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ON POSSIBLE SITES OF DEGRADATION

By SOLOMONA. BERSONAND ROSALYNS. YALOW
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(Submitted for publication July 20, 1953; accepted November 25, 1953)

The use of I'll labeled human serum albumin
as a tracer has permitted the study of transfer of
serum albumin between plasma and extravascu-
lar compartments. Distribution of intraven-
ously administered iodoalbumin between plasma
and ascitic fluid has been previously analyzed in
terms of a simplified two compartment system
(1, 2). In the present investigation iodoalbumin
was administered intraperitoneally and the ki-
netics of distribution were analyzed by reference
to a three compartment schematic model com-
posed of ascitic fluid, plasma and extravascular
spaces other than peritoneal cavity. The time
course of excretion of the radioactive iodine re-
leased by degradation of the labeled albumin was
also followed in an attempt to localize the site of
metabolic breakdown of iodoalbumin.

METHODS

The subject of the distribution study was a 50-year-old
white man, who, over the preceding eight months, had
been subjected to repeated paracenteses for ascites second-
ary to Laennec's cirrhosis. Ten drops of Lugol's solution
was administered three times a day throughout the period
of observations to inhibit uptake by the thyroid of iodine
released from the degraded iodoalbumin. Following ad-
ministration of 112 uc of dialyzed 1131-tagged human serum
albumin into the peritoneal cavity, ascitic fluid and hepar-
inized plasma samples were obtained at almost daily
intervals and complete urine collections were made.
Under these conditions, loss of radioiodine from the body
is almost entirely accounted for through renal excretion
(2). Furthermore, owing to the relative rapidity of ex-
cretion as compared to degradation, the curve of urinary
excretion of radioiodide may be considered as virtually
identical with the curve of iodoalbumin degradation (2).

Radioactivity in plasma, ascitic fluid, and urine was
assayed as previously described (2). Albumin concentra-
tions in plasma and ascitic fluid were determined both by
the micro-Kjeldahl method employing the technique of
Kingsley (3) for the precipitation of proteins and by
electrophoretic analysis. Previous observations (2), that
at least 98 per cent of radioactivity in ascitic fluid and
plasma is precipitable with cold 10 per cent trichloracetic

acid, were confirmed. The patient did not have detectable
proteinuria and radioactivity in the urine was not precipi-
tated by trichloracetic acid even after carrier albumin was
added.

The ascitic fluid volume was calculated from the 15-
minute space of distribution of the Ill labeled albumin and
was determined at the beginning and at the end of the
experiment. Shaking and massage of the abdomen facili-
tated mixing. Plasma volume had been measured previ-
ously (2) with I131 labeled albumin (4) and was assumed
to be unchanged.

SCHEMATICMODEL

Following intraperitoneal injection, the fluid compart-
ments are represented as components of a catenary system'
in which the peritoneal cavity and extravascular space'
(other than peritoneal cavity) are end compartments
communicating with the intervening plasma compartment,
as shown in Figure 1. Although it is presumed that
albumin leaves the blood stream by passage through the
capillary walls, it is probable that return is chiefly by way
of the lymphatics under normal conditions. The bound-
ary for return from ascitic fluid to plasma would then in-
volve an intervening shunt, the lymphatic vessels, which
is considered a part of the extravascular space. In addi-
tion, another shunt space is the right pleural cavity which
may receive albumin from the peritoneal cavity in a one-
way transfer. However, the quantity of albumin within
these shunts at any time is small compared to that in any
of the three major compartments and is therefore neglected.

Following intravenous administration of 1131 albumin to
subjects without abnormal fluid accumulations, such as
ascites, a 2 component curve of disappearance from plasma
was previously observed in most instances (2). This
curve possibly represents a mammillary system in which
the central reservoir, plasma, is in communication with

1 The term catenary is used by Sheppard & Householder
(5) to describe a series of compartments communicating
endwise with each other. The term mammillary is used
to describe a number of peripheral compartments in com-
munication with a central reservoir.

