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A B S T R A C T This report describes studies of bili-
rubin kinetics in 13 healthy young adults. The plasma
content of unconjugated bilirubin-14C was determined at
frequent intervals for 24-30 hr after the intravenous in-
jection of a tracer dose of unconjugated isotopic bili-
rubin. Fecal and urinary radioactivity were measured
for 7 days. During this time cumulative recovery aver-
aged 96% of the injected dose. The plasma curves were
processed by digital computer. For the 30 hr experi-
mental period, a sum of three exponentials, with average
half-times of 18, 81, and 578 min, was required to de-
scribe the data. Using the plasma curve integral method,
the hepatic bilirubin clearance (47 +10 ml/min, mean
+SD), the bilirubin production rate (3.8 ±0.6 mg/kg per

day), and the mean red blood cell life span (101 ±13
days) were calculated directly from the parameters of
this function. To gain further insight into the metabolism
of unconjugated bilirubin, the data were also used to de-
termine the parameters of a multicompartmental model.
In the model proposed, plasma unconjugated bilirubin
exchanges with two additional pools, one of which is
thought to represent extrahepatic extravascular, and the
other intrahepatic unconjugated bilirubin. Bilirubin is
eliminated from the system via the proposed intrahepatic
pool. From the data and the model, pool sizes and ex-
change rates between compartments were calculated, and
the liver: plasma concentration gradient estimated. These
studies provide a detailed analysis of the kinetics of un-

conjugated bilirubin in a healthy normal population and
are intended to serve as a reference point for studies of
abnormal states.

INTRODUCTION
After the biosynthesis of bilirubin-14C by Ostrow, Ham-
maker, and Schmid in 1961 (1), this material was used
to determine the plasma clearance patterns and bilirubin
turnover rates in children with Crigler-Najjar syn-
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drome (2-4) and congenital biliary atresia (5). In these
unique situations, the existence of a very large whole
body bilirubin pool with a slow turnover rate permitted
the use of labeled bilirubin of low specific activity, and
of relatively simple methods of data analysis. The de-
velopment of methods for producing bilirubin-14C of
greater specific activity (6, 7), of a simple method for
the quantitative separation of unconjugated from con-
jugated plasma bilirubin (8), and of alternative mathe-
matical methods for processing more complex kinetic
data (9) have made it possible to carry out such studies
in any clinical situation. Our initial report demonstrated
the presence of characteristically abnormal clearance
patterns of bilirubin-"C in certain disease states, and of
increased rates of bilirubin turnover in association with
hemolysis or increased ineffective erythropoiesis (10).
Further investigation has confirmed the value of iso-
topic bilirubin clearance studies in the clinical assessment
of hepatic function and in the measurement of red blood
cell life span (11, 12). This report describes studies of
bilirubin kinetics in 13 young, healthy adults. Data were
processed by digital computer and used to calculate the
hepatic bilirubin clearance, the bilirubin production rate,
the mean red blood cell life span, and the parameters of
a multicompartmental model of the metabolism of uncon-
jugated bilirubin. These studies provide a detailed de-
scription of the kinetics of unconjugated bilirubin in
normal man and are intended to serve as a reference
point for studies of abnormal states.

METHODS
Subjects. Seven male and five female normal volunteers,

age 21-24 yr, were included in these studies. Each was ad-
mitted to the National Institutes of Health for a minimum
of 6 wk, between May, 1967 and August, 1968. Volunteers
met the following requirements: no history of jaundice,
acute or chronic liver disease, or infectious mononucleosis;
no history of anemia; no dietary abnormalities, alcohol, or
drug ingestion; normal values for the following laboratory
investigations: hemoglobin, hematocrit, white blood count,
platelet count, reticulocyte count (average < 1% with no
value > 1.5%), chromium-labeled red cell survival (Ti > 26
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days); bilirubin concentration and partition, serum glutamic
oxaloacetic transaminase (SGOT), alkaline phosphatase, se-
rum albumin concentration (> 4.0 g/100 ml) and protein
electrophoresis, sulfobromophthalein (BSP) retention (< 5%
of 5 mg/kg dose at 45 min), fecal and urine urobilinogen ex-
cretion, chest X-ray, electrocardiogram, and urinalysis. Liver
biopsy was not done. One additional subject, (J. L.), a 19 yr
old male, was admitted to the Metabolism Branch of the
National Cancer Institute from September, 1967 to June, 1968
for management of exogenous obesity. By means of an exer-
cise program and dietary restriction to no fewer than 1100
calories, weight loss from 320 to 180 lb. was achieved. This
subject met the above criteria in all other respects. Bilirubin
kinetic studies in January and May, 1968, when he weighed
248 and 194 pounds, were indistinguishable from those of the
volunteers, and he was, therefore, included in the study.

Preparation of isotopic bilirubin. Bilirubin-14C was pre-
pared biosynthetically in bile fistula dogs from 5-aminolevu-
linic acid-4-14C (ALA-4-"C), and purified to constant specific
activity and a molar extinction coefficient of 58,000-61,000
(7). Aliquots containing 350-500 ,ug of bilirubin were placed
in individual dosage vials. Specific activity of various lots
differed, so that each dose contained 0.6-3.7 uc of bilirubin-
14C. The vials were stored in vacuo, in the dark, at - 20'C
until needed. The storage period never exceeded 4 months.
Studies in our laboratory have indicated stability of bili-
rubin-14C under these conditions for periods in excess of 6
months with no significant change in molar extinction
coefficient.

