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The formation of ascites and edema by patients
with chronic liver disease can be controlled by
rigid dietary sodium restriction (1-5). When
sodium is administered, ascites formation re-com-
mences while sodium excretion usually remains
minimal. These facts have not yet been integrated
with the factors usually considered contributory
to the formation of ascites and edema, viz.: ele-
vated portal pressure (6, 7), reduced serum albu-
min concentration and colloid osmotic pressure
(8-12), increased anti-diuretic activity (13), al-
tered membrane permeability (4, 14), or altered
renal tubular function (15). However, whatever
the pathogenetic factors operating, fluid retention
is readily conditioned by the sodium content of the
diet.
The observations reported here concern patients

with cirrhosis of the liver with ascites and edema
in whom the alterations in electrolyte and water
balance attributable to abdominal paracenteses
and to sodium chloride administration and restric-
tion were studied under controlled conditions of
food, water, and sodium chloride intake.

iThis investigation was sponsored by the Commission
on Liver Disease, Armed Forces Epidemiological Board,
and was supported in part by a grant from the Office of
The Surgeon General, United States Army, Washington,
D.C., and in part by grants from Lederle Laboratories
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Jersey, to Harvard University.

2 A preliminary report of this investigation was in-
cluded in the Proceedings of the Forty-Second Annual
Meeting of the American Society for Clinical Investigation,
May 1, 1950 (J. Clin. Invest., 1950, 29, 814).
8Welch Fellow in Internal Medicine of the National

Research Council. This investigation was accomplished
in part during the tenure of a United States Public Health
Service Postdoctorate Fellowship.

MATERIALS AND METHODS

Seven patients with chronic advanced cirrhosis of the
liver with edema and ascites requiring paracentesis were
selected for study. The diagnosis in each case was estab-
lished by history, physical examination, and laboratory
tests of liver function. Six of these patients who were
chronic alcoholics presented the classical findings of
cirrhosis of the liver. No predisposing factor could be
established in the seventh patient (H.O.). The clinical
data of these patients are given in Table I.
The patients were studied on the Thorndike metabolic

ward and were ambulatory. They were maintained on
a constant basal diet which provided 75 grams of protein
and at least 2800 calories daily.4 This diet contained 10
mEq. of sodium and 104 mEq. of potassium by analysis.

Five of the patients (R. K., W. C., H. O., B. K., and
B. B.) were initially observed for from two to four weeks
during which 103 mEq. of sodium (6.0 Gm. sodium chlo-
ride) were added to the basal sodium restricted diet.
In addition, W. C. was studied during a subsequent three-
week period while receiving 51.5 mEq. of added sodium.
After this initial period, the supplemental sodium was
stopped, and the observations continued for two to three
months on the sodium restricted diet (10 mEq. daily).
Patients J. G. and C. M. were maintained on sodium re-
stricted regimens throughout their studies.
The patients were weighed at the same time each day

under constant conditions. Daily fluid intakes were re-
corded and maintained relatively constant throughout
each study. Total daily urine outputs were measured
and suitable aliquots taken for determination of sodium
and potassium. Serial measurements of hematocrit and
serum sodium were made; frequent determinations were
done in the immediate pre- and post-paracentesis periods.
The blood specimens were obtained without stasis from
an antecubital vein four hours after breakfast and follow-
ing a one-hour period of bed rest. Abdominal para-
centeses were executed when indicated. The volume of
fluid removed was measured, and its sodium content de-
termined. Daily clinical estimates were made of the

4 Lonalac, tused in these diets as a salt-poor milk sub-
stitute, was generously provided by the Mead Johnson
Company, Evansville, Indiana.
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TABLE I

Clinical and laboratory findings in pains with cirrhosis of the liver

Average Average
Abdomi- Number volume interval

Patient, nal Esophageal BSP Duration abdominal ascitic between
age and Liver Spleen collateral varices Serum % reten- of paracen- fluid paracen-

sex size* size* veinst x-rayt albumin tion ascites teses removed teses

Gm. % months lks days
R.K., 43 4 2 4+ P 2.1 36 6 9 10.9 21

W. C., 70 N.P.I N.P. 3+ P 2.5 25 3 12 7.7 11

H.O., 62 14 4 2+ P 2.0 S 3 12 7.7 9

B. K., 53 14 7 2+ P 1.5 27 8 18 11.2 15

B. B., 47 7 4 4+ A 2.0 25 2 3 14.3 31

J. G., 46 4 N.P. 4+ P 2.0 42 0.5 1 15.0 -

C. M., 48 1 N.P. 1+ P 1.4 9 9 13.5 30

* cm. below costal margin.
IOto4+.
P - present, A = absent.
N.P. - not palpable.

amount of ascites and edema which were graded on a
0 to 4 + scale.

