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Introduction. The coma which develops
during fulminant hepatic failure has been
attributed to either the accumulation of an
as yet unidentified toxic metabolite(s) or
failure of hepatic production of a substance
essential for normal brain function (1). The
failure of carefully designed animal cross-
circulation experiments mitigates against
the latter hypothesis (2), whereas the appar-
ent success of both charcoal hemoperfusion
and hemodialysis in promoting arousal from
stage I'V coma due to fulminant hepatic fail-
ure supports the former (3, 4). Further-
more, the tendency of such patients to
awaken 12-24 hr after therapy, rather than
during the procedure, suggests that arousal
results from depletion of the ““toxin” from a
peripheral pool such as brain or cerebrospi-
nal fluid, which exchanges slowly with
plasma (3). A similar delay in arousal has
been noted after treatment of comatose pa-
tients with chronic liver disease by hemodi-
alysis (5).

In the setting of fulminant hepatic failure,
charcoal hemoperfusion is most often ap-
plied on a 4-hr per day schedule (3). In the
present study, computer simulation tech-
niques were used to investigate whether al-
ternative schedules might more rapidly de-
plete the apparently critical slowly exchang-
ing extravascular pool of “toxin.” Such
schedules might accelerate arousal, and
thereby improve survival by preventing the
cerebral edema and other complications of
coma which are the ultimate causes of death
in many instances of fulminant hepatic fail-
ure, even in patients whose livers are begin-
ning to regenerate (6).

Methods. (A) Rationale. Since the chemi-
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cal nature of the hypothetical toxin in fulmi-
nant hepatic failure is unknown, it follows
that no direct information about its internal
distribution and kinetics or about its clear-
ance from blood by artificial support sys-
tems is available. However, from the availa-
ble clinical data, one may speculate that,
following removal of the toxin from blood
by hemodialysis or hemoperfusion, equili-
bration with a slowly exchanging extravas-
cular pool occurs at a rate which produces a
nadir in the toxin content of this pool at
approximately 12-24 hr. This clinical obser-
vation is consistent with the known rates of
depletion of slowly exchanging pools of neu-
roactive compounds, such as norepineph-
rine, from brain (7).

In contrast to the hypothetical toxin accu-
mulating during fulminant hepatic failure,
the internal kinetics of unconjugated biliru-
bin in man have been extensively studied
(8), as has its rate of clearance from blood
during hemoperfusion with an albumin-aga-
rose “artificial liver” device (9, 10). In addi-
tion, unconjugated bilirubin has an extrahe-
patic, extravascular pool which exchanges
slowly with plasma at a rate not inconsistent
with that which must also obtain for the
hypothetical toxin of fulminant hepatic fail-
ure (8). Accordingly, a study of the effects
of various albumin-agarose hemoperfusion
treatment schedules on the rate of depletion
of the extrahepatic extravascular pool of un-
conjugated albumin has been conducted. It
was hoped that this study would provide
information which could be applied, by
analogy, to assessing the effects of hemodi-
alysis or charcoal hemoperfusion treatment
on the slowly exchanging extravascular pool
of fulminant hepatic failure toxin. This
study in no way implies that accumulation of
unconjugated bilirubin plays a role in the
production of coma during fulminant he-
patic failure.
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(B) Baseline data. The initial data on bili-
rubin pool sizes and fractional transfer rates
between pools were from an 18-year-old
white female patient with type I Crigler-
Najjar syndrome (11), who has been the
subject of several previous reports (12-15).
A plasma disappearance curve of '“C-la-
beled unconjugated bilirubin was obtained
in this patient over a 12-day period, using
previously reported techniques (8). The
data were then analyzed on a Univac 1108
digital computer to determine hepatic biliru-
bin clearance (ml/min/kg), plasma bilirubin
turnover (mg/kg/day), and the variables of a
previously described (8, 16) and extensively
validated (17) three-pool model of unconju-
gated bilirubin metabolism, using version 27
of the Simulation, Analysis, and Modeling
program of Berman and Weiss (18). The
results of this analysis are illustrated in Fig.
1.

(C) Simulation of the effects of hemoperfu-
sion. The effects of albumin-agarose gel
hemoperfusion were simulated on the com-
puter by adding an efflux pathway (Aq,) to
the plasma pool of the model (Fig. 1). The
various \’s illustrated are the fractional in-
tercompartmental transfer rates of the
model, defined by convention (18) such that
A;; Tepresents the fraction of compartment j
transferred per hour to compartment i.
While holding the other A’s constant, a sub-
routine in the program permitted A\, to be
altered from 0.0 per hour (no hemoperfu-
sion) to 0.5 per hour (hemoperfusion) and

Bilirubin Production

/J=G7mg hr or 3.0 mg kg day
3l X, =0035 i ), =095 =

EXTRA-
VASCULAR PLASMA LIVER
258 mg A, =0.087 640 mg A, =078 775 mg

*All X's expressed as hr'

Xgr (Hemopertusion)