2The extravascular space of serum albumin distribution
is thought to be composed chiefly of fluid in the interstitial
(extracellular) space and lymphatic channels but the
possibility of some intracellular localizations is not ex-
cluded.
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Site of lodoolbumin administration
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FIG. 1. SCHEMATIC MODELFOR TRANSFEROF FU
ALBUMIN ADMINISTERED INTRAPERITONEALLY

two groups of extravascular spaces with different average
*net transfer rates. In the present study it was felt that
consideration of more than a single rate of transfer between
plasma and extravascular space would introduce unresolv-
able complications into the analysis. Therefore, the
extravascular spaces were assumed to comprise a single
compartment communicating with plasma by a single
transfer rate representing an average of all such transfer
rates.

Let A, P, and E be the quantities of exchangeable endog-
enous albumin in ascitic fluid, plasma and extravascular
space, respectively, A*o be the total amount of 1131 labeled
albumin introduced into the ascitic fluid compartment and
A*, P*, and E* be the fractions of A*o in the respective
compartments at any time, t. Let Xap, Xpe, Xpe, and Xp be
the rate constants of transfer between the compartments
in the directions indicated by the order of the subscript
designations, and A*.., P5., and Erg. be the fractions of A*o
in the respective compartments at distribution equilib-
rium.'

In the "steady state," the quantities of endogenous
albumin in the various compartments remain unchanged.
Assuming that the amounts being transferred in each di-
rection remain constant and that the labeled and unlabeled
molecules behave identically, then

dA* _-XpA* + XjwP*=t -

dP* aP* + X.A* XIwP* + A.pE*

d c-ApEX + X,.P*

Employing the conditions that
A5 A*o, P* 0, E* - 0

(1)

(2)

(3)

when t - 0

and
A* = Ar,, P* = Pai,, E* = E*, when t - co,

In this paper distribution equilibrium is defined as a

dynamic state in which transfer of the labeled albumin
from one compartment to another per unit time is balanced
by transfer of an equal amount in the reverse direction.

the system of simultaneous linear differential equations,
(1) (2) (3), is solved for A*, P* and E* by standard meth-
ods (Appendix A).

A* = A*. + cle-st + c2e)x2t (4)
P* - P*, - (k1 + cs)e-1t - (k2 + c2)e-xst (5)
E*- E*, + kie-slt + k2e-st (6)

where

XIIX2- i I (X\p + Xpe + Xap + Xep) 1 [(\Xp + Xpe
+ Xap + Xap)2 - 4(X~pXpe + X.pXp. + X&pXep)iTI

As) -XlpA*o k _ X2E...
A Xi 2-X

c- Xi(A*o A*) PA*o k= XE*,,

ANALYSIS OF OBSERVEDDATA

The amounts of I'13-albumin in the ascitic
fluid and plasma compartments at any time, t,
were calculated as the products of the compart-
ment volumes and the respective concentrations
of I131-albumin. The previously determined
plasma volume was assumed to remain unchanged
throughout the period of observations. How-
ever, over this 22-day period, the ascitic fluid
volume increased from 14.5 to 21 liters. This
increase, averaging 295 milliliters per day, or
between 1I per cent and 2 per cent per day, was
assumed to proceed linearly with time, since the
subject's weight increased gradually over this
period. This necessary approximation probably
did not introduce an error of more than S per

TABLE I

Ascitic fluid and plasma concentrations
of serum albumin*

Ascitic
Day of fluid Plasma
study Gm./100 ml. Gm./100 ml.

5 1.50 2.95
6 1.50 2.85
7 1.51
8 1.58

12 1.49 3.04
13 1.44 3.00
14 1.48 2.98
15 2.98
16 1.45
19 1.51 2.85
20 1.47 3.05

* These values were obtained from Kjeldahl determina-
tions. Electrophoresis gave absolute values which were
somewhat lower but with the same ratio between plasma
and ascitic fluid.

378

i



DISTRIBUTION KINETICS OF I1""-ALBUMIN

cent into the calculation of total ascitic fluid Il31-
albumin at any time.