In the early studies, sodium determinations of urine,
serum, and ascitic fluid were done by the method of
Consolazio and Dill (16), and in the more recent studies
sodium and potassium concentrations were analyzed by
internal standard flame photometer (17, 18). Fecal and
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sweat losses of sodium were assumted to be 10 mEq. daily
(19-23).
Bromsulphalein retention was measured 45 minutes

after the intravenous injection of 5 mg. of the dye per
kilogram of body weight (24). Serum albumin concen-
tration was determined by an immunological method
which utilized antihuman albumin horse serum (25).
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FIGURE 1

The solid diagonal line indicates the "theoretical" body weight gain expected
with the isotonic retention of sodium added to the basal diet. The dashed line
indicates the "theoretical" increase in urine volume expected upon withdrawing
sodium from the diet.
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TABLE[I
Eject of sodium administration anx restriction on body weight axd urin wolume

Increase
in urine
volume

Sodium intake during Body
mEq./day Fluid Urine sodium weight Urine

Days of Intake output restriction gain sodium
Patient study Diet Added average average average average* average

mi./day m./day ml./day Gm./day mEq./day
R. K. 1-28 10 103 2220 1337 783 1.0

29-43 10 0 2290 2130 793 0 0.7

W. C. 1-14 10 103 2220 808 649 2.9
15-34 10 51.5 2210 1137 329 341 1.6
35-49 10 0 2225 1487 679 8 3.1

H. O. 1-13 10 103 2620 1606 673 1.0
14-23 10 0 2720 2380 774 0 1.0

B. K. 1-14 10 103 1380 668 666 0.6
15-35 10 0 1360 1180 .512 0 1.6

B.B. 1-13 10 103 2380 979 691 0.8
14-29 10 103 2030 967 845 0.6
30-44 10 0 1890 1197 t 93t 0.7

* The expected gains in body weight with the isotonic retention of the quantities of sodium added to the. basal diet
are 736 Gm. and 368 Gm., respectively.s Calculation not made because of marked fluctuations in fluid intake.

A totgl body iveight gain of 295 grams during this period of study occurred during the five days immediately
following paracentesis on day 30.

Blood hematocrit was determined by the method bo
Wintrobe (26).
These studies were-done during the winter and spring

months so that variations in skin tosses of water and
sodium were minimal.
The patients studied presented no clinical or laboratory

evidence of cardiac or renal disease, nor was any pa-
tient's course complicated by vomiting, diarrhea, or gas-
trointestinal bleeding, except in patient B. B. as indicated
below.

RESULTS

I. Sodium Chloride Administration

A. Sodium and water balances

The five patients..(R. K., B. B., B. K., H. O.,
and W. C.) who were maintained for two to four
weeks on the diet providing 10 mEq. of sodium
daily to which 103 mEq. of sodium was added as
sodium chloride, accumulated ascites and edema at
a rate (as measured by body weight gain) averag-
ing 720 grams per day for all studies. The weight
gains for each of 'these patients during periods of
sodium ingestion are shown in TableHII. 'This is
similar to the weight gain expected if the 103 mEq.
of added sodium were retained isotonically (140
mEq. per L.), namely 736 grams per day (Figure
1). A similar relationship was observed in W. C.

(Table II) while he ingested 51.5 mEq. of sodium
dailr in 'addition' to the basal 'diet.

B. Physiologic alterations attributable to para-
centesis

These observations were made while the patients
continued to ingest relatively constant fluid intakes,
and diets consta;nt in caories, nitrogen and sodium
content to which 103 mEq. of sodium chloride were
added daily, except in the case qf C. M. who was
maintained on a sodiuim reatpcted regimen.
Body weight: During the first several days fol-

lowing paracentesi$ the body weights of R. K.,
B. B., and B. K. (Figures 2, '3, nd Table III) in-
creased rapidly. The amount of weight increase
exceeded the weight gain expected if the ingested
sodium was retained isotonically with water.
C. M. also -displayed a rapid weight gain while on
a sodium restricted regimen. This alteration in
body'weight following paracentesis was not ob-
served in H. 0. and W. C. (Table III).