Plasma bilirubin-14C clearance studies. Bilirubin-14C clear-
ance studies were carried out using the method of Barrett,
Berk, Menken, and Berlin (10). In this procedure, the plasma
content of unconjugated bilirubin-'C is determined by extrac-
tion of unconjugated bilirubin from plasma samples into the
nonpolar layer of a two phase solvent system according to
the method of Weber and Schalm (8). An aliquot of the
lower layer is then counted in a liquid scintillation spec-
trometer. The following changes were introduced in the
previously described protocol: (a) The volume of albumin
used to prepare each dose for injection was increased to
11.5 ml to improve buffering. For each study, 10.0 ml of
bilirubin-u4C-albumin were injected intravenously. (b) The
period of sampling was extended to 24-30 hr. (c) Before the
addition of counting solution to each sample, samples were
bleached by exposure to ultraviolet light for 24-48 hr. This
procedure did not result in any loss of isotope, but did
significantly reduce quenching and improve counting effi-
ciency. (d) Because the count rate in the late samples
(after 18 hr) was only 1.5-2.0 times background, each study
was counted repeatedly before the addition of internal stand-
ard until a minimum of 10,000 counts was collected on all
samples including backgrounds. This was sufficient to in-
sure an error of < 3.6%o in the net count rate of the least
active samples. The error in net count rate for samples col-
lected during the first 9 hr after injection was < 1%o. An
average of 8 days of continuous counting was required for
each study in order to achieve the desired statistical pre-
cision. (e) The partition coefficient (P) (fraction of plasma
unconjugated bilirubin extracted into the lower layer) of the
Weber-Schalm solvent system was determined for each
study as follows. A 50 /1 aliquot of the injected bilirubin-14C-
albumin mixture was added to 5 ml of the patient's un-
labeled plasma. This sample was extracted by the same
method as the experimental plasma samples, and the radio-
activity recovered in the lower (nonpolar) layer compared

with that found in 50 ,gl aliquots of the same material added
directly to counting vials without extraction.

During each study, at least 10 measurements of plasma
unconjugated bilirubin concentration were made, using the
method of Weber and Schalm (8). No systematic changes
were observed with time. Therefore, the mean plasma un-
conjugated bilirubin concentration (BR) was used for cal-
culation of the plasma bilirubin pool (see below).

Fecal and urine radioactivity. Feces and urine were col-
lected in 24-hr blocks for 7 days after injection of bilirubin-
4C. The total carbon-14 content of each 24-hr stool collec-
tion was determined as described by Crigler and Gold (4),
using an oxygen flask combustion method (13). No attempt
was made to crystallize bilirubin-14C or stercobilin-14C from
the feces. After 10-fold concentration by lyophilization, the
urine-'C content was determined as previously described (4).

Red cell volume and 51Cr half-life. The 61Cr method of
Sterling and Gray (14) as modified by Read (15) was used
to measure the total red cell volume and the Ti of 51Cr-la-
beled red cells. Plasma volume (PV) was calculated from the
total red cell volume and the peripheral venous hematocrit
(VH). Based on studies of the relationship of VH to the
whole body hematocrit (BH), we calculated an "estimated
albumin distribution space" equal to PV X (VH/BH) X (1-
BH)/(1-VH) for each study, assuming that the average
ratio of whole body hematocrit to venous hematocrit was
0.91 (16-18).

Six subjects were studied twice, at intervals of 1-10
months, to determine the reproducibility of the bilirubin-14C
clearance study. Blood volume was measured with each
bilirubin clearance study, but in only one instance (subject
D. R.), when the interval between studies was 10 months,
was the 'Cr red cell survival redetermined.

Data analysis. Data processing was done on a Univac
1108 digital computer, using the Simulation, Analysis and
Modeling (SAAM) program of Berman and Weiss. Nota-
tion is consistent with the SAAMmanual (19). The pro-
gram uses an iterative nonlinear least squares fitting pro-
cedure to determine the parameters of a mathematical curve
describing the data, or the parameters of a compatible model.
In the region of the least squares solution, the computer
also generates a variance-covariance matrix for these pa-
rameters, from which it calculates their uncertainties, as well
as their correlation coefficients. Details of the program and
of the data fitting techniques embodied in it have been previ-
ously published (19-22).

The plasma bilirubin-'4C clearance data for each study
(expressed as fraction of dose per milliliter of plasma)
were fitted to sums of two three, and four exponential func-
tions. The function used took the form:

q(t) = K(Z Aie-ait), n = 2, 3, 4 (1)

n
where E_ Aj = 1. Using previously described criteria

ji1

(10, 20), it was found that three exponentials were both
necessary and sufficient to describe the data when sampling
was carried out over an experimental period of 24-30 hr.
By means of the plasma curve integral method (23) k., the
fraction of the plasma unconjugated bilirubin pool irre-
versibly cleared per minute by the liver, was calculated as
follows:

kEA( -)
i-l aj

(2)
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FIGURE 1 A three compartment model of the metabolism of unconjugated bilirubin.
Values for the X's, which are the fractional transfer rates between compartments, and for
the pool sizes are calculated from the plasma disappearance curve of unconjugated bili-
rubin-"C and the concentration of unconjugated bilirubin in the plasma.

The following physiologic parameters were also calculated
from the parameters of the three exponential functions and
the mean plasma concentration of unconjugated bilirubin
(BR), as previously described (10) : (a) VDBR, the ini-
tial distribution volume of injected bilirubin-'4C; (b) M1,
the mass of the rapidly mixing (plasma) pool; (c) the effi-
ciency of bilirubin extraction by the liver; and (d) BRP,
the bilirubin production rate. The volume of plasma cleared
of bilirubin each minute (CBR) was calculated according
to the equation:

k,!X M,CBR = X = k, X VDBR. (3)
BR

The mean red blood cell life span (RBCLS) was estimated
from BRP and the total red cell volume, assuming a 15%
contribution to BRP from sources other than senescent red
blood cells (24). Calculations of M1, ke, efficiency, CBR, and
RBCLS are independent of assumptions about the compart-
mental arrangement of the exchanging bilirubin system (9,
23).

In an attempt to gain further insight into the metabolism
of unconjugated bilirubin, it was next assumed that the
system involved is compartmentalized. The presence of three
exponentials in the plasma bilirubin-"C clearance function
indicates the existence of two kinetically distinct pools ex-
changing with plasma (25, 26). Accordingly. in the model
selected (Fig. 1), plasma unconjugated bilirubin (compart-
ment 1) is considered to exchange with an extravascular pool
(compartment 3) and a hepatic pool (compartment 2) of
unconjugated bilirubin. Unconjugated bilirubin is assumed
to be eliminated from the system solely from compartment
2, presumably by conjugation. Alternate minor pathways of
bilirubin elimination were not considered.

