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According to present concepts, the ascites that
occurs in patients with cirrhosis of the liver is
formed by transudation from the plasma into the
peritoneal cavity through the walls of the capil-
laries of the portal system. A ready explanation
for this transudation has been at hand, based upon
the hypothesis originally proposed by Starling
(1 to 3) that interchange of fluid between blood
and tissue spaces is controlled by the balance be-
tween capillary blood pressure and osmotic pres-
sure of plasma proteins. In patients with cirrhosis
and ascites the portal venous pressure is high (4) ;
the serum albumin concentration (5 to 7) and the
serum colloid osmotic pressure (8) are low. The
observations of Post and Patek (7) have suggested
that the presence or absence of ascites in patients
with cirrhosis of the liver is determined chiefly by
the serum albumin level.

Recent observations have thrown doubt upon
this concept (9, 10). In the course of an investiga-
tion of the effects of intravenous injection of con-
centrated human serum albumin in patients with
cirrhosis and ascites (10) it was observed that
elevation of the colloid osmotic pressure of the
plasma to normal levels for periods of 2 weeks did
not decrease the rate of ascites formation. There
occurred instead a marked increase in the rate of
diffusion of albumin from the plasma into the as-
citic fluid and a rise in the colloid osmotic pressure
of the ascitic fluid which paralleled that of the
plasma.

Because these observations seemed inconsistent
with the accepted concepts of the mechanism of
ascites formation, the present studies were under-
taken in order (a) to determine whether or not
the formation of ascites in patients with cirrhosis
of the liver is controlled by osmotic factors, in ac-
cordance with the Starling hypothesis, and ()
to evaluate the role of the diffusion of plasma
proteins into the peritoneal cavity.

According to the Starling hypothesis, the flow
of fluid across the portal capillary membrane is

controlled by the balance of hydrostatic and col-
loid osmotic pressures on both sides of the mem-
brane (11), such that at equilibrium:

portal capillary pressure minus intra-abdominal
hydrostatic pressure = plasma colloid osmotic pres-
sure minus ascitic colloid osmotic pressure.

Disturbance of the osmotic balance by alteration
of any of these factors should produce correspond-
ing changes in the rate and direction of flow.

In order to test the validity of this hypothesis,
direct measurements were made of (1) the plasma
colloid osmotic pressure, (2) ascitic colloid osmotic
pressure, (3) the intra-abdominal hydrostatic
pressure, and (4) the ascitic fluid volume, both in
the unmodified course of the formation and loss
of ascites, and after experimental alteration of one
of the osmotic factors. The experimental eleva-
tion of plasma colloid osmotic pressure was ef-
fected by (a) mercupurin diuresis and (b) intra-
venous injection of concentrated human serum al-
bumin. Plasma colloid osmotic pressure was de-
creased by the oral administration of physiological
saline solution. Ascitic colloid osmotic pressure
was decreased by the intraperitoneal injection of
salt solution. Intra-abdominal hydrostatic pres-
sure was increased by the accumulation of ascites
and decreased by abdominal paracentesis. The net
transfer of albumin was calculated from the in-
crease or decrease of total ascitic albumin (ascitic
albumin concentration X ascitic volume).

METHODS

The subjects of these studies were 10 patients with cir-
rhosis of the liver receiving treatment on the wards of the
Columbia Research Service at the Goldwater Memorial
Hospital. The clinical diagnoses were confirmed by liver
biopsy (8 cases), laparotomy (1 case), or autopsy (1
case). Nine cases were of the Laennec type; 1 (patient
N.) was diagnosed as post-necrotic cirrhosis. The thera-
peutic regimen consisted, in general, of the nutritious diet
and supplements rich in vitamin B complex described by
Patek and Post (12).
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Colloid osmotic pressure

For the determination of colloid osmotic pressure an
Hepp osmometer (13) was used. In this apparatus a
2 cc. sample of serum or ascitic fluid is brought into
equilibrium at room temperature with a protein-free
“reference” salt solution across a semi-permeable collodion
membrane. The colloid osmotic pressure is directly
measured as the negative pressure upon the “reference”
solution which prevents the motion of a capillary menis-
cus. The equilibrium is rapidly established (usually
within 5 minutes), without significant volume change in
the sample and before appreciable loss of carbon dioxide.
The reproducibility of successive measurements was found
to be +1 mm. H,O (118 duplicate measurements).
Comparison of measurements upon the same specimen of
serum before and after storage in the refrigerator for sev-
eral days, and with change of membrane, showed an aver-
age difference of 7 mm. H:O (40 duplicate measurements).