Ascites and edema. F6llowing paracentesis, as-
cites rapidly reaccumulated, and edema decreased.
Some patients who had moderate to marked pitting
edema of the lower extremities were free of edema
or displayed marked decreases in the amount of
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TABLE III

Efcd of paracentesis on body weight and urine volume

Body
Fluid Urine weight Urine

Days of Sodium intake output gam sodium
Patient study intake average average average average

mEq./day mL./day ,n./day Gm./day mEq./day
R. K. 1*-3 113 1740 527 1061 0.9

4-20 113 2330 1623 682 1.2
21*-23 113 2100 520 1023 0.3
24-28 113 2130 1140 727 0.8

W. C. 1*-3 113 2160 863 750 9.9
4-14 113 2240 792 610 1.0

H. O. 1*-3 113 2550 1540 633 0.8
4-13 113 2640 1636 690 1.0

B. K. 1*-3 113 1380 467 1080 0.5
4-14 113 1380 723 578 0.6

B. B. 14*-16 113 2000 745 1098 0.5
17-29 113 2030 1000 787 0.6

C. M. 1*-3 10 3600 875 900
4-9 10 3700 2165 0

* Day on which abdominal paracentesis was done.
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edema within several days after abdominal para-

centesis (Figures 2, 3, 4). During this time as-

cites expanded out of proportion to gain in body
weight suggesting that the edema fluid was s4ifting
to the peritoneal cavity. Abdominal paracentesis
became necessary again after only a few days in
some of the patients. In these cases the amount of
ascitic fluid obtained on repeat tap was much
greater than could be accounted for by gain in body
weight.

Urine volumes: Reduction in urine volume oc-

curred on those days on which body weights in-
creased rapidly immediately following paracentesis.
Urinary sodium excretion which was minimal re-

mained unchanged during these periods. These
data are presented in Table III.

H-matocrit: Hematocrits frequently increased
following paracenteses (Table IV). Progressive
increases in hematocrit were noted in those patients
in whom repeated paracenteses were necessary at
intervals of several days (R. K., J. G., Table IV).
These rapidly occurring alterations in hematocrit
observed over short periods of time indkate (as-

TABLE IV
Alterations in hematocrit following paracentesis

Hct. on Days following paracentesis
Date of day of

Patient tap tap 1 2 3 4 5 6 7 8

R. K. 1/22/49 37 40 41 44 42 43*
1/27/49 43 45 46 43 40
3/25/49 43 39 37*
3/31/49t 37 44 46 39 41 39
4/20/49 34 43 38 38 36 35 36*
4/28/49$ 37 43 40 40 39 36

W. C. 1/22/49 40 43 41 40
2/S/49 36 42 39 37 38
2/25/49$ 37 38 40 39 37 38
3/13/49§ 37 39 38 41 42 42 40

H. O. 12/1/49 42 43 45 46 45 44
12/15/49$ 42 43 42 40 42 38

B. K. 1/5/50 40 42 43 43 40 40 41
1/19/501 39 41 40 38 40 38

B. B. 12/21/49 27 29 29 27 29
1/6/50 26 27 27 28 28 28 27

J. G. 12/20/49$ 30 30 32 32*
12/23/49 32 33 33 34 31 31 33
2/10/50 31 36 34 35 34 35 35

C. M. 6/7/48t 40 47 44 42
11/5/48 34 37 38

* A paracentesis necessary on this day because of a 'Shft in edema fluid.
t Hematocrit data following this date are included in Figure 2.
1 Sodium restricted diet instituted.
§ Spontaneous rupture of umbilical hernia with drainage of ascitic fluid for three days.
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TABLE V

Sodiuim balance data during periods of sodium adminitration and sodium restriction

