanchnicectomy, or as compared
with the more normal control subjects. During
venous congestion of the limbs the changes in ar-

terial pressure, pulse rate, urine flow and renal
clearances were generally similar to those already
described in the normal subjects.

SPECIAL RESULTS

I. Hematologic Effects

During and after venous congestion of the limbs
there was, if anything, a tendency for the arterial
blood hematocrit and protein content to rise, par-

ticularly immediately following the release of the
congesting cuffs.

II. Effects of Sensory Stimulation and Discomfort

Because pain and even moderate discomfort are

known to be potent antidiuretic stimuli in animals,
care was taken to avoid such factors as much as

possible in the course of the tests described above.

In addition, some experiments were done deliber-
ately (as mentioned under "Methods") to deter-
mine the role of these factors. Thus, it was found
that inflation of the congesting cuffs for only 30
seconds at five-minute intervals produced no ap-
preciable effects upon the hemodynamic or renal
functions measured. Furthermore, continuous
compression of the entire limbs of a similar degree
and duration as the congestion used at a different
time caused no consistent effects on the measure-
ments made. There was often a moderate increase
in diuresis during such compression, although oc-
casionally there was a brief, slight decrease. How-
ever, patients uniformly reported this procedure to
be distinctly more uncomfortable than congestion
of the limbs at the same pressure.

III. Effects of Emotion

Occasionally, particularly at the end of long
experiments, patients became fatigued and emotion-
ally upset. It was interesting, in view of the pos-
sible influences of this reaction upon renal and cir-
culatory measurements being made, that it had no
consistent effects. Indeed, when venous conges-
tion was applied during such a reaction, patients
as often as not failed to have the antidiuresis and
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associated renal changes that they characteristically
had when under no discernible emotional stress.
On the other hand, occasional patients (e.g., pa-
tient R. F.) failed to show the characteristic reac-
tions early in a test, although they did later. In
these cases it usually appeared that there had been
either an inadequate rest period for hemodynamic
and body fluid adjustments to the experimental
condition (resting horizontal position) to come
into equilibrium; or a preliminary over-hydration
with ingestion of a large amount of fluid prior to
the test.

IV. Effects of Venous Congestion of Other Areas
or at Other Pressures

A number of incomplete "pilot" experiments
were done in which the arms were congested in-
stead of the legs or in which either area was con-
gested at 30 instead of 70 mm. Hg. In general,
the effects of congesting the arms or of using lower
congesting pressures on the thighs upon water and
electrolyte excretion were the same qualitatively
though smaller quantitatively, as compared with
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the effects of congesting the legs at higher pres-
sures.

V. Effects of Urine Volume

Early in this work it became apparent that the
most marked if not the most consistent renal
change produced by venous congestion of limbs in
a patient under diuresis was antidiuresis. Indeed,
it was considered possible that this was the only
primary renal change effected by venous congestion
and that other apparent changes were either sec-
ondary to this or were even artefacts due to the
use of methods dependent upon adequate urine
flow. Attempts were made to rule out these pos-
sibilities by careful recalculation of the data so as
to compare the average clearances per minute for
all the periods combined during the entire antidiu-
retic response (from full diuresis back to full
diuresis), with the average of the combined con-
trol values before and after the antidiuresis. The
average clearances for these combined periods in
nearly every case clearly indicated reductions of
renal plasma flow and glomerular filtration rate
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FIG. 6. CHART OF ELECTROLYTE AND WATER EXCEON DURING THE EXPERIMENT SHOWN IN FIGURE 5
Method of charting as in Figure 2.
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during the antidiuretic response, but these were of
a degree ordinarily considered insignificant for
single short periods. It was therefore judged im-
possible to decide conclusively by this method how
greatly "dead space" and "washout" errors con-
tributed to the apparent results, although in certain
patients in whom obvious overshoots in clearance
occurred on reappearance of diuresis (e.g., R. P.,
R. F., L. B., W. M., G. V., R. S., and J. 0.) this
seemed quite substantial. In other patients, how-
ever, the changes in clearances and electrolyte ex-
cretion bore no (or even an opposite) relationship
to urine flow. For example, in patient M. C. urine
flow remained low after venous congestion was re-
leased whereas the clearance of inulin and PAH
returned to control values. The same was true in
patient J. B., although in this patient sodium ex-
cretion also returned to control values, whereas in
M. C. it remained low with the urine flow. Fur-
ther, sodium excretion in occasional patients (G. V.
and J. L.) failed to be lowered significantly, al-
though UV, CIN and Cp,& decreased in the usual
manner.

Another type of recalculation of the data was
made in an attempt to shed light on these points.
The average percentage change (from control) in
each function (clearance) during each period was
calculated for the entire normotensive, and the en-
tire postoperative hypertensive groups, and plotted
as two (average) experiments. These plots con-
firmed the impressions already gained from plots
of separate experiments, namely that although ini-
tially (in the early congestion periods) all the func-
tions decreased sharply together, later on (4th
through 6th periods) the urine flow (water ex-
cretion) was decreased most, sodium and chloride
less (and about equally), potassium still less, and
PAH (plasma flow) and inulin (glomerular filtra-
tion rate) least, but nevertheless were definitely de-
creased. Furthermore, the responses of the nor-
motensive subjects were not significantly different
from those of the postoperative hypertensive
patients.

