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Introduction

Summary

Fulminant hepatic failure (FHF) is a devastating disease. Liver transplantation
is the definitive treatment. However, a third of these patients die due to brain
edema before a donor becomes available. Cerebrospinal fluid (CSF) drainage
and decompressive craniectomy have been used to treat brain edema in brain
trauma and hemispheric stroke. However, their role in brain edema associated
with FHF has not been examined. In this study we evaluated the potential
effects of CSF drainage and decompressive craniectomy on survival in FHF
using an experimental model in rats. In CSF drainage experiments all animals
had ventriculostomy placed. Five days later FHF was induced with p-galactosa-
mine. Those FHF rats that progressed into comatose stages either received CSF
aspiration or did not. In separate experiments the study rats had either a
decompressive craniectomy or a sham procedure. FHF was induced 5 days
later. We found that both CSF drainage and decompressive craniectomy signifi-
cantly increased survival of FHF rats compared with the controls: 53.2 + 1.1
vs. 487 +1.5h (P =0.031), and 69.4 + 3.9 vs. 53.7 + 32 h (P = 0.009),
respectively. In conclusion, these findings suggest that CSF drainage and
decompressive craniectomy may increase the window of opportunity for liver
transplantation.

pental coma, and recently hypothermia [8,9]. Each of
these therapies has limited effects, and today liver trans-

Since 1970 brain edema has been recognized as a unique
complication of fulminant hepatic failure (FHF) [1].
When the disease progresses into the comatose phases,
brain edema occurs [1-3], changing FHF from being a
severe disease to a lethal condition. Brain edema remains
a major determinant of outcome in FHF.

Brain edema in FHF results from the increased per-
meability across the blood-brain barrier (BBB) [4,5].
Uncontrolled edema leads to brain herniation and death
[6,7]. management has included head
elevation, mechanical hyperventilation, administration of

The clinical

mannitol, use of ultrafiltration, the induction of thio-
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plantation is the definitive treatment for FHF [10-13].
However, the window of opportunity for a liver replace-
ment is quite limited; those who died awaiting a donor
liver died at a median waiting time of 5 days vs. those
who underwent transplantation received their graft on
median day 3 following the study admission. As 30% of
FHF deaths are due to brain edema [14], it is critical to
examine potential therapeutic options that effectively con-
trol the development and progression of brain edema to
prolong the waiting period for a liver transplant.

Within the rigid skull, the total intracranial volume
(ICV) is fixed. When the compliance or elastance of the
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brain parenchyma reaches its maximal state, a small
change in ICV will result in an exponential change in
intracranial pressure (ICP) [6,8]. In 1993, Thuomas et al.
[15] examined the progression of brain herniation and
correlated it with physiologic changes followed by
dynamic magnetic resonance (MR) imaging. Compression
and displacement of the ipsilateral ventricle was observed
at the balloon volume of 2-3% of ICV. At 4-5%, tran-
stentorial herniation occurred. When the balloon reached
8-10% of ICV, respiratory arrest occurred because of fo-
ramen magnum herniation [15]. Thus, a compensatory
mechanism to protect against the development of brain
herniation must provide at least 10% reduction or
accommodation in ICV. In normal humans cranial cere-
brospinal fluid (CSF) volume constitutes 11% of the total
ICV [16]. Cranial CSF is composed of ventricular and
extraventricular components. In the absence of anatom-
ical anomaly or obstruction, CSF flows freely between the
two cranial ventricular and extraventricular compart-
ments. A successful cranial CSF removal may provide up
to 11% of the total ICV to accommodate the swollen
brain.

Ventricular CSF drainage remains an effective physio-
logic method to lower ICP. It is a key component in the
standard management of brain edema associated with
traumatic brain injury [17,18]. With aggressive CSF
drainage to control ICP, the mortality is reduced and
neurologic outcomes are improved [14,19,20]. Recently
decompressive craniectomy has been used to control
brain edema because of traumatic and ischemic brain
injuries [21-25]. This method provides larger space vol-
ume than ventriculostomy. A craniectomy in a FHF
patient would seem dangerous because of the underlying
coagulopathy. However, the therapeutic potential of cra-
nial CSF drainage via either ventriculostomy or decom-
pressive craniectomy has not been previously evaluated in
the settings of FHF. In this study a protocol was designed
to examine the potential effects of CSF drainage with ven-
triculostomy and decompressive craniectomy on the sur-
vival outcomes in a rat model of experimental FHF. Our
findings show that CSF drainage either by ventriculosto-
my or craniectomy prolongs survival in FHF rats.

Materials and methods

Animals

Male Sprague-Dawley rats, 200-300 g, were purchased
from Harlan (Indianapolis, IN, USA). The rats were
housed in a conventional rat room in 12-h light/dark
cycles and were allowed free access to food and water.
The use of animals in this investigation was institutionally
approved according to the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals.
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Placement of ventriculostomy cannula for ICP
measurement and CSF drainage

The upper skull was shaved and prepped in standard ster-
ile fashion [26]. The head was positioned on a stereotac-
tic guide instrument. The midline incision was made. The
bregma was identified as the intersecting point of the
midline and coronal suture lines. The cannulation hole,
0.8 mm caudal and 1.5 mm lateral to the bregma, was
made with a dental drill. The ventriculostomy cannula
(Single guide, Gauge 22, 4.8 mm tubing length below
pedestal; Plastics One, Inc., Roanoke, VA, USA, Category
No. C313G/Spc) was inserted vertically deep into the
brain parenchyma. CSF was visualized egressing through
the cannula, indicating a successful intraventricular cann-
ulation. The catheter was cemented and secured and
capped. The animal was allowed to recover and was kept
in an individual cage for 5 days prior to the FHF study.

Decompressive craniectomy in rats

Decompressive craniectomy was performed as described
previously [21]. The animals were anesthetized with Nem-
butal 60 mg/kg and maintained with inhalational 2% iso-
flurane. A bone flap (10 X 5 mm) was created in the
bilateral temporal bone with a dental drill, and the bone
was removed using a microscissor. The meningeal layer
was incised but not removed. The cortical tissue was not