Sodium, mEq./day
Output Intake

Days Day Volume Na Total Days
of of ascitic ascitic Na ascitic of Extra-

Patient study tap fluid fluid serum Na study Ascitic renal Urine Total Diet Added Total Balance

ml. mEq./L. mEq./L. mEq.
R. K. 1-28 1 10,350 134 134

21 11,375 137 138
29 8,500 132. 132 2,680 28 96 10 1 107 10 103 113 + 6

29-43 15 0 10 1 11 10 0 10 - 1

W.C. 1-14 1 8,900 146 143
15 8,575 137 138 1,175 14 84 10 3 97 10 103 113 +16

15-34 35 8,600 139 141 1,195 20 60 10 2 72 10 52 62 -10

35-49 15 0 10 3 13 10 0 10 - 3

H. O. 1-13 1 9,700 133 132
14 8,350 137 138 1,144 13 88 10 1 99 10 103 113 +14

14-23- 12 0 10 1 11 10 0 10 -1

B. K. 1-14 1 13,300 139 138
13 10,680 136 135 1,452 14 104 10 1 115 10 103 113 - 2

15-35 20 0 10 2 12 10 0 10 -2

B.B. 14-29 14 15,000 134 129
30 12,000 127 129 1,524 16 9S 10 1 106 10 103 113 + 7

30-44 15 0 10 1 11 10 0 10 - 1

suming constant red cell mass) reductions of
plasma volumes occurring after paracentesis.
These reductions of plasma volume occurred in
some cases while edema fluid was rapidly decreas-
ing in dependent areas. In no instance did the
hematocrit fall below the control value in this post-
paracentesis period. Hematocrits often returned
to pre-paracentesis levels in four to eight days
following paracentesis, but occasionally remained
elevated for longer periods.

II. Sodium Chloride Restriction

A. Sodium and water balance

After the periods of sodium ingestion, the added
sodiun chloride was withdrawn and the basal
diet continued. During the initial two to three
week period of sodium restriction, accumulation
of ascites was abruptly halted and no patient gained
appreciable weight except during the first several
*days after paracentesis as descnrbed above. Urine
volumes increased by amounts approximating the
daily weight gains observed during pericds of so-

dium ingestion and ranged from 467 ml. per day to
793 ml. per day, with an average of 680 ml. for all
patients. This close relation between the rate of
weight gain during sodium ingestion and the in-
creases in urine volume resulting from withdrawal
of sodium from the diet is indicated in Figure 1
and Table II.

These patients excreted only 0.6 to 3.1 mEq. of
sodium in the urine daily, regardless of sodium in-
take. Losses of sodium in the feces in the absence
of diarrbea are small and are affected little by
marked changes in sodium intake (19). Fecal
and sweat losses of sodium were assumed to be
10 mEq. daily (19-23). It is possible that sweat
losses of sodium were even less than estimated
since patients with ascites and subjects on a so-
dium restricted regimen have reduced sweat so-
dium concentrations (20, 23, 27). In contrast to
the relatively small amount of the daily sodium in-
take excreted in the urine, stool and sweat, large
losses of body sodium occurred at times of ab-
dominal paracenteses, since the sodium content
of the ascitic fluid removed approximated the so-
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dium concentration of the serum. These large
losses of sodium entailed by a paracentesis
amounted to from 1142 mEq. to 2678 mEq. Cal-
culations of approximate sodium balances, taking
into consideration the losses entailed by para-
centesis, indicate that the patients studied are in
approximate sodium equilibrium (Table V).

B. Serum sodium

Serum sodium concentrations in 11 patients
with cirrhosis of the liver without ascites and
edema ranged from 137 to 146 mEq. per L. and
averaged 140 mEq. per L., values comparable to
those found in 18 normal subjects (range 137 to
146, average 141 mEq. per L). Thirty-four pa-
tients with ascites in whom this measurement was
made shortly after hospitalization and prior to the
institution of diuretic therapy, dietary sodium re-
striction, or paracentesis frequently demonstrated
hyponatremia (range 128 to 144, average 137
mEq. per L.). The lowest average serum sodium
value was observed in 17 patients who had had
repeated recent paracenteses (range 121 to 143,
average 132 mEq. per L.). Although occasionally
normal values were obtained, the serum sodium
concentrations measured in the patients studied
serially were frequently below normal, and the hy-
ponatremia which was often present was more
marked in some patients immediately following
abdominal paracentesis (Figures 2, 3, 4). The
degree of post-paracentesis hyponatremia and the
time at which it occurred may be related to the
amount of peripheral edema available for mobili-
zation and to the rate of expansion of the ascites.
Some patients with massive edema were less likely
to display a decrease in serum sodium concentra-
tion following paracentesis than those with little
or no edema. The relation of hyponatremia to
the other physiologic alterations occurring im-
mediately following paracentesis is discussed
below.