S GUT
141

Fig. 1. Compartmental model of unconjugated bil-
irubin metabolism in a patient with type I Crigler-
Najjar syndrome. The figure indicates bilirubin pro-
duction rate, intercompartmental fractional transfer
rates, and steady-state pool sizes determined from
study of plasma radiobilirubin kinetics.
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back according to a variety of predeter-
mined schedules. Simultaneously the com-
puter calculated the resulting time course of
the plasma unconjugated bilirubin concen-
tration and the bilirubin content of the
slowly exchanging extrahepatic, extravascu-
lar pool. The value of Ay, = 0.5 per hour
represents a rate of bilirubin removal suffi-
cient to extract the entire initial bilirubin
content of the plasma pool in 2 hr, a rate
consistent with the known efficacy of this
technique for removing unconjugated biliru-
bin from the blood of jaundiced experimen-
tal animals (9, 10).

Results. The simulated effects over 2 days
of a single 4-hr hemoperfusion are illus-
trated in Fig. 2. During the 4 hr of treat-
ment, the plasma unconjugated bilirubin
concentration fell by 60%, from 25 to 10
mg% . At the completion of hemoperfusion,
the plasma level promptly began to rise, as a
result both of new bilirubin synthesis and
reequilibration between intra- and extravas-
cular pools. Predicted plasma bilirubin con-
centration rose to 15 mg% by 24 hr and,
more slowly, to 16 mg% at the end of 48 hr.

In contrast to the plasma pool, the extra-
hepatic, extravascular bilirubin pool had de-
creased by only 15% by the end of the 4-hr
hemoperfusion period (Fig. 2). However,
the bilirubin content of this pool continued
to fall after the completion of the perfu-
sion —relatively rapidly over the first 8 hr
post-treatment and more slowly over the
subsequent 12 hr —as a result of reequilibra-
tion with the plasma space. A nadir of 60%
of baseline was reached at approximately 24

Extra-Hepatic Extra-Vascular Unconjugated Bilirubin img}

Plasma Unconjugated Bilirubin Concentration (mg/ 100 mil

HOURS
Fic. 2. Computer-simulated effects of a single 4-hr
hemoperfusion (solid line) or continuous hemoperfu-
sion (dashed line) on plasma and extrahepatic, extra-
vascular bilirubin in a patient with type I Crigler-Najjar
syndrome.
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hr after initiation of the procedure, consist-
ent with the time course of arousal of coma-
tose patients with fulminant hepatic failure
after charcoal hemoperfusion therapy.

The simulated results of several alterna-
tive hemoperfusion schedules over a 5-day
period are illustrated in Fig. 3. Continuous
hemoperfusion, a clinically impractical regi-
men, was the most efficient, reducing the
plasma unconjugated bilirubin concentra-
tion to 1.2 mg% and the extrahepatic, ex-
travascular bilirubin pool to values within
the normal range (<65 mg) (8) by 24 hr. In
contrast, the usually employed regimen of 4
hr of treatment per day, while reducing the
plasma bilirubin concentration with each
treatment, did not achieve plasma bilirubin
values consistently under 6 mg% until after
the fourth treatment. Similarly, the extrahe-
patic, extravascular pool did not reach the
normal range until the fourth treatment,
more than 72 hr after initiation of therapy.

To the extent that earlier normalization of
the toxin content of the slowly exchanging
extrahepatic, extravascular pool might im-
prove survival, the data in Fig. 2 suggest two
manipulations in the regimen which might
be beneficial. One involves prolonging the
initial perfusion. Thus, Fig. 3 indicates that
initial perfusions of either 12 or 24 hr, fol-
lowed by maintenance treatments of 4 hr
daily, will achieve normalization of the ex-
trahepatic, extravascular pool within 28 and
24 hr, respectively, of initiating treatment,
and that this result will be sustained by the 4

Hemoperfusion Schedule
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hr per day maintenance regimen.

Alternatively, because the decline in the
toxin content of the slowly exchanging ex-
travascular pool tends to slow asymptoti-
cally toward zero following each perfusion,
repetitive short perfusions at intervals of
less than 24 hr will also accelerate depletion
of toxin from this pool. This approach is
illustrated in Fig. 4. Thus, two perfusions of
6 hr each, at the start of treatment and at 12
hr, will result in normalization of the slowly
exchanging extravascular pool by 30 hr.
Merely adding a single additional 4-hr treat-
ment at 12 hr into the conventional 4 hr per
day regimen achieves normalization of this
pool by 44 hr, a saving of more than a full
day in the time required to normalize this
variable.