Then,
P* - plasma volume (ml.) X fraction of A*o/

ml. plasma
A* = ascitic fluid volume (ml.) X fraction of

A*o/ml. ascitic fluid
ascitic fluid volume (ml.) = 14,500 + 295t

where t is the number of days from the beginning
of the study.

The total quantity of extravascular iodoalbu-
min was calculated as the total iodoalbumin re-
maining within the body, less the sum of ascitic
fluid and plasma iodoalbumin. The amount re-
tained within the body (A*o rt) at any time, t,
was taken as the dose administered less the
cumulative renal excretion up to that time.

I.-
U

49

U
a:

hi
0.

49
-J
hi

z
a:
w
4ng
I--

Ow(00
a
IA.
0

2
2

IC.

Then,
A*rot = A*o -U*
E* A*o ret - (P* + A*)

where U* is the cumulative urine excretion.
Direct determinations of extravascular I131-

albumin concentration were not feasible. How-
ever, such determinations would not have per-
mitted estimates of total extravascular I'll-albu-
min since there are wide variations in albumin
concentration in different portions of this com-
partment and the volume of each portion is not
known. The concentrations of albumin in asci-
tic fluid and plasma remained essentially constant
(Table I). When the relative specific activities
of the ascitic fluid, plasma and extravascular
space were plotted as a function of time on semi-
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FIG. 2. RELATIVE SPECIFIC ACTIVITIES OF 1131 ALBUMIN IN ASCITIc FLUID, PLASMAANDEXTRAVASCULAR
FLUID AND URINARY EXCRETIONOF RADIOACTIVITY AS A FUNCTIONOF TIME FOLLOWINGINTRAPERITONEAL
INJECTION OF I131 ALBUMIN

Points on the ascitic fluid (A) and plasma (P) curves are derived from experimentally determined values.
Points on the extravascular fluid curve were calculated as described in Figure 3 and the text. Total endogenous
albumin in plasma was 137 grams, in extravascular fluid 157 grams, and in ascitic fluid 217 grams at onset in-
creasing to 316 grams at conclusion of study.
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logarithmic paper (Figure 2), it was obvious that
equilibrium conditions were still not satisfied
even at the end of 22 days since the specific ac-
tivity in the ascitic fluid was still greater than
that of the plasma at that time. However, the
long plateau maintained by the plasma specific
activity indicates that the plasma had virtually
reached its equilibrium specific activity at that
time.

Since the specific activity of the plasma at
equilibrium defines the specific activities at
equilibrium for the other two compartments as
well, the predicted radioactivities at equilibrium
for the ascitic fluid and extravascular space may
be obtained at any time from the values for total
albumin in each of these compartments. Since
the quantity of ascitic fluid albumin increased
throughout the period, however, the equilibrium
values did not remain constant as in an ideal
closed steady state system and some considera-
tion had to be given to the source of this increased
ascitic fluid albumin. The patient had been re-
lieved of approximately 1000 grams of albumin
by repeated paracenteses over a five-month
period. When this is compared with his total
exchangeable albumin (excluding ascitic fluid
albumin) of about 300 grams, it is clear that,
much, if not all, of the observed increase in
ascitic fluid albumin was due to newly formed
albumin in excess of albumin degraded. That
little of the increase could have been due to shift-
ing from plasma and extravascular space is sub-
stantiated by the maintenance of a constant
plasma concentration during this period (Table
I) and a relatively fixed quantity of albumin
outside the peritoneal cavity. This is indicated
by the following calculations. On the last day
of observations total exchangeable albumin was
609 grams (vide infra) and ascitic fluid albumin
was 315 grams. The difference, 294 grams repre-
sents the sum of plasma albumin (137 grams)
and albumin in the extravascular space (157
grams). These figures are to be compared with
the previously determined value of 385 grams
total exchangeable albumin at a time when the
ascitic fluid contained 75 grams (2). Thus, this
subject maintained about 300 grams in plasma
and extravascular space other than ascitic fluid.