The following notation was used: The mass of bilirubin
in the ith compartment is indicated by MI; the fraction of
compartment i transferred to compartment j per minute by
the constant Xji,; and the fraction of the it' pool eliminated
from the system per minute by Xot. Rj,, the mass of biliru-
bin transferred per minute from compartment i to compart-
ment j is therefore, equal to Xi M,. A steady state was as-
sumed, so that all Mt are considered to be constant. The
fractional turnover rate of the it' pool, Xi,, is the sum of all
fractional transfer rates out of the pool. Thus,

Y= Xji for j s4 i.
j=o

Note that some of these transfer rates are implicitly con-
sidered to be zero (see Fig. 1).

If the isotope content (fraction of dose) of the i"' com-
partment is denoted by f,, then the transfer of unconju-

gated bilirubin-14C between the compartments of the model
can be described by a set of three linear differential equa-
tions of the form:

dfi ==-Xiifi + Lkijfj, for i = 1, 2, 3, and j $ i. (4)

It can readily be shown by the use of Laplace transforms
(27) that, for i = 1,2,3,

fi(t) = Aije-1it + Aj2e-a2t + Ai3e-a3t. (5)
Comparing equations 1 and 5, it is apparent that the solu-
tion obtained for compartment 1 of the model is proportional
to the experimentally determined plasma bilirubin-'4C disap-
pearance curve q(t):

f, (t) = q(t)/K, (6)
and that K = 1/VDBR. It has previously been shown that a
solution may be obtained for five parameters of a 3 com-
partment model, (e.g. Xn, X2, Xo2, Xw, X3), as well as the in-
dependent coefficients of f2(t) and f3(t), if the coefficients and
rate constants of the plasma curve f1(t) are known (28).
Accordingly, from the experimental data, the solutions of
equation 4, and the steady-state conditions (27), values for
the following parameters of physiologic interest can be ob-
tained: (a) M1, M2, and M3, the sizes of the plasma, hepatic,
and extravascular pools of unconjugated bilirubin; (b) the
fractional transfer rates (Xji) between compartments; (c)
ke, CBR, and the efficiency of hepatic bilirubin extraction;
(d) R1,, the rate of hepatic bilirubin uptake; (e) MCBRLI
and MCR,' estimates of the intrahepatic bilirubin concentra-
tion and the liver: plasma concentration gradient; (f) BRP;
and (g) RBCLS. In addition, the model was used for com-
puter calculation of the cumulative fraction of injected bili-
rubin-14C conjugated, as well as the isotope content of the
hepatic and extravascular pools, at various times after in-
jection. Because the plasma curve integral method and com-
partmental analysis are equivalent mathematically (26),
values of M1, ke, CBR, efficiency, BRP, and RBCLS calcu-
lated from the model are identical to those calculated di-
rectly from the parameters of the plasma bilirubin-14C clear-
ance curve.

In all individuals studied twice, differences in the plasma
bilirubin-"C clearance curves were observed between the first
and second studies. The values and uncertainties in the Xj
obtained for each pair of studies were examined graphically
and by computer to determine whether the changes in the
curves could be attributed to a consistent pattern of changes
in these parameters.

1Calculated as previously described (10), except that the
hepatic volume was estimated as equal to 2%o of body
weight.
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TABLE I

Preliminary Laboratory Data in Thirteen Healthy Young Adults

Plasma bilirubin con-
45 min centrationi

Red cell* Plasma* BSP re-
Subject Sex Age Weight volume volume RBC-TJ* tentiont Conjugated Unconjugated

yr kg ml/kg ml/kg days % mg/100 ml
L. H. M 23 80.1 28.5 36.3 26.7 3.0 0.15 4:0.03 0.29 ±0.02
D. R. (1)jj M 21 83.5 29.1 40.9 31.2 4.0 0.04 40.02 0.44 i0.04
D. R. (2) 22 84.2 30.4 43.4 32.1 3.0 0.07 ±0.01 0.43 ±0.05
M. B. M 21 68.5 24.3 28.5 (106)¶ 2.0 0.00 ±0.00 0.30 ±0.01
N. H. M 22 75.4 30.4 38.7 27.3 3.0 0.10 ±0.01 0.42 ±0.05
R. G. M 22 60.0 37.5 38.6 30.8 0.06 ±-0.01 0.48 ±0.02
D. K. M 22 72.2 28.0 39.0 28.2 2.0 0.12 ±0.02 0.45 ±0.06
J. L. (1)f1 M 19 112.7 22.1 33.0 31.3 - 0.13 ±0.01 0.48 ±0.03
J. L. (2) 88.3 26.8 39.4 - 4.0 0.15 ±0.01 0.54 ±0.04
G. M. (1)1 M 21 68.5 27.2 31.3 27.3 2.0 0.11 ±0.01 0.52 ±0.04
G. M. (2) 69.1 31.2 37.3 - 0.04 ±0.01 0.47 ±0.06

Mean 28.7 36.9 29.4 2.9 0.09 0.44
±tSD 3.8 4.2 2.1 0.8 0.05 0.08

M. K. F 23 42.2 27.3 47.0 36.8 2.0 0.01 ±0.01 0.34 ±0.04
L. B. F 24 62.5 20.1 36.4 (129)¶ 3.0 0.05 40.01 0.44 ±0.04
S. B. (1)1 F 24 59.7 24.8 36.6 27.1 4.5 0.07 ±0.01 0.52 ±0.04
S. B. (2) 57.2 26.8 37.7 0.07 ±0.01 0.39 ±0.03
C. K. (1)1 F 21 62.2 25.9 43.5 29.7 2.0 0.04 +0.01 0.34 40.05
C. K. (2) 62.6 23.4 40.5 0.04 ±0.01 0.31 ±0.03
M. W. (1)1 F 21 51.6 29.1 48.3 26.7 2.0 0.03 ±-0.01 0.25 40.02
M. W. (2) 51.3 24.9 45.2 0.04 ±0.01 0.23 ±0.02

Mean 25.3 41.9 30.1 2.7 0.04 0.35
±SD 2.6 4.4 4.0 1.0 0.02 0.09

* Determined with 5'C-labeled RBC's and venous hematocrit.
5 mg/kg dose.