The Hepp osmometer and directions for its use were
furnished through the kindness of Dr. Bernard Davis.
The composition of the “reference” solution was: 0.14 M
NaCl, 0.025 M NaHCOQO,. Collodion membranes of suit-
able permeability were prepared by the method of Pierce
(14) : 15 cc. of a 2 per cent Parlodion solution in 50
per cent absolute alcohol-50 per cent ether, containing
10.0 volumes per cent ethylene glycol, were poured onto
a mercury surface in an evaporating dish of 9.5 cm. diam-
eter, and evaporated to complete dryness (24 hours) in a
moisture-free atmosphere. The membranes were washed
for 48 hours in running tap water, and stored in distilled
water.

Blood samples were taken under standardized conditions
in order to minimize the effects of venous stasis (15, 16)
and of postural variation (17 to 19). The patients were
kept flat in bed for at least 2 hours before the taking of
blood samples. Venipuncture was accomplished as rap-
idly as possible after the tourniquet application, usually
within 1 minute. Under these conditions the average
diurnal variation of serum colloid osmotic pressure in a
given patient was =+ 2 per cent (14 samples). On succes-
sive days the average variation was +4 per cent (59
samples). Specimens of ascitic fluid were obtained with-
out difficulty or complication by inserting a No. 20
needle through the anterior abdominal wall after local
infiltration with novocaine.

Ascitic fluid volume

For the measurement of the volume of ascitic fluid a
procedure was devised based upon the dye dilution method
for the determination of plasma volume (20). The dyes
Evans blue (T—-1824) and brilliant vital red were found
suitable. After an ascitic fluid “blank” was withdrawn,
a measured quantity of dye was injected intraperitoneally.
Vigorous ballottement of the abdomen with several
changes of position produced apparently uniform distribu-
tion of the dye in % hour. A second specimen of ascitic
fluid, obtained %% to 1 hour after dye injection, was com-
pared with the blank in a spectrophotometer and the vol-
ume calculated. Following intraperitoneal injection of
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the dye there was no significant decrease in dye concen-
tration in the ascitic fluid within several hours. The dye
was first detected in the plasma 24 to 48 hours after intra-
peritoneal injection.

In order to test the accuracy of the method, dye-volume
determinations were performed before and after removal
of 4 to 7 liters of fluid from the peritoneal cavity (5 com-
parisons). The average difference, regardless of sign,
between the calculated volume differences and the actual
volumes removed was 375 cc.

- Intraperitoneal hydrostatic pressure

As a possible index to the effective hydrostatic pressure
in the tissues surrounding the portal capillaries, measure-
ments were made of the intraperitoneal hydrostatic pres-
sure under the following standard conditions. With the
patient flat on his back, a No. 20 needle was inserted
through the lateral abdominal wall at a standard level
halfway from back to front. The ascitic fluid was al-
lowed to seek a stable level in an L-tube manometer.

Readings were immediately reproducible within 5 mm.
H:0. In the same patient, in 2 successive periods of
ascites accumulation, at equal body weights, manometric
values agreed within 10 mm. H:O.

RESULTS

I. Observations upon the unmodified course of
ascites formation

A. The accumulation of ascites between abdominal
paracenteses

Repeated cycles of accumulation of ascites be-
tween abdominal paracenteses were studied in pa-
tients whose ascites formation was at an ap-
proximately steady state. The object was to
determine what influence the accumulation of as-
cites has upon the balance between the osmotic
forces.