For the foregoing reasons the total albumin

contents of the plasma and extravascular com-
partment were considered to remain unchanged,
the accumulation of ascitic fluid albumin being
associated with an increase in the total exchange-
able albumin. The total exchangeable albumin
on the last day of observations was calculated as
the retained dose divided by the specific activity
of plasma albumin. This amounted to 609
grams. Total exchangeable albumin (TEA) on
each preceding day was then estimated by sub-
tracting from this value the daily increments of
ascitic fluid albumin. Equilibrium values for
each compartment at every point were then
calculated from the following formulas.

A*O = As- (TEA)t

E* Et-% (TEA)t
Pa* _ Pt

eq- (TEA)t
A*eq,, E*,,, and P*,q,, therefore, represent the

fractions of A*o .t which would be present in the
respective compartments at time t if the tracer
were instantaneously distributed throughout the
system at that time.

The fractions of A*o ot in each of the compart-
ments and the calculated values for A*,,, P*oqgp
and E*cu, are shown in Figure 3. The curves
were resolved into their various exponential
components by subtracting the values for each
point from the respective equilibrium values and
plotting the differences. Following extrapola-
tion of the straight line component of each of
these curves to zero time, the same process was
repeated for the evaluation of the second expon-
ential. The coefficients were determined from
the vertical axis intercepts and the values for XI
and X2 were calculated from the means of the
decay constants of each of the exponentials in
the three curves. There was reasonable agree-
ment of values for each of the decay constants
determined from the three curves.

The observation that cl + c2 + Aeqt is about
5 per cent lower than A0, may be attributable
to mixing of the originally injected material with
only 95 per cent of the entire volume of ascitic
fluid during the first fifteen minutes.
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FIG. 3. GRAPHIC ANALYSIS OF THE DISTRIBUTION CURVES

Fraction of dose retained in ascitic fluid (A), plasma (P) and extravascular space (E) has been plotted
as a function of time following intraperitoneal administration of 1181 albumin. Points on curves A and P
are derived from experimentally determined values. Points on curve E are calculated from the relation-
ship Ao,.% = At + Pt + E1. Calculations for Aeq1, Peq1 and Eeq1 are described in the text. Points
underscored with a bar are obtained by subtracting from the respective equilibrium values, simultaneous
points on curves A, P. and E. Points on the extrapolated terminal straight line component of the new
curves thus produced were then subtracted from these curves to give the points overscored with a bar.

Quantitative evaluation of albumin transfer be-
tween compartments and consideration of the
errors involved
The rate constants X.,,, Xpaq, X, and X1, can be

mathematically expressed (Appendix B) in
terms of the coefficients and exponents of
equations 4 to 6 which are obtained from analysis
of the experimentally determined curves in
Figure 3. However, the values for the rate con-
stants, calculated in this manner, are quantita-
tively valid only within the steady state condi-
tions imposed by the theoretical analysis. The
approximations necessitated by the departure
from these conditions induces certain discre-

pancies into the derived quantitative data which
may be considered as follows.

Since the quantity of endogenous albumin in
the ascitic fluid increased, the steady state con-
ditions were not fully realized. However, it is
reasonable to assume, as in the theoretical analy-
sis, that during the period of observations the
absolute quantities of albumin crossing the
boundaries in each direction per unit time did not
change significantly; that is, that the products
of the rate constants and the total quantities of
albumin in the respective compartments re-
mained constant. From the evidence pointing
to a fairly constant amount of albumin in
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plasma and extravascular space, the relative
constancy of Xp., XOp, and X, may be accepted.
But Xap must have decreased proportionately as
the ascitic fluid albumin increased. The con-
stancy of Xi and X2, as implied in Figure 3, is,
therefore, only approximate. This lack of con-
stancy is difficult to detect, however, since a 45
per cent decrease in Xap produces only a 14 per
cent change in Xi and less than a 1 per cent
change in X2

The steady state condition that XP = X4sA
is also not satisfied when there is a net increase in
ascitic fluid albumin. Since this increase aver-
aged about 4.4 grams daily, the experimental
condition for the albumin transferred per day is
XpaP = XvpA + 4.4. The value obtained for the
rate of albumin transfer from plasma to ascitic
fluid is then approximately 24 grams per day
(Appendix B) and that for transfer in the reverse
direction about 20 grams per day.