§ Mean ASEMfor at least 10 determinations.
jf Intervals between paired studies were 1 month (S. B., C. K., M. W.), 2 months (G. M.), 4 months (J. L.), and 10 months
(D. R.).
¶ Mean red blood cell life span determined from ferrokinetic studies with 59Fe. 5'Cr survival not done.

The values of the model parameters for each of the 19
studies were averaged to get a weighted group mean for
each parameter. The weight given to the parameters for
each study was based on the variances and covariances of
the parameters of that study, in accordance with a maxi-
mal likelihood estimate (29). Correlation coefficients be-
tween the model parameters were also calculated.

The assumptions implicit in the mathematical techniques
employed in this study have recently been reviewed (9).
An explicit statement of these assumptions, and of the er-
rors which may result from them; a more detailed deriva-
tion of the equations of the model; and a set of computer
generated "normal" plasma, fecal, and urine data corre-
sponding to the usual sampling times have been prepared
as an appendix to this paper.'

'This material has been deposited as Document No. 00555
with the National Auxiliary Publications Service, c/o In-
formation Sciences, Inc., 909 Third Ave., New York 10022.
A copy may be secured by citing the document number and by
remitting $3.00 for photocopies or $1.00 for microfiche.

RESULTS
Evaluation of methods. An essential assumption in

these studies is that the radioactivity extracted from
plasma into the nonpolar phase of the Weber-Schalm
solvent system is an accurate reflection of the uncon-
jugated bilirubin-'4C content of the plasma sample.
This requires that (a) the extraction of unconjugated
bilirubin into the lower layer be highly efficient and (b)
conjugated bilirubin-14C and any other labeled metabolic
by-products of the injected isotopic bilirubin be effi-
ciently excluded from the lower layer. This has been con-
firmed by the following studies:

(a) The partition coefficient of the Weber-Schalm
system for unconjugated bilirubin, determined as de-
scribed above, was found to be 0.95 ±0.05, indicating
highly efficient extraction of unconjugated bilirubin from
the plasma into the lower layer. In previously described
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FIGURE 2 Bilirubin-14C disappearance curves in four subjects. Solid curve represents the
computer fit to a three exponential function. Dotted lines are the individual exponential com-

ponents. Xo, the value at zero time, is the reciprocal of the initial distribution volume of the
injected bilirubin-'4C.

studies (10), when fresh rat bile containing conjugated
bilirubin-"C was added to plasma and the sample ex-

tracted, a minimum of 92% of the radioactivity was re-

covered in the polar, upper layer.
(b) In studies previously described (10), the specific

activity (SA) of plasma unconjugated bilirubin2'C de-
termined by counting and diazotization of the lower
layer agreed with the specific activity obtained by re-

crystallization of unconjugated bilirubin from the lower
layer with unlabeled carrier. The previous studies were

limited to samples obtained during the first 6 hr after
injection. We crystallized unconjugated bilirubin from
the lower layer of the 27 hr sample in three studies. The
ratio of SA (crystals): SA (Weber-Schalm) varied
from 0.90 to 1.11.

To obtain an independent estimate of heme turnover
for comparison with the bilirubin production rate calcu-
lated from these studies, simultaneous measurements of
bilirubin production and of carbon monoxide production
were carried out in eight subjects (30). Carbon monox-

ide production was measured using a closed respiratory
system similar to that described by Coburn, Blakemore,
and Forster (31). Blood COcontent was determined gas

chromatographically on 0.1 ml samples as previously
described (32). The subjects studied included three nor-

mal ones (J. L., N. H., R. G.) and five patients with
unconjugated hyperbilirubinemia. Of the patients, three
were hemolysing and had bilirubin production rates of
453-1650 mg/day. There was good agreement between
the measurements of bilirubin production and carbon
monoxide production (r = 0.96). When both were ex-

pressed in millimoles per day, the average ratio of car-

bon monoxide production: bilirubin production for the
eight studies was 1.03 ±0.20 (30). Although the over-

all agreement was good, a small physiologic discrepancy
between CO and bilirubin production cannot be ruled
out by these studies because of the relatively low pre-

cision of the COmethod, especially in subjects with nor-

mal rates of heme turnover.
Experimental data. Preliminary laboratory data in the

13 normal subjects are summarized in Table I. Plasma
bilirubin-'C disappearance curves in four typical stud-
ies are illustrated in Fig. 2. The data for each study (ex-
pressed as fraction of dose per cubic centimeter of
plasma) were fitted to a three exponential function of
the form q(t) = K (Aue-it + Ane-a2t + Aneast), where
Au + An + An3 = 1. K is a proportionality constant equal
to the reciprocal of the initial volume of distribution of
the injected bilirubin. Values (mean +SD) of K, the in-
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TABLE I I
Model-Independent Parameters Calculated from the Plasma Clearance Curve of Unconjugated Biirubin-14C