Ascitic fluid volumes were measured at intervals
through 10 periods of ascites accumulation in 4
patients. The average interval between abdominatl
paracenteses was 12 days. The average ascitic
volume at paracentesis was 8 liters. The ascitic
volume increased rapidly during the first 3 days
post-paracentesis ; thereafter the rate of increase
was uniform. The intraperitoneal hydrostatic
pressure increased with the accumulation of ascites
from an initial value of about 125 mm. H,O to
about 225 mm. H,O at the time of paracentesis

. (2 periods in 1 patient). The colloid osmotic

pressures of the serum and ascitic fluid (15 pe-
riods in 6 patients) were approximately constant
throughout each period (Figure 1).
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COLLOID OSMOTIC PRESSURE OF
SERUM AND ASCITIC FLUID WITH
ACCUMULATION OF ASCITES
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The constancy of the colloid osmotic pressures
of the plasma and ascitic fluid in the face of a
nearly 2-fold increase in the intra-abdominal hy-
drostatic pressure suggests that either (1) trans-
udation into the peritoneal cavity is independent
of the intra-abdominal pressure in this range or
(2) some type of equilibrium is maintained be-
tween the hydrostatic and colloid osmotic pres-
sures as the. ascites accumulates. In the latter
case, the findings suggest that increase in intra-
abdominal hydrostatic pressure in the course of
ascites accumulation is balanced by a concomitant
increase in portal capillary pressure.

B. Long term studies of the formation and spon-
taneous absorption of ascites

The measurements of colloid osmotic pressure,
described above in patients at a steady state, were
extended over longer periods of time in order to
determine the relation between the colloid osmotic
pressures of the plasma and ascitic fluid in the
course of (1) spontaneous variation in the plasma
colloid osmotic pressure and (2) spontaneous ab-
sorption of ascites.

Three patients were studied through periods of
4 months to 1 year. Changes in serum colloid os-
motic pressure (up to 120 mm. H,O) were accom-
panied by parallel changes in ascitic colloid osmotic
pressure, so that the difference between the col-
loid osmotic pressures of the serum and ascitic
fluid remained approximately constant (== 10 mm.

H,O) in each patient throughout the periods of
study.
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In 2 of these patients the studies extended
through periods both of formation and spontaneous
loss of ascites. Loss of ascites in these cases was
gradual over 2 to 3 months. Associated with the
diuresis there was a gradual elevation of the serum
colloid osmotic pressure from levels of 200 to 240
mm. H,O to levels of 270 to 300 mm. H,O. The
colloid osmotic pressure of the ascitic fluid in-
creased with that of the serum. Associated with
the transition from formation to absorption of
ascites there was no change in the relation between
the colloid osmotic pressures of the serum and
ascitic fluid.

These observations suggest that in each patient
a constant difference between the colloid osmotic
pressures of the plasma and ascitic fluid is main-
tained through equilibrium with a constant effec-
tive hydrostatic pressure in the portal system.
This phenomenon suggests that there is no signifi-
cant decrease in effective portal pressure during
spontaneous loss of ascites.

I1. Experimental alteration of the osmotic factors

In order to test the hypothesis that approximate
equilibrium exists between the plasma and ascitic
fluid, the colloid osmotic pressures of the plasma
and ascitic fluid were experimentally altered by
the following measures: (A) mercupurin diuresis,
(B) oral administration of isotonic sodium chlo-
ride solution, (C) intraperitoneal injection of
isotonic sodium chloride solution, and (D) intra-
venous injection of concentrated human serum al-
bumin.

A. Mercupurin diuresis

Mercupurin was used as a means of increasing
the colloid osmotic pressure of the plasma. Previ-
ous authors have reported elevation of the serum
colloid osmotic pressure (21) or of the serum
protein concentration (22) in association with
organic mercurial diuresis, presumably through
the mechanism of hemoconcentration. Mercurial
diuresis without apparent hemoconcentration has
been observed (22, 23, 24). In the present stud-
ies, significant elevation of serum colloid osmotic
pressure occurred when the urinary output ex-
ceeded the control values by 2500 cc. (4 experi-
ments). The colloid osmotic pressure rose 10 to
20 mm. H,O, 4 hours after intravenous injection



148

MERCUPURIN DIURESIS
MERCUPURIN

NIRRT
SERUM . ®e Lo
coLLolD 240yt et e
0SMOTIC
PRESSURE
mm.llgo 16
001. ASCITIC _ .o _ :--.---:
00 ' WEIGHT
[
% " KG.
90
ASCITIC 4000 |% 89
VOLUME [~
cc. 88
2000 07
® Body weight 86
o Ascitic volume
oL
4000}
FLUID
ce/0A 2000 Fluid intake
urine vol.
DAYS —— 0 8 12

F1c. 2. Errects or REPEATED INTRAVENOUS INJECTIONS
oF MErcUPURIN (PaTIENT G.)