These results suggested that although the urine
volume and the clearances of inulin, para-amino-
hippurate, and sodium usually decreased and in-
creased together during and after venous conges-
tion of the limbs, they did not necessarily do so
equally and that although the changes in urine vol-
ume might magnify the apparent changes in clear-

ances, the latter appeared to be essentially inde-
pendent effects of the venous congestion and its
release. These opinions were confirmed definitely
as regards sodium excretion and tentatively as re-
gards renal plasma flow and glomerular filtration
rate in subsequent experiments in patients with
diabetes insipidus and in normal subjects under
mannitol diuresis (6, 7). In these experiments
there were minimal changes in urine volume dur-
ing venous congestion of the limbs, although there
were the usual changes in sodium excretion and
similar (though less marked) changes in clear-
ance of inulin and PAH.

VI. Effect of Changes in Glomerular Filtration
Rate (Inulin Clearance)

Additional evidence that the apparent changes in
electrolyte excretion during and after venous con-
gestion were not entirely artefacts due to collec-
tion errors but were, in part at least, the result of
real differences (whether primary or secondary)
in the treatment by the tubules of the filtrate pre-
sented to them was shown by calculating the "Tu-
bular rejection fraction" or "Percentage of filtered
substance excreted" (E/F) (Figures 2, 4, 6).
(Space does not permit inclusion of these data in
the tables, but their nature can be determined by
calculating the ratio, UV times Na, K or Cl, over
CIN, since the plasma levels of these electrolytes
showed no significant changes during the experi-
ments.) The calculations usually showed the per-
centage of the filtered water, sodium, chloride and,
to a lesser degree, potassium which was actually
excreted in the urine to be decreased during venous
congestion and immediately after its release, and
at times not to return to control levels until after
reductions in glomerular filtration rate (inulin
clearance) had disappeared. However, there was
no uniform pattern in the behavior of sodium
E/F. Thus, during and after the shorter conges-
tion experiments the decreases in E/F of sodium
were generally less than during and after the longer
congestion periods, although the other results might
be comparable. Therefore, in the shorter experi-
ments it appeared that the excretion of sodium bore
a fairly "passive" or proportional relationship tG
glomerular filtration rate. However, in the longer
experiments sodium excretion appeared to take a
more independent course, resulting in greater
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changes in E/F. Thus, patients M. C. and R. P.
showed further decreases in the excretion and E/F
of sodium at the end of the congestion period when
glomerular filtration rate was increasing, while pa-
tient W. Mc. showed an unchanged excretion with
a decreased E/F at that time. In patient L. B., on
the other hand, the changes in glomerular filtration
rate were never great, while the typical decreases
in the excretion and E/F of sodium occurred.

Potassium excretion (and E/F) in the long and
short congestion experiments tended to behave
similarly, the excretion varying directly with the
glomerular filtration rate and E/F showing minor
though fairly consistent decreases.

DISCUSSION

The afferent and efferent mechanisms involved
in the renal responses to venous congestion of the
limbs reported in this paper are questions of con-
siderable interest. Of greatest interest perhaps
is the nature of the stimulus or stimuli calling
forth these responses. Since the subjects remained
in the supine position throughout the experiments
postural stimuli can be eliminated. Of the vari-
ous remaining possibilities, a reduction in effective
circulating blood volume seems one of the more
likely. Decreases in urine flow and sodium excre-
tion would appear logically to be homeostatic re-
sponses tending to offset any reduction in effective
blood volume. Although these responses were
most profound when there was collapse of the ar-
terial pressure they could occur before there was
any appreciable change in pressure. However,
this does not imply that therefore they must have
been responses to some other stimulus, since, as
previous studies in this laboratory have shown,
venous congestion of the limbs always tends to
cause arterial pressure to decrease, and does cause
it to decrease if the counteracting vasomotor ad-
justments are blocked (8). It is, therefore, reason-
able to suppose that the renal responses to venous
congestion of the limbs may be integral parts of the
general homeostatic mechanisms for counteracting
the hypotensive effects of an inadequate circulating
blood volume.
There has been considerable speculation upon

the possibility that a decrease in effective circulat-
ing blood volume stimulates "volume receptors"
to cause salt and water retention of the type de-

scribed here. If the term "volume receptor" is
meant to connote end-organs sensitive to changes
in volume occurring without concomitant changes
in pressure, the concept seems totally unrealistic.
There are no known sensory end-organs of this
type, and indeed it is theoretically impossible to
have passive changes in volume of even inelastic
vessels that are not associated with at least small
changes in pressure. If, on the other hand, "vol-
ume receptor" implies that the changes in volume
are relatively large as compared with the changes
in pressure, the term is acceptable, but seems to
add little to our thinking about the problem.

It would appear more fruitful to inquire what
and where the changes in pressure may be that
could promote reduction in salt or water excretion.
Changes in venous, right atrial, right ventricular or
pulmonary arterial pressures have all been consid-
ered as stimuli possibly capable of producing the
renal responses reported in this paper. Studies
designed to throw light on these possibilities have
been made and have been or will be reported (9,
10, 11). Suffice it to say here, they do not appear
to be very likely possibilities. Neither do stimuli
such as discomfort, distention of the veins, loss of
fluid into or stretching of the tissues locally in the
experimental limbs appear to be responsible (10).
As to the effector mechanisms of the renal re-

sponses to venous congestion of the limbs, it ap-
pears that they are not dependent upon the
splanchnic sympathetic nervous system. As
shown in this paper, the responses occur similarly
in splanchnicectomized hypertensive patients as
in normotensive or unoperated hypertensive sub-
jects. Presumably, therefore, they are mediated at
least in part through humoral or local renal mecha-
nisms. The most obvious of the humoral mecha-
nisms that may be considered are the posterior
pituitary antidiuretic hormone effects on urine
flow, and the adrenal cortical hormone effects on
sodium excretion. Studies designed to. explore
these and other humoral possibilities have also
been carried out and will be reported (6, 7).
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