From these considerations it may be con-
cluded that, because of the approximations re-
quired by the absence of steady state conditions
(which rarely exist in disease states), the values
derived even from a reasonably complete analy-
sis of available data, can be considered only
roughly quantitative. Any further simplifica-
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tion of the reference scheme is likely to yield
even less precise quantitative results. An ex-
ample of this is presented in the values obtained
for albumin transfer between plasma and extra-
vascular fluid. It is calculated that approxi-
mately 30 grams daily passed in each direction
between plasma and extravascular fluid (Appen-
dix B). However, following intravenous ad-
ministration of iodoalbumin in subjects without
ascites, the initial fall in plasma concentration is
of the order of 5 per cent per hour (2, 4), which
indicates a transfer into extravascular fluid of
over 100 grams albumin per day. It is possible
that exchange between plasma and extravascu-
lar space was abnormally low in this cirrhotic
subject because of increased tissue tension result-
ing from edema. Yet large errors can result
from the simplifying assumption of a single
extravascular compartment communicating with
plasma at a single transfer rate. For example,
a small extravascular compartment equilibrating
rapidly with plasma could well escape detection
in this type of analysis and yet be responsible for
a quantitatively greater albumin traffic to and
from plasma than all the rest of extravascular
space.

From the theoretical point of view a complete
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FIG. 4. SPECIFIC ACTIVITIES OF 1131 ALBUMIN IN ASCITIc FLUID ANDPLASMAANDURINARYEXCRETIONOF RADIO-
ACTIVITY AS A FUNCTION OF TIME FOLLOWINGTHE INTRAVENOUSADMINISTRATION OF I11 ALBUMIN
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kinetic analysis of the closed steady state sche-
matic model requires only the curve of radio-
activity concentration in the ascitic fluid and a
knowledge of the total amounts of albumin in the
ascitic fluid and plasma. In practice, however,
even small experimental errors are sufficient to
lead to gross miscalculations when such limited
data alone are available. The failure to obtain
immediate complete mixing in the ascitic fluid
may lead to an early steep fall in concentration
of radioactivity which, if observations were con-
fined to this compartment alone, would be inter-
preted as indicating a greater transfer rate than
actually exists. On the other hand, as noted
above, a slight experimental error may also
obscure a rapid transfer component into a small
compartment. Extending observations to the
receiving compartments aids in discriminating
between experimental errors and variations
arising from the specific kinetic characteristics
of the system.

SITE OF IODOALBUMIN DEGRADATION

It has previously been noted that the curve of
renal excretion of radioactivity is virtually iden-
tical with the curve of degradation of iodoalbu-
min (2). If one compartment were the sole or
major site of degradation, it would be expected
that the renal excretion of radioactivity would
be more or less directly proportional to the radio-
activity present in the degrading compartment.
In Figure 4 are shown the results of a previous
experiment in the same subject where iodoalbu-
min was administered intravenously. Since asci-
tic fluid volumes were not measured directly,
calculated values for the extravascular space are
not shown. The renal excretion follows more
closely the specific activity of the plasma than
that of the ascitic fluid. In three other cirrhotic
subjects with ascites where ascitic fluid concen-
trations of radioactivity were not assayed, but
may be presumed to have shown generally simi-
lar increasing curves, the plasma and urine curves
were similar to those shown here. These pat-
terns indicate that degradation is not propor-
tional to ascitic fluid radioactivity and, there-
fore, that the ascitic fluid is not a major site of
degradation. A similar conclusion can be in-
ferred from the present study, since renal excre-
tion increased as ascitic fluid radioactivity de-