Mercupurin injections (2 cc.) are indicated by arrows
at the top of the figure.

of 2 cc. mercupurin, reached a peak increase of
30 to 40 mm. by the 8th hour, and then fell about
15 mm. H,O in the next 16 hours. In 4 cases
where excess urinary output was less than 2000
cc., no significant elevation of serum colloid os-
motic pressure was observed.

The effects of repeated daily intravenous in-
jections of mercupurin (2 cc.) were studied in
3 experiments upon 2 patients through periods of
5 to 11 days (Figure 2). The diuretic response
was variable, with extremes of 0 to 3500 cc. per
24 hours. The serum colloid osmotic pressure,
measured 24 hours after injection, increased only
slightly during the period of mercupurin injec-
tions. The body weight and ascitic volume de-
creased following diuresis. The colloid osmotic
pressure of the ascitic fluid increased by about the
same increment as that of the serum, with a lag
of 24 to 48 hours.

B. Oral administration of isotonic sodium chloride
solution

In the present investigation, salt solution was
administered in order to effect hemodilution and
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decrease of the plasma colloid osmotic pressure
(25, 26). Two patients were given orally, in ad-
dition to their usual salt-poor regimen, 2000 cc.
of 0.9 per cent sodium chloride daily for 3 suc-
cessive days (Figure 3). The serum colloid os-
motic pressure fell progressively. The maximum
decrease was 40 mm. H,0. The body weight and
ascitic volume increased precipitously by com-
parison with the control periods. The excess as-
citic fluid represented approximately 14 the in-
crease in body weight. The colloid osmotic pres-
sure of the ascitic fluid decreased with that of the
serum. The maximum decrease was 30 mm. H,0.

C. Intraperitoneal injection of isotomic sodium
chloride solution

In order to study the effects of decrease of the
colloid osmotic pressure of the ascitic fluid, the
ascitic fluid was diluted by withdrawing ascitic
fluid from the peritoneal cavity and instilling an
equal volume of isotonic sodium chloride solution

(2 cases). Strict precautions were exercised
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against bacterial or chemical inflammation of
the peritoneum.

The results of repeated daily intraperitoneal in-
stillations of salt solution are shown in Figure 4.
The colloid osmotic pressure of the ascitic fluid
was decreased step-wise to a minimum value 80
mm. H,O below the preinjection level. In the 6
days following the last intraperitoneal injection,
the ascitic colloid osmotic pressure rose to a level
50 mm. H,O below the control level. The rate
of ascites formation showed a slight decrease.
The serum colloid osmotic pressure decreased
gradually during the period of dilution of the as-
sitic fluid. The final decrease (50 mm. H,O)
was approximately the same as that of the col-
loid osmotic pressure of the ascitic fluid.

The decrease in plasma colloid osmotic pres-
sure was due, at least in part, to an increased trans-
fer of protein from plasma to ascitic fluid. Dur-
ing the 10-day control period the calculated total
ascitic fluid albumin increased 6 grams per day.
During the first 8 days of ascitic fluid dilution, the
calculated average daily increase was 10 grams.
Since there were neither physical signs nor cyto-
logical evidence of peritoneal inflammation, it
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may be postulated that the diffusion of protein
was increased as a function of an increased protein
concentration gradient between the plasma and
the ascitic fluid.

D. Intravenous injection of concentrated human
serum albumin

The effects of intravenous administration of con-
centrated albumin are described in detail in a sepa-
rate report (10). From the point of view of the
present study, the results may be summarized as
follows :

Three patients received daily intravenous in-
jections of 50 grams of concentrated human serum
albumin (containing 0.3M NaCl) for periods of
13 to 16 days. The serum colloid osmotic pressure
increased during the period of albumin therapy
and then decreased (Figure 5). The values
reached normal levels (above 300 mm. H,0O) by
the 7th day of injection and remained in the nor-
mal range for 2 weeks. The colloid osmotic pres-
sure of the ascitic fluid increased and decreased
with that of the serum (Figure 5). There was a
3-fold increase in the rate of transfer of albumin
from the plasma to the ascitic fluid during the pe-
riod of albumin therapy. The rate of formation of
ascites was not decreased.