Discussion. The results presented above
suggest that albumin-agarose hemoperfu-
sion could reduce the plasma unconjugated
bilirubin concentration substantially and the
extrahepatic, extravascular bilirubin pool
size to within normal limits in patients with
type I Crigler-Najjar syndrome. Moreover,
the rate at which normalization of these var-
iables is achieved is dependent not only on
the efficiency of the device employed, but
also on the treatment schedule. It is sug-
gested, by analogy, that the treatment
schedule employed in the treatment of ful-
minant hepatic failure by charcoal hemoper-
fusion may be equally important in deter-
mining the rate at which the hypothetical
“toxin” in that condition is depleted from its
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Fic. 3. Computer-simulated effects of four different treatment schedules on plasma and extrahepatic, extra-
vascular bilirubin pools in type I Crigler-Najjar syndrome.
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Fi6. 4. Computer-simulated effects of additional treatment schedules on plasma and extrahepatic, extravascu-

lar bilirubin pools in type I Crigler-Najjar syndrome.

slowly exchanging extravascular sites.

The validity of this study is dependent on
several sets of assumptions. The first in-
volves basic biological considerations: for
example, that coma in fulminant hepatic
failure is indeed the result of the accumula-
tion of toxic substances in a critical compart-
ment which equilibrates slowly with the
bloodstream. This hypothesis, while by no
means proven, is consistent with the major-
ity of available evidence (1), although nei-
ther the nature of the toxin nor the site of
the critical pool to be depleted is certain.
The second set of assumptions is mathemati-
cal: for example, that the distribution of a
metabolite among kinetically distinct pools
can be described by a compartmental
model, that the transfer rates of the model
are independent of pool sizes (first-order
kinetics), and that, accordingly, baseline
values for the parameters of the model can
be used to predict the effects of perturba-
tions such as hemoperfusion. The model of
bilirubin kinetics employed in this study has
been extensively validated in both published
studies in man (8, 17) and unpublished data
obtained in the rat (19). The first-order na-
ture of bilirubin transfer between critical
pools is suggested by the similarity of the
transfer rates representing hepatic uptake
(Az1) and, more relevant to the present
study, return from the slowly exchanging
extrahepatic, extravascular pool to plasma
(Ay3) in normal subjects and patients with
Crigler-Najjar syndrome (8, 11, 14, 16).
The ability of computer simulations involv-

ing other compartmental models to accu-
rately predict the effects of physiologic per-
turbations has been previously demon-
strated (15). Furthermore, the predicted
time course of the plasma bilirubin concen-
tration curve during the initial perfusion in
the present study is virtually superimposable
on the curve actually observed in the same
patient when an equivalent rate of bilirubin
clearance was obtained by exchange plasma-
pheresis during an episode of bilirubin en-
cephalopathy (14). Qualitatively similar
plasma curves have been observed during
and after hemoperfusion of jaundiced mon-
keys (10), although lack of data on the in-
ternal kinetics of bilirubin in the monkey
precludes direct comparison of these data
with computer-simulated curves.

This study clearly emphasizes the igno-
rance of basic pathophysiology which sur-
rounds current efforts to devise new thera-
pies for fulminant hepatic failure. Just as an
understanding of cell cycle kinetics led to
new regimens which dramatically improved
the effectiveness of known drugs in acute
lymphoblastic leukemia (20), understanding
of the specific biochemical disturbances re-
quiring correction might lead to regimens
which would dramatically improve survival
in fulminant hepatic failure with existing
therapeutic modalities.

Simple alterations in treatment schedule
such as the addition of one additional 4-hr
hemoperfusion or, preferably, use of two 6-
hr perfusions during the first day may mark-
edly accelerate depletion of a slowly equili-
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brating extravascular pool of toxin in fulmi-
nant hepatic failure. This might be expected
to accelerate arousal, prevent the cerebral
edema associated with prolonged acute he-
patic coma (6), and thereby improve sur-
vival. Although these are the results of a
theoretical investigation, they leave workers
in this largely empirical field with a ration-
ally derived and readily testable hypothesis.

Summary. A lag period of 12-24 hr has
frequently been observed to elapse between
charcoal hemoperfusion therapy and
arousal of patients in stage IV coma due to
fulminant hepatic failure. This delay sug-
gests that recovery of consciousness de-
pends on depletion of an extravascular pool
of a hypothetical toxin which requires 12-24
hr to equilibrate with plasma. No further
definitive information about the nature of
the toxin is available. Unconjugated biliru-
bin is known to have an extrahepatic, extra-
vascular pool which also equilibrates with
plasma over a 12- to 24-hr period. Accord-
ingly, a model of unconjugated bilirubin ki-
netics has been used to investigate the rate
of depletion of slowly equilibrating extra-
vascular metabolic compartments by hemo-
perfusion, employing computer simulation
techniques. The results indicate that the
rate of depletion of slowly equilibrating ex-
travascular pools is critically dependent not
merely on the intrinsic efficiency of the
hemoperfusion device, but also on the
schedule with which it is employed. The
conventionally employed regimen of 4-hr of
treatment per day is relatively inefficient in
achieving depletion of such compartments.
These data imply, by analogy, that alterna-
tive hemoperfusion regimens, employing
longer initial perfusion or perfusions at in-
tervals of approximately 12 hr, would be
more effective than current schedules in
awakening patients with acute hepatic
coma.

The author is indebted to Ms. P. Cromwell for
assistance with this study and for preparation of the
manuscript.
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