creased. There is also an apparently closer
correlation between the radioactivity in the
plasma and renal excretion than between the
radioactivity in extravascular space and renal
excretion. This suggests that extravascular
space as a whole is also not a major site of de-
gradation. However, the conclusion that the
parallelism of the plasma and urine curves indi-
cates the plasma as the site of iodoalbumin
catabolism must be avoided. An alternative
interpretation is that a certain segment of the
extravascular space in fairly rapid distribution
equilibrium with the plasma may be the site of
degradation. Previous studies (2) have shown
that there is some extravascular compartment
which exchanges rapidly with plasma. Owing
to some lag in excretion of degraded radioactiv-
ity and the presence of small amounts of protein-
free radioactivity even after prolonged dialysis,
the renal excretions over the first few hours can-
not be taken so seriously as to discriminate be-
tween the plasma and the rapidly equilibrating
extravascular compartments. The possibility
that this extravascular compartment is located
in an intracellular site cannot be excluded.

DISCUSSION

A general mathematical approach to the
problem of tracer mixing in multicompartment
systems has been presented by Sheppard and
Householder (5). The present study illustrates
the practical difficulties encountered in attempt-
ing to apply a theoretical analysis to a specific
problem, that of the distribution of intraperi-
toneally administered I'll tagged albumin. The
failure of the biological system to remain con-
veniently constant introduced discrepancies of
moderate degree into the derived data. The
simplifying reduction of all extravascular spaces
into a single compartment necessitated by the
lack -of information regarding the various extra-,
vascular compartments and the infeasibility of
repeated sampling of them may be responsible
for errors of greater magnitude. It would ap-
pear to be even less justified to neglect the extra-
vascular compartments entirely as well as the
consideration of changing volumes, as in the
approach of Schoenberger, Kroll, Sakamoto, and
Kark (1). These authors have concluded that
alterations in permeability are responsible for
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changes in albumin transfer rates observed in
cirrhotic patients under therapy (6). In view
of the obstacles which oppose the accurate
evaluation of these transfer rates it seems a bit
hazardous to rely too heavily on the quantitative
aspects of data calculated by reference to over-
simplified systems.

In spite of this conservative approach to the
significance of values obtained for albumin ex-
change among the various compartments, cer-
tain quantitative considerations are in order.
In normal subjects, extravascular space contains
approximately 150 to 200 grams of albumin (2).
Following intravenous administration of I'l
albumin to non-edematous subjects, the half
time for equilibration with the major portion of
this extravascular albumin is about 24 hours (2).
It thus appears that the rate of transfer of
plasma albumin to most- of the extravascular
compartment is normally only of the order of
five times the rate of transfer of plasma albumin
to ascitic fluid (24 grams per day) observed in
the cirrhotic subject of the present study. Krogh
(7) has estimated the total surface area of capil-
laries throughout the body to be about 6000
square meters. Since the total surface area of
the peritoneal capillaries probably does not ap-
proach that value within a factor of more than
one hundred, a conservative estimate must grant
an albumin transfer rate per unit capillary sur-
face area at least 20 times greater through the
average peritoneal capillary of this subject than
through the normal average extraperitoneal
capillary. Each square centimeter of the peri-
toneal membrane itself, which cannot have a
total surface area of much more than 1 square
meter, is therefore the site of even considerably
greater transfer activity. Data for the normal
subject would appear difficult to obtain without
altering normal physiological conditions.

The continued accumulation of ascitic fluid
albumin in cirrhotic subjects indicates either an.
abnormal increase in the rate of transfer from
plasma to ascitic fluid or a decrease in the rate

of removal from the peritoneal cavity or both.
We are not aware of any evidence bearing on

obstruction of the lymphatics which drain the
peritoneal cavity in cirrhosis, while the high
portal venous pressure present in this condition
suggests a mechanism for the first alternative.

Then, fluctuations in the rate of ascitic fluid ac-
cumulation in cirrhosis may depend chiefly on
changes in portal capillary pressure (as is sug-
gested by the occasional success of shunting
operations) rather than on any change in per-
meability of the capillaries. It would be of
interest to investigate the rate of albumin trans-
fer in nephrotic ascites where portal venous
pressure is not elevated.