DISCUSSION

The aims of the present investigation, as out-
lined earlier, were (1) to determine whether the
formation of ascites is controlled by osmotic forces,
and (2) to evaluate the role of protein diffusion
from the plasma into the ascitic fluid. The ex-
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perimental results may be interpreted to throw
light upon these problems.

I. Osmotic equilibrium between the plasma and
the ascitic fluid

The experimental data suggest that approxi-
mate osmotic equilibrium exists between the plasma
and the ascitic fluid. In each patient there was
a constant difference between the colloid osmotic
pressures of the plasma and ascitic fluid. Ex-
perimental disturbance of this relation altered the
rates of fluid and protein transfer in directions
tending to reestablish the previous colloid osmotic
pressure difference. It may be postulated that
this constancy of the colloid osmotic pressure dif-
ference (plasma colloid osmotic pressure minus
ascitic colloid osmotic pressure) is maintained
through osmotic equilibrium with a constant net
hydrostatic force (portal capillary pressure minus
intra-abdominal hydrostatic pressure) in accord-
ance with the Starling equilibrium equation. The
effective portal pressure in each patient may be
assumed to depend upon the degree of intra-
hepatic portal obstruction.

As a corollary to this hypothesis, the possibility
suggested itself that measurements of the colloid
osmotic pressure difference between the plasma
and ascitic fluid might serve as an index to the
relative portal venous pressure. Preliminary com-
parisons of such measurements in patients with
cirrhosis of the liver, portal venous thrombosis,
chronic glomerulonephritis in the nephrotic phase,
and peritoneal carcinomatosis tend to support
this view (Table I), but comparisons with direct

TABLE 1

Colloid osmotic pressure differences between serum and
ascitic fluid in various diseases: Correlation with
expected degree of portal obstruction

Serum C.O.P.
Disease gegxg mi%l‘so a}is;.:itic
mm. H:0 mm. H:0
Laennec’s cirrhosis 180-317 | 175430 mm.
(14 cases)
Portal venous thrombosis 275-295 | 24445 mm.
(1 case)
Chronic glomerulonephritis in
nephrotlc ;)hase 87-129 8646 mm.
2 cases,
Pentoneal tumors 242-310 | 110420 mm.
Ovarian carc.: 1
Breast carc.: 1
Lymphosarcoma: 1

HAROLD MANKIN AND ALICE LOWELL

measurements of the portal venous pressure at
laparotomy are necessary for confirmation.

I1. Diffusion of plasma proteins into the peritoneal
cavity

If the above hypothesis is accepted, that the
plasma and ascitic fluid are in osmotic equilibrium,
it must follow that transudation into the peritoneal
cavity proceeds only by virtue of protein diffus-
ion from the ‘plasma into the ascitic fluid. At a
state of true osmotic equilibrium no net transfer
of protein or fluid would occur in either direction.
But the process of ascites formation may be pic-
tured as one of partial or dynamic equilibrium in
the sensé that the diffusion of plasma proteins into
the ascitic fluid, which would tend to increase the
colloid osmotic pressure of the ascitic fluid, is
balanced by fluid adjustments sufficiently rapid
to maintain osmotic equilibrium. In support of
such a concept are the observations of Loeb,
Atchley, and Palmer (27), Van Slyke, Wu, and
McLean (28), and of Hastings and his co-workers
(29), that the electrolyte distribution ratios be-
tween the plasma and the ascitic fluid are in ac-
cord with the Gibbs-Donnan law (30, 31) govern-
ing osmotic equilibrium between solutions of un-
equal protein concentration.

The influence of protem diffusion into the asc1t1c
fluid is illustrated in 2 experiments described
above. The effects of mercupurin diuresis and of
intravenous injection of concentrated albumin are
similar in that (1) the plasma colloid osmotic pres-
sure is increased in both instances, and (2) the
ascitic colloid osmotic pressure tends to increase
parallel with that of the plasma. However, in the
former experiment, the increase of ascitic colloid
osmotic pressure is apparently effected by ab-
sorption of fluid from the peritoneal cavity, while,
in the latter, there occurs instead an increased
diffusion of albumin from plasma to ascitic fluid.