and the Plasma Concentration of Unconjugated Bilirubin

Subject MI k} CBR Efficiency BRP RBCLS

mg min-' mi/min % mg/day days

L. H. 8.5 --0.6 0.021 :10.002 61.7 -±6.4 7.5 254 4-31 127
D. R. (1) 19.3 -:13.0 0.013 --0.001 58.4 4±8.3 4.6 366 -461 94
D. R. (2) 20.1 --2.7 0.014 4-0.001 63.0 :416.4 5.0 392 ±W60 88
M. B. 6.9 -:10.7 0.022 4-0.002 51.2 4-6.9 7.9 223 4:31 106
N. H. 12.3 :--2.3 0.016 4-0.002 48.1 4-10.0 5.7 291 -1:68 111
R. G. 15.2 --1.0 0.012 ±-0.001 39.7 --2.5 4.3 273 ±-22 116
D. K. 14.8 -:12.8 0.014 -:10.002 46.5 :1:8.6 5.0 301 :1:69 95
J. L. (1) 19.7 -4:1.5 0.012 -40.001 49.4 :-3.5 4.3 341 ±131 117
J. L. (2) 23.9 -42.6 0.009 ±-0.001 39.7 ±-5.2 3.2 308 _L45 108
G. M. (1) 13.O& ±1.9 0.014 ±W0.001 34.7 ±-53 5.0 256 ±444 103
G. M. (2) 15.6 -2.7 0.012 :-0.002 40.6 -:-7.2 4.3 273 :-159 111
M. K. 7.5 :-1.4 0.018 -:10.002 39.2 -±7.2 6.4 194 -±44 84
L. B. 10.9 4:1.9 0.011 -40.002 26.0 :-4.1 3.9 166 :-30 107
S. B. (1) 13.2 :- 1.7 0.013 :-0.001 31.9 -14.7 4.6 237 :-40 88
S. B. (2) 15.7 4-:2.7 0.011 4-0.001 43.7 -:17.9 3.9 248 :149 87
C. K. (1) 10.2 --1.9 0.018 :1:0.002 54.3 :-8.5 6.4 263 :1:54 86
C. K. (2) 10.6 :1:1.8 0.016 :1:0.003 55.0 :-12.1 5.7 246 4-58 84
M. W. (1) 6.5 4-0.9 0.022 :1:0.003 56.7 :111.1 7.9 208 4-43 102
M. W. (2) 5.7 -:10.7 0.020 :1:0.001 49.5 :-4.4 7.1 162 :-23 111

Mean 4-SD 13.2 :1:5.0 0.015 4-0.004 47 -:-10 5.4 :-11.4 263 :-160 101 4-13

For definition of symbols, see text section on Data Analysis.

tercepts, and rate constants for the 19 studies are as
follows:

Aii = 0.66 i0.17 al = 0.044 ±0.013 min'
Ai2 = 0.31 ±0.16 a2 = 0.010 ±0.003 minkl
A13 = 0.03 40.02 as = 0.0012 ±0.0002 min1
K = 0.00033 ±0.00007

The average half-times for the three exponential com-
ponents were 18, 81, and 578 min. Values for each of
the individual studies are available on request.

The model-independent parameters derived from these
data and from the mean concentration of plasma uncon-
jugated bilirubin are presented in Table II. The initial
distribution volume of the injected albumin-bound bili-
rubin-1C was 46 ±10 cc/kg, similar to the "estimated
albumin distribution volume" of 45.6 ± 5.6 cc/kg. Since

(3) (I)

plasma bifirubin is entirely albumin-bound under nor-
mal conditions (33), these data suggest that the in-
jected bilirubin-a4C behaved physiologically in this
regard.

The plasma unconjugated bilirubin pool averaged 13
±5 mg in the 19 normal studies. The rate constant k.
(the amount of bilirubin irreversibly lost from the sys-
tem per minute, expressed as a fraction of the plasma
pool) equaled 0.015 ±0.004. This corresponds to an ex-
trarkion efficiency of 5.4 +1.4%, and a bilirubin clear-
ance of 47 ±10 cc/min. The extraction of bilirubin is
thus appreciably less than that of sulfobromophthalein
(34) or indocyanine green (35). The per cent of
injected bilirubin-MC retained in plasma at 4 hr was 5.0
±1.9%.

(2)

FIGURE 3 Weighted mean values for the parameters of the model. Compart-
ments and pathways correspond to Fig. 1. Values within the circles are pool
sizes (mean :±SD) in milligrams. Values above each arrow represent frac-
tional transfer rates per minte in the direction of the arrow.
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TABLE III
Model-Dependent Parameters

Hepatic
Subject X21 X12s02 31 X13 M2 Ms MCR uptake

min-' min-' min-' min-' min-' mg mg ug/min
L. H. 0.034 0.0072 0.012 0.0097 0.0010 15.2 80.1 3.3 286
D. R. (1) 0.022 0.0094 0.014 0.0049 0.0020 18.7 46.7 2.6 430
D. R. (2) 0.023 0.0030 0.0044 0.0018 0.00068 61.9 51.7 8.5 458
M. B. 0.028 0.0022 0.0094 0.0034 0.0014 16.5 16.6 4.0 191
N. H. 0.034 0.014 0.013 0.0051 0.0019 15.4 33.7 2.4 414
R. G. 0.015 0.0011 0.0057 0.0022 0.0018 33.1 18.6 5.8 226
D. K. 0.033 0.014 0.010 0.0033 0.0017 20.8 27.7 3.2 496
J. L. (1) 0.016 0.0019 0.0052 0.0034 0.0014 45.3 49.2 4.2 322
J. L. (2) 0.016 0.0082 0.011 0.0070 0.0028 20.1 49.1 2.1 379
G. M. (1) 0.024 0.014 0.019 0.0050 0.0020 9.3 32.3 1.3 311
G. M. (2) 0.022 0.014 0.018 0.0049 0.0020 10.6 38.7 1.6 342
M. K. 0.032 0.011 0.014 0.0036 0.0017 9.5 16.6 3.3 241
L. B. 0.018 0.013 0.018 0.0022 0.0011 6.3 22.6 1.1 199
S. B. (1) 0.022 0.0050 0.0063 0.0021 0.0011 26.3 25.3 4.3 295
S. B. (2) 0.022 0.013 0.014 0.0061 0.0024 12.6 39.8 2.8 341
C. K. (1) 0.033 0.010 0.012 0.0052 0.0018 15.0 29.9 3.6 333
C. K. (2) 0.033 0.014 0.014 0.0078 0.0022 12.3 37.3 3.2 349
M. W. (1) 0.032 0.0072 0.016 0.0100 0.0019 9.1 33.4 3.5 300
M. W. (2) 0.031 0.0054 0.0096 0.0062 0.0015 11.6 23.3 5.0 175

For definition of symbols, see Fig. 1 and text section on Data Analysis.