C. Prolonged sodium restriction

Six patients were further studied in the hospital
for periods of 60 to 90 days during which the diet
rigidly restricted in sodium content was con-
tinued. The need for paracentesis was alleviated
by continuing the diet providing 10 mEq. of so-
dium daily. Body weights remained the same or

increased slowly but ascites and edema did not
reaccumulate. Concurrently, there was gradual
improvement in their clinical nutritional status,
and in most instances the concentration of albumin
in the serum increased. In three patients (R. K.,
Figure 2; B. K., Figure 3; and H. 0.) serial he-
matocrits progressively decreased to values well
below those observed early in the studies or im-
mediately following paracentesis. These altera-
tions in hematocrit were paralleled by changes in
hemoglobin concentration, so that they could
not be attributed to changes in the size of the red
blood cells; nor could they be accounted for by
blood loss (guaiac tests on all stools were nega-
tive). Serial measurements of serum sodium
concentrations in these three patients tended to
rise with the continued control of ascites forma-
tion by dietary sodium restriction. As the he-
matocrit gradually decreased and the serum al-
bumin and serum sodium values approached the
normal range, there occurred a significant in-
crease in the urinary excretion of sodium. This
was most marked in patients R. K. (Figure 2)
and B. K. (Figure 3) who underwent diureses
with losses of weight and excretion of up to 70
mEq. and 85 mEq., respectively, daily, although
only 10 mEq. was being ingested. The time at
which significant quantities of sodium appeared in
the urine following the institution of the low so-
dium diet varied from about two to eight weeks.
During a final period of study in patient B. K.

(Figure 3) 103 mEq. of sodium were again given
in addition to the basal diet. In contrast to the
initial period of study, gain in body weight did not
occur and a quantity of sodium approximating that
ingested was excreted in the urine. The marked
increase in the excretion of sodium in the urine
which occurred after the ingestion of sodium was
not associated with alteration in the level of uri-
nary potassium excretion.
Two of the patients (J. G., Figure 4 and B. B.)

failed to excrete sodium in the urine during 80 and
40 days of observation, respectively. In these in-
stances the serum sodium concentrations were con-
sistently low, and in the case of J. G. the hemato-
crit increased following paracentesis early in this
study and remained above the initially observed
values. The hematocrit in B. B. generally tended
to decrease, but this is not possible to interpret
since her course was complicated by intermittent
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episodes of mild to moderate gastro-intestinal
bleeding.
No untoward effects were observed in the pa-

tients during the prolonged periods of dietary so-
dium restriction. The incidence of cramps in the
legs and fingers was less during the salt restriction
periods than when sodium was provided and fre-
quent paracenteses were necessary.

DISCUSSION

Immediately after paracentesis the following
phenomena were observed: a rising hematocrit,
rapidly expanding ascites, a decrease in peripheral
edema, reduction in urine volume, no change in
the minimal urinary sodium excretion, and hypo-
natremia. These observations can be explained
by a rapid transudation of fluid from the circu-
lating plasma into the peritoneal cavity following
the reduction of intra-abdominal pressure after
paracentesis. Mobilization of edema fluid is at-
tributable to reduction in femoral venous pressure
which occurs following paracentesis (7). The
post-paracentesis hemoconcentration is accom-
panied by oliguria and water retention (antidiu-
resis). Since sodium balance remains unchanged
following paracentesis (constant intake and un-
changed minimal excretion), the water retention in
the immediate post-paracentesis period results in
dilution of extracellular fluid and hyponatremia.
The retention of water without physiologically
equivalent quantities of sodium at this time is
corroborated by gains in body weight which were
in excess of those expected if sodium was being
retained isotonically. That this retention of water
may be great enough to produce a symptomatic
hyponatremia following paracentesis has been re-
ported (28).
The prevention of the accumulation of ascites

and edema by dietary sodium restriction was ac-
companied in several patients by gradual, but pro-
gressive, reductions in hematocrit and increases
in serum sodium concentration. When the serum
sodium concentration increased to or near to nor-
mal, excretion of sodium in the urine recommenced.
The source of the sodium for the observed rise in
serum sodium concentration, which has also been
reported by others (27), in the face of progressive
hemodilution, is not clear especially since these
patients were on a diet virtually free of sodium.