This increased diffusion of albumin into the
ascitic fluid following intravenous injection of
albumin may be correlated with the observed in-
crease in plasma volume (10). Previous workers
have shown that (a) experimental elevation of
blood volume produces increased portal venous
pressure (1), and (b) experimental venous con-
gestion produces increased diffusion of plasma pro-
teins through the capillary walls (16). Accord-
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ingly, the injection of concentrated albumin may
be pictured as having 2 competing effects: (1)
elevation of the plasma colloid osmotic pressure,
which would tend to withdraw fluid from the peri-
toneal cavity, and (2) increase of the plasma vol-
ume (by rapid absorption of fluid from the inter-
stitial spaces), which would tend to increase the
portal capillary pressure and thus increase the
rate of diffusion of albumin into the ascitic fluid.
The net effect in a given patient might be expected
to depend upon (a) the permeability of the portal
capillaries, (&) the renal response to an increase
of plasma volume (10), and (¢) the amount of
albumin injected.

II1. The mechanism of ascites formation

The pathogenesis of ascites in patients with
cirrhosis of the liver has not been revealed in the
present studies. It would appear that ascites for-
mation is the result of a combination of factors: in-
creased portal capillary pressure, decreased plasma
colloid osmotic pressure, and increased diffusion
of protein through the walls of the portal capil-
laries. These in turn may be influenced by such
factors as: increased plasma volume (10, 32),
electrolyte changes, and antidiuretic substances
(9, 10). The relationships among these several
factors need further study.

SUMMARY

Osmotic factors influencing the formation of as-
cites were studied in 10 patients with cirrhosis of
the liver. The colloid osmotic pressure of serum
and ascitic fluid, the intraperitoneal hydrostatic
pressure, and ascitic volume were measured (a)
during the unmodified course of formation and loss
of ascites, and (&) following experimental altera-
tion of the colloid osmotic pressure of the plasma
or ascitic fluid.

1. In the unmodified course of formation and
loss of ascites, changes in serum colloid osmotic
pressure were accompanied by parallel changes in
ascitic colloid osmotic pressure, so that the differ-
ence between the colloid osmotic pressures of the
serum and ascitic fluid was approximately con-
stant in each patient through periods of 4 months
to 1 year.

2. The accumulation of ascites between abdom-
inal paracenteses was associated with a nearly 2-
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fold increase in the mean intraperitoneal hydro-
static pressure. Except for a brief period im-
mediately following paracentesis, the ascitic vol-
ume increased at a uniform rate. The colloid
osmotic pressures of the serum and ascitic fluid
remained constant.

3. Increase of the colloid osmotic pressure of
the plasma following mercupurin diuresis was as-
sociated with: (a) absorption of fluid from the
peritoneal cavity, and (b) increase of the colloid
osmotic pressure of the ascitic fluid.

4. Decrease of the colloid osmotic pressure of the
plasma following the oral administration of iso-
tonic sodium chloride solution was associated
with: (a) increased transudation into the peri-
toneal cavity, and (b) decrease of the colloid os-
motic pressure of the ascitic fluid.

5. Decrease of the. colloid osmotic pressure of
the ascitic fluid by the intraperitoneal injection of
isotonic sodium chloride solution was followed by :
(a) a slight decrease in the rate of ascites forma-
tion, (b) increased diffusion of plasma proteins
into the ascitic fluid, and (¢) decrease of the
plasma colloid osmotic pressure.

6. Increase of the colloid osmotic pressure of
the plasma by the intravenous injection of con-
centrated human serum albumin in 3 patients did
not result in absorption of fluid from the peri-
toneal cavity. The effects were: (@) a 3-fold in-
crease in the rate of transfer of albumin from the
plasma into the ascitic fluid, and (b) increase of
the colloid osmotic pressure of the ascitic fluid
parallel with that of the plasma.

7. In each instance, the changes in the rates of
fluid and protein exchange tended to restore the
preexisting constant difference between the col-
loid osmotic pressures of the plasma and ascitic
fluid.

CONCLUSIONS

1. Approximate osmotic equilibrium exists be-
tween the plasma and the ascitic fluid during un-
modified formation and loss of ascites.

2. The flow of fluid between the plasma and as-
citic fluid is influenced by experimental disturbance
of the osmotic balance, in accordance with the
Starling hypothesis.

3. The diffusion of plasma protein into the as-
citic fluid is an important factor influencing the
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formation of ascites, both in the unmodified course
and after experimental alteration of the osmotic
balance.
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