The average BRP for the 19 studies was 263 +60
mg/day. This corresponded to a mean red blood cell life
span of 101 +13 days. When calculated in terms of body
weight, BRP in males (3.8 ±0.5 mg/kg per day) was
not significantly different than that for females (3.9 ±
0.6 mg/kg per day). Because the total red cell volume
in females (25.3 ±2.6 cc/kg) is smaller than in males
(28.7 ±3.8 cc/kg), the calculated mean red blood cell
life span was shorter in the women volunteers (94 ± 11
days vs. 107 +11 days for men). This difference is sig-
nificant (Student's t test, P < 0.05). RBCLS is the only
parameter for which a significant sex difference was
observed.

Results of multicompartmental analysis are presented
in Table III and Fig. 3. The intercompartmental rate
constants (x's) were determined by the data with an
average precision of ±15%.

The results indicate that the initial uptake of unconju-
gated bilirubin into compartment 2 (the liver) averaged
2.3 ±0.7% of the plasma pool/min (Fig. 3). This cor-
responds to a flux of 320 ±88 Ag/min, and represents
approximately 8% of the presented load. Net extraction
(ke) is appreciably less than initial uptake (X21) due to a
reflux of unconjugated bilirubin from liver to plasma.
The fraction X02/X22 averaged 0.63, indicating that only
63% of the bilirubin entering the hepatic pool is con-
jugated. The remaining 37% is accounted for by biliru-
bin which returns to plasma unaltered.

Solution of the steady-state equations of the model

indicated that the hepatic pool of unconjugated bilirubin
averaged 1.5 times the plasma pool. Since the total he-
patic volume (estimated as equal to 2% of body weight)
is less than the plasma volume, this implies the existence
of a concentration gradient between liver and plasma.
The average value of MCRwas 3.5: 1 (range 1.1-8.5).
Since the bile bilirubin concentration is more than 30
mg/100 ml, representing a 50- to 100-fold concentration
with respect to plasma, it is clear that the bulk of this
gradient is achieved by processes not accounted for in
the current model, such as the active transport of con-
jugated bilirubin into the bile canaliculus (36) and the
absorption of water in the gall bladder (37).

Of the total flux out of the plasma, the fraction X31/Xi1
goes to the extravascular pool. This fraction equaled
16 ±6% in these studies. The mean sojourn (t) of a
bilirubin molecule in the extravascular pool (calculated
as 1 -X) was 9.8 hr. This corresponds closely to the
value t = 9.6 hr for albumin in the rapidly exchanging
extravascular albumin pool, as defined with 'I-labeled
albumin (38). On the other hand, for 18 of the studies
(excluding L. H.)' the extrahepatic, extravascular bili-

3In subject L. H., who was the first case in whom a 3rd
exponential was sought, inopportune choice of sampling
times led to an uncertainty of ±40% in the calculated size of
the extravascular pool, although the area under the curve and
the model-independent parameters were well determined.
The average uncertainty in the size of the extravascular pool
was 10.7 ±4.4% (range 4.4-22.8) in the remaining 18 studies.
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rubin pool averaged 2.6 +0.8 times the plasma pool.
This is greater than the ratio of 1.5: 1, usually reported
for albumin.

Average recovery of injected isotope in the stool was
89.7% by day 4 and 92.5% by day 7 (Fig. 4). 48% of
injected isotope appeared during the second day. Be-
cause the data are insufficient to resolve the large num-
ber of distinct processes presumably occurring be-
tween conjugation and the appearance of the labeled
bilirubin in the feces, no attempt was made to incor-
porate these data into the model. However, our previ-
ously reported estimate of 95% of injected isotope re-
covered in 24 hr in a patient with an external biliary
fistula (10), and the average gastrointestinal transit
time of 24 hr in the subjects presented here, as deter-
mined with blue stool markers (39), indicates a delay
in the biliary passages and gastrointestinal tract of up
to 2 days for approximately 40% of the excreted iso-
tope. This presumably results in part from temporary
storage in the gall bladder. Average recovery of iso-
tope in the urine, 3.1% in 7 days, was not significantly
different from that observed in the Crigler-Najjar syn-
drome (2, 4). Although the chemical form of this
isotope was not determined, it is unlikely to be unconju-
gated bilirubin, and therefore, no X for urinary excre-
tion was included in the model. Small amounts of uro-
bilinogen, conjugated bilirubin, and trace impurities in
the injected material (particularly during the first 24
hr) are presumed to account for most of the urinary iso-
tope. These results are in sharp contrast to the studies
in children with biliary atresia (5), in whom 0-5% of
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FIGuRE 4 Cumulative recovery of injected uC in urine and
feces. Values plotted are means ±2 SD.

isotope was recoverable in the feces, and 44-77% in
the urine. In these children 60% of the urinary isotope
could be recovered as crystallizable bilirubin.

The findings in the six individuals studied twice re-
quire separate comment. As illustrated in Fig. 5, the
curves obtained for each pair of studies were similar,
but not superimposable. When differences existed, they
were most marked in the later portions of the curves.
Although the shape of the curve varied somewhat, the
area under the curve was highly reproducible for each
individual. The values of the model-independent param-
eters, which depend largely on the area under the curve,
were therefore also reproducible within the limits of
experimental error in each of the six subjects (Table
II). On the other hand, values for some of the intercom-
partmental rate constants varied from study to study
in five of these six individuals (Table III). The value
for X21 (hepatic uptake) was highly reproducible in all
cases. Differences, when they occurred, were restricted
to the other four intercompartmental rate constants.
For each of the paired studies, a single ratio R could be
found so that the value ([Xil]tudy 1 [X1ji] study 2) = R
for XjI = X02, X12 X31, and X,3. This pattern has definite
physiological implications. Since k. = X21. X0/(X12 + Xo2)
and Ma/M1 = x81/xis, it is clear that this pattern is one
which tends to maintain a constant value for k. and for
the size of the extravascular pool relative to plasma.
At the same time, significant changes occurred in the
hepatic pool size and the liver: plasma concentration
gradient. Wehave no explanation for this finding. The
values of R ranged from 0.34 ±0.02 (D. R.) to 2.52 ±
0.35 (S. B.). In G. M., R was 0.98 ±0.04. The greatest
changes occurred in D. R., whose studies were 10 months
apart; J. L., who lost 54 pounds betwen studies; and
S. B. who was studied in opposite phases of the men-
strual cycle.