It has been reported that, after intraperitoneal
administration of iodoalbumin, the specific
activity of ascitic fluid remains higher than that
of plasma (8). This relationship is more ap-
parent than true and in the present case owes
itself to a half time of over five days for the slow
component of the distribution curves. A month
or more may be required for essentially complete
distribution of iodoalbumin administered intra-
peritoneally to subjects with marked ascites.

The problem of the site of degradation remains
unsolved from the data at hand. It appears as
if the iodoalbumin is subject to degradation in
the plasma itself or in a rapidly equilibrating
extravascular compartment. Attempts to study
the proteolytic effect of plasma on iodoalbumin
in vitro have thus far given equivocal results.

It has previously been emphasized (2) that
the metabolic degradation of Il31 labeled albumin
has not as yet been conclusively demonstrated
to be identical with that of endogenous serum
albumin. Conclusions regarding iodoalbumin
metabolism can therefore only tentatively be
suggested as reflecting the fate of endogenous
albumin.

CONCLUSIONS

1. Following intraperitoneal administration of
I'll labeled human serum albumin, the kinetics
of distribution have been analyzed mathemati-
cally with reference to a three compartment
schematic model composed of ascitic fluid,
plasma, and extravascular fluid.

Errors of the analysis arising from non-steady
state conditions and deficiencies in the schematic
model are discussed.

2. It was demonstrated that essentially com-
plete distribution of intraperitoneally admin-
istered 1131 labeled albumin may require almost
a month in the presence of marked ascites. The
rate of albumin transfer from plasma to ascitic
fluid was calculated to be approximately 24
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grams per day. During a 22-day period of ob-
servations the ascitic fluid showed a net increase
in albumin content which averaged 4.4 grams
per day. Evidence is presented which indicates
that this increase represented newly formed al-
bumin rather than a depletion of exchangeable
albumin stores in plasma and extravascular fluid.

3. From considerations of relative available
capillary surface areas it is concluded that the
peritoneal capillary of the cirrhotic subject of
the present study permitted a much greater albu-
min transfer out of plasma than the average
capillary elsewhere in the body.

4. From a comparison of the time course of
renal excretion of radioactivity with the curves
of I'll labeled albumin in ascitic fluid, plasma
and extravascular fluid following intraperitoneal
and intravenous administration of the labeled
albumin, the site of degradation of iodoalbumin
has been inferred to be the circulating plasma or
some extravascular compartment equilibrating
rapidly with plasma.

APPENDIX A4

Solution of the differential equations 1, 2, 3

dA -= XapA + XpaP

dP = XpaP + XapA-XpeP +XepE

dE =_- XE+ XpeP

(3)

(3)

Differentiating (1) and substituting the value for

T given in (2) gives

d2A X- ddA - XPp (Xp& + Xl.)
+ 'XapXpA + XpX.pE (4)

Substituting the value for XPaP determined from
(1), differentiating and collecting terms,

d'A d2A

+ dA (Xif ),) = XpaXp dE (5)
4To avoid confusion the asterisks have been deleted

although only the labeled species is under consideration
here.

dESubstituting the value for ddE determined from

the relation dP + dA + dE O,and the value

for dP determined from the derivative of (1) and

collecting terms,
dIA d2A4-+7dt2 (p + Xps + Xp + X>)dA'

+ dA (XpaXep + XapXep + XapXpe) = 0 (6)

To solve for A we find the value of X so that (6)
will be satisfied by a solution of the form

A = ce xt (7)
Differentiating (7) and substituting in (6) re-
duces (6) to a cubic equation in X which has
three roots,

X19,2 = I- (Xap + Xpa + Xep + Xpe)
d [(lap + Xpa + Xep + Xpe)2
- 4(XpaX)p + XapXep .+ XapXpe)]1

x3 = 0
The general solution for A is, then,

A = cle)-1it + c2e-xAt + Cs

(8)

(9)

(1) which contains three essential arbitrary con-
stants and in which the values for X are the
negatives of those given above. Similarly

P = mie-lt + m2e-X2t + ma

E = kle-lt + kse-x2t + kg
(10)

(11)