An intracellular exchange of sodium for potassium
may be postulated such as usually is expected
following rehydration (29, 30, 31). However,
potassium balance failed to become more positive
during this period in the one patient so studied
(B. K., Figure 3). Thus, the data, at present
limited, do not substantiate this interpretation.
Secondly, it is possible that the sodium diuresis
may be preceded by a water diuresis. That this
may occur is supported by observation of two pa-
tients with cirrhosis and ascites who had an initial
hyponatremia and who spontaneously underwent
a diuresis. These patients displayed increases in
serum sodium concentration and losses in body
weight prior to the appearance of increases in uri-
nary sodium excretion, suggesting that a diuresis
of water preceded that of sodium (32).
The changes observed during prolonged dietary

sodium restriction may be related to improvement
in liver function and in general nutritional status
attributable to the prolonged administration of a
nutritious diet (33), the control of ascites forma-
tion and the relative degrees of inactivity neces-
sarily accompanying periods of hospitalization.
The results of the present study indicate that

abdominal paracentesis leads to a reduction in
plasma volume and that repeated paracenteses may
result in a chronic state of hemoconcentration and
of hyponatremia. Although this interpretation of
the data does not explain the genesis of ascites and
edema in patients with severe liver disease, it is
possible that the initial formation of ascites and
edema may lead to a decrease in plasma volume
similar in mechanism to that which develops acutely
following paracentesis. This would imply that
elevated portal pressure and hypoalbuminemia
first lead to transudation of fluid from the circu-
lating blood into the peritoneal cavity. The result-
ing decrease in plasma volume might then provide
the stimulus for the appearance of increased anti-
diuretic activity (34, 35), and for the renal con-
servation of sodium (36, 37). The findings of
increased antidiuretic activity (13) and decreased
quantities of sodium (2-5) in the urine would
then be physiologic homeostatic responses. That
this may be the case is supported by evidence that
patients with liver disease metabolize normally
endogenous or physiologic doses of exogenous
posterior pituitary hormone (38-40), and by the
observations in the present study that progressive
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decreases in hematocrit preceded the onset of a
diuresis. The validity of the hypothesis that the
effective plasma volume5 is reduced in patients
with cirrhosis of the liver and ascites awaits the
development of methods for making this measure-
ment accurately, particularly in patients with al-
terations in their plasma proteins, and in their
portal vascular beds.

SUMMARY AND CONCLUSIONS

The effects of sodium chloride administration
and restriction and of abdominal paracentesis on
electrolyte and water balance were studied in
seven patients with cirrhosis of the liver and
ascites.

During periods of sodium chloride ingestion,
ascites and edema accumulated at a rate approxi-
mating that expected if the salt was retained iso-
tonically. When a diet restricted in sodium was
provided subsequently the accumulation of fluid
was abruptly halted, and daily urine volumes in-
creased by amounts approximating the daily
weight gains previously observed during periods
of sodium ingestion. With continued dietary so-
dium restriction improvement in clinical nutritional
status, a progressive rise in the serum albumin and
sodium concentrations and fall in hematocrit usu-
ally occurred. Gradual diuresis with loss of as-
cites and edema was found to accompany these
changes.

Immediately following abdominal paracentesis
sodium was not retained isotonically in some pa-
tients. Water was retained in excess of salt.
This phenomenon is explained as follows: After
paracentesis hemoconcentration occurs. The pa-
tient responds to this by antidiuresis. Since so-
dium is already being maximally retained, the
resulting water retention contributes to hypo-
natremia which is most marked following para-
centesis.
The studies presented suggest that the effective

systemic plasma volume is decreased in patients
with cirrhosis of the liver and ascites who have had
repeated paraeenteses; and that the increased anti-
diuretic activity and the decreased sodium content
of the urine of these patients may be, in part at
least, the result of homeostatic responses initiated

5 Systemic plasma volume, exclusive of that contained
in the portal vascular bed.

by abdominal paracentesis, and also possibly by
the initial formation of ascites.
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