The observed range of plasma unconjugated bilirubin-
"C disappearance curves in the 19 studies is shown in
Fig. 6. Computer-calculated values for the isotope con-
tent of the hepatic and extravascular pools and the cum-
ulative fraction of bilirubin-"C conjugated at various
times after injection are presented in Fig. 7.

DISCUSSION

In the initial report describing the techniques employed
in the current study we indicated that, over an experi-
mental period of 4-8 hr, the plasma clearance curve of
labeled unconjugated bilirubin could be resolved into
two decreasing exponential functions (10). The data
were therefore analyzed according to a two-pool model
previously postulated by Billing, Williams, and Richards
on the basis of bilirubin loading tests (40). Although
there were characteristic differences in the curves and
model parameters between normals and a number of
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FIGURE S Paired bilirubin-14C clearance studies in two subj ects. Lines represent computer
fits to the data. Individual data points are not presented, but scatter in these studies was similar
to that in Fig. 2. To facilitate comparison between studies, curves have been normalized to an
initial value of unity.

disease entities, similar to those observed by Billing et
al. (40), the model was inadequate for two reasons.

First, it failed to provide for an extravascular bilirubin
pool. In addition, although bilirubin turnover rates cal-
culated from these studies were clearly higher in pa-

tients with hemolysis or increased ineffective erythro-
poiesis than in normals, the values in normal subjects
corresponded to mean red blood cell life spans of 70-90
days. Since the calculated bilirubin production is in-
versely proportional to the area under the bilirubin-1C
clearance curve (23), overestimation of bilirubin pro-

duction suggested underestimation of the area under the
curve and led us to extend our sampling time in search
of a third, slower exponential clearance component. The
demonstrated existence of this component requires the
addition of a third exchanging pool to the bilirubin
model, and leads to calculations of red cell life span in

normals more consistent with results obtained from
standard methods. The independent observation by
Araki and Kashima, in Japan, of a three exponential
plasma clearance curve for unconjugated bilirubin-'H,
and postulation of an identical three compartment model,
has recently come to our attention (41, 42).

The most general three compartment model con-

sistent with our data has three exchanging bilirubin
pools with nine rate constants (X's) including three
modes of exit. Accurate determination of all of these
parameters is beyond the resolution of our data, which
can account for up to five rate constants (26). The se-

lection of a model providing for only a single mode of
exit is consistent with the current understanding of bili-
rubin metabolism. Only in the Crigler-Najjar syndrome
and the Gunn rat is a measurable fraction of unconju-
gated bilirubin eliminated from sites other than the liver,
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FIGuRE 6 Composite of 19 plasma bilirubin-14C clearance studies in 13 normal subjects.
Stippled area is the observed range. Solid line is the "average" curve corresponding to the
mean values for the lambdas.

or by pathways other than conjugation (2). Selection of
a model in which exchange between the liver and plasma
is bidirectional was based on studies in which ALA-4-14C
was administered intravenously to four subjects. Using
the method of Weber and Schalm (8), we were able to
demonstrate that virtually all of the labeled bilirubin
subsequently appearing in the plasma was unconju-
gated.' Since several investigators have indicated that
the liver is the principle source of the labeled plasma
bilirubin appearing under these conditions (43, 44), our
results indicate the existence of a pathway by which un-
conjugated bilirubin in the liver cell may reflux to plasma.
A similar conclusion is suggested by the studies of Rob-
inson, Owen, Flock, and Schmid (45), who found bili-
rubin-MH in plasma following ALA-2H administration to
a child with Crigler-Najjar syndrome, in whom all
plasma bilirubin is unconjugated. The presence of a
bidirectional exchange of bilirubin between plasma and
liver is also consistent with the general pattern of he-
patic uptake of other organic anions such as BSP (46).

Although our studies indicate the existence of two ex-
travascular bilirubin pools, one of which exchanges

' Howe, R. B., P. D. Berk, J. R. Bloomer, and N. I. Berlin.
Linear systems analysis applied to the labeling of plasma
bilirubin after administration of isotopic glycine and
8-aminolevulinic acid. In preparation.

with plasma rapidly, and the other relatively slowly,
identification of these compartments as hepatic and
extrahepatic extravascular is an assumption which
requires independent verification. This assumption is
supported by several lines of evidence. The similarity
between the turnover time of compartment 3 and the
known kinetics of extravascular albumin has already
been mentioned. In Fig. 8 we have compared the cumu-
lative recovery of bilirubin-1C from the bile of a patient
with an external biliary fistula with the curve of cumu-
lative conjugation calculated by computer from the
plasma bilirubin-14C clearance data in the same patient.
Since the rate of bilirubin excretion in the bile must re-
flect in part the rate at which bilirubin enters the liver
and is conjugated, the similarity of the experimental
and computer-generated curves (allowing a delay for
passage through the biliary tree) strongly supports the
concept that compartment 2 is within the liver. This con-
cept is also supported by a considerable body of data in
the rat. Although the mechanisms involved are presumed
to be similar in the two species, hepatic uptake and
biliary excretion of bilirubin are known to be much
more rapid in the rat than in man. This can be inferred
from the fact that bilirubin is virtually undetectable in
normal rat plasma (47), even though the bilirubin pro-
duction rate (mg/kg per day), estimated from the total
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FIGURE 7 Isotope content of the extrahepatic extravascular (upper panel) and
hepatic (middle panel) unconjugated bilirubin pools; and cumulative fraction
of bilirubin-j4C conjugated (lower panel) at various times after injection. This
information is calculated by computer from the experimental bilirubin-14C plasma
clearance data and the equations of the model.