At t., A, P, and E take on their X values,
Therefore ca = A., ma = P., k3 = Ec.. Since
Ao=A+P+E=A. +P +E., the sum
of equations (9), (10), (11) gives
(ci + ml + k1) e-)1t

+ (C2 + m2 + k2) e-"2t = 0, (12)
which is satisfied for all values of t only by

Ci + ml + k1 = 0
c2 + m2 + k2 = 0

Equations (9), (10), (11) may then be rewritten
in the form given in the body of the paper,

A = A,. + cle1lS + c2e-) 2t

P = P. - (k1 + cl)e-1-t

(13)

- (k2 + c2)e- Act (14)
E = E, + kle-lt + kse-s-(5
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From (1) and (13)
dA -_ XpA + XpaP = - Xic,
at t = 0

e- cet(t

- '2CKe- 2t (16)

dAt apAo =-X1C X2C2 (17)

Similarly from (2) and (14) at t 0

d= XapAo = Xl(k, + cl) + X2(k2 + c2) (18)

Then from (17) and (18),

k - 22k (19)XI
From (15), at t = 0

Eo = O = E. + ki + k2 (20)
Solving for k, and k2 from (19) and (20)

X2E00ki = - xi (21)

k =XE0 (22)

From (13), at t = 0

Ao = A. + ci + c2 (23)

From (17) and (23),

= 2X(Ao - A0) - XaLAo (24)
X2- XI

c XI (Ao - A00) - XapAo (25)c2 = ~X2 -X1
APPENDIX B5

Evaluation of the rate constants of iodoalbumin
transfer from the values obtained in

the graphical analysis
It is desired to express each rate constant in

terms of the coefficients and exponents of equa-
tions (13), (14), and (15) in Appendix A.

Substituting in (1), the values for A, P, and
dA derived from (13) and (14) of Appendix A,dt-
- cXie-xlt -c2X2e-X2t = X-p(A*z

+ cle- lt + c2e-x2t) + Xpa{P*ao
- (ci + kj)e-"'t - (k2 + c2)e-X2t} (1)

',The asterisks have been reintroduced here to differ-
entiate labeled from unlabeled albumin.

Collecting terms,
e-Xltt - ciXj + cX,, + (c, + ki)Xpa}

= ex2t {C2X2 - C2Xp - (k2 + C2)Xpa I
- XapA*oo + XpaP*ao

Since, from the equilibrium conditions,
- XapA 00 + XpaP*wo = 0,

equation (2) is satisfied for all values of t o

clX.p + (c, + ki))Xpa - cX, = 0

c2Xap + (c2 + k2)Xpa - c2X2 = 0

Solving for Xp, and x.,p,
ClC2(Xl - X2)pa~-C2k, - clk2

xap X _ (ci + kl)c2(XI - X2)

c2k, - ck2
Similarly,

(2)

nly if

(3)

(4)

(5)

-XP k~k2(X1 - X2) (7)cIk2 - C~ki

=e -I (k, + cI)k2(X, - X2) (8)cik2 - c2k(
The values obtained by graphical analysis
(Figure 3),

Xi = .133 day-i; X2 = .562 day-';
c, = .465; C2 = .060; ki= -.390, k2 = .095

are substituted in (5), (6), (7), and (8). Then

Xp = .102 day-i
Xpa = .178 day-'
Xp-= .236 day-'
XP = .178 day-'

When these values for the transfer rate con-
stants are substituted in equation (8) of Ap-
pendix A, the values obtained for XI and X2,

XI = .130 day-'
X2 = .564 day-i

agree with the graphical values used.
Employing the values for A, P, and E at the

beginning of the experiment, albumin transfer
from ascitic fluid to plasma is, then,
XgA = (.102 day-') (218 Gm.) = 22 Gm./day

Similarly,
Albumin transfer from plasma to ascitic

fluid = (.178) (137) = 24 Gm./day
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Albumin transfer E.V. space to
plasma = (.178)(157) = 28 Gm./day

Albumin transfer plasma to E.V.
space = (.236)(137) = 32 Gm./day

Discrepancies arising from the absence of strict
steady state conditions are discussed in the body
of the paper.
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