red cell volume (48) and life span (49), is approxi-
mately the same as in man. Furthermore, intravenously
injected unconjugated radiobilirubin is cleared from the
plasma of the rat with an initial Ti of only 1-2 min
(50, 51), and 80-95% of the injected dose is recoverable
in the bile at the end of 1 hr (50, 52). In man, the ini-
tial plasma Ti for intravenously injected bilirubin-14C
averaged 18 min in the current studies, and recovery of
isotopic bilirubin in the bile was correspondingly slow
(Fig. 8). Differences between man and rat may reflect
the relatively greater size of the rat liver, a more rapid
metabolic rate, differences in hepatic blood flow, or other
unknown factors. Allowing for the greater over-all
velocity of bilirubin clearance and excretion in the rat,
the shape of the experimentally determined curve of
intrahepatic radioactivity after intravenous administra-
tion of unconjugated radiobilirubin in the rat (52, 53)
is strikingly similar to that calculated for compartment
2 in the current studies, and quite different from that ob-
served for compartment 3 (Fig. 7). Furthermore, a bili-
rubin concentration gradient of 2- to 3-fold between

liver and plasma, similar to that observed in the current
studies, has also been observed in normal rats (50), al-
though jaundiced Gunn rats, in whom the plasma bili-
rubin concentration may be increased more than 50 times
above the normal level, apparently can not concentrate
bilirubin in the course of hepatic uptake and storage
(54). This may reflect saturation of intracellular bili-
rubin-binding proteins (55) at high plasma bilirubin
concentrations.

The proposed compartmental model is a conceptualiza-
tion of the exchanging bilirubin system as seen by a

single technique, that of isotope tracer kinetics. The rate
constants (A's) are an accurate representation of the
over-all rates of transfer between compartments but are

not necessarily representative of a single physiologic
process. They may equally well represent the composite
of a number of sequential processes which cannot be re-

solved by the data. Thus, the current studies are equally
compatible with the active transport of bilirubin into
the liver cell with back-diffusion to plasma, the so-called
"pump and leak" system, or with passive diffusion un-
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...................... The possible role of bilirubin-"C clearance studies in
the evaluation of clinical liver disease is apparent. Such
studies are particularly useful in the differential diagno-

........... . ...sis of unconjugated hyperbilirubinemia. In such condi-
tions, knowledge of both the bilirubin production rate
and the hepatic bilirubin clearance makes possible a clear
d stinction between cases resulting from bilirubin over-
production and those due to defective hepatic function.
Where both mechanisms are operative, the relative con-
tribution of each to the hyperbilirubinemia can be ac-
curately assessed (11).

The use of this technique for the rapid determination
of red cell life span should also be emphasized. Blood
sampling for this determination is complete within 48 hr.
Although prolonged counting times are currently re-
quired, alternate methods for the production of labeled

j j_ | bilirubin of greater specific activity may make it pos-
6 8 sible to reduce counting time 10-fold.5

The average value for mean red blood cell survival
of intravenously determined from bilirubin-14C clearance was 101 days,
external biliary with a range of 84-127 days. The usually quoted figure
-0- -0). This for normal red blood cell life span is 120 days, and the
ee of cumulative bilirubin clearance study would thus, superficially, ap-,nt (solid line),
ne of the biliary pear to provide a result which is too short. In fact, the
verage bile flow two values are not inconsistent. The value of 120 days,
ie of 20 ml de- obtained from the analysis of red blood cell and fecal
L.diographic con- urobilin specific activity curves after administration of
ie normal range

labeled glycine, represents a mode for the labeled co-
hort, and does not take into account the random destruc-

patic bilirubin- tion of some cells which occurs even in normal individu-
tion constants. als (59, 60).
Lns has recently It is of some interest that the mean red cell life span
various pertur- in the female volunteers was 94 days compared with 107
er studies with days in the males. The difference is statistically signifi-
iones or drugs, cant. A review of the extensive literature on red blood
e X's into com- cell survival revealed that very few isotopic studies of

red cell life span have been done in normal females.
study, as well Using the Ashby technique, several investigators sug-

though not sig- gested an increased rate of red cell destruction in normal
plasma volume females, in excess of what could be attributed merely
nd the ratio of to menstrual loss (61-63).
in volume" = Calculation of the mean red cell life span from the
ence of an ad- measured bilirubin production rate involves a cor-
o' of the plasma rection for the contribution of the "early labeled peak."
r with plasma, This has been shown to represent 10-20% of the bile
sh such a com- pigment production in normal man (64, 65), and we
:s by means of have therefore empirically used an average value of
e not produced 'Howe, R. B., P. D. Berk, J. R. Bloomer, and N. I. Berlin.
plete mixing of Biosynthesis of a stable bilirubin-'H with all tritium atoms
artment during on the side chains. In preparation.
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15% in the current studies. Using this same correction,
we have found a good correlation (r = 0.86) between
the red blood cell 51Cr-Ti and the mean red cell life span
calculated from bilirubin clearance in more than 40
studies, including patients with mean red cell life spans
as short at 8 days (11). On the other hand, such a cor-
rection would not be applicable in cases of erythropoietic
porphyria, pernicious anemia, thalassemia, the refractory
normoblastic anemias, "shunt hyperbilirubinemia," and
lead poisoning (66, 67). All of these conditions have
been shown to be associated with a significantly in-
creased early labeled peak, possibly due to defects in the
hemoglobin biosynthetic pathway.

The proposed model of unconjugated bilirubin metabo-
lism is a simple and useful model compatible with our
current data and with current concepts of hepatic physi-
ology. It is unlikely to be the final one. As more disease
states are examined, some data may be found to be in-
compatible with the current formulations. This will
require alterations in the structure of the model so that
it remains compatible with all of the available data.
Finally, the development of methods for the counting of
samples containing conjugated bilirubin will ultimately
make it possible to add an entirely new dimension to the
current model.

Values for the model-independent parameters described
in the present study will not be significantly altered by
these changes. Measurement of the hepatic bilirubin
clearance, for example, is a useful tool in the clinical
evaluation of liver disease and is independent of the
structure of a particular compartmental model. Modi-
fications in the model, resulting from refinements in
methodology and wider experience, can be expected to
produce increasingly more detailed insights into the
hepatic handling of bilirubin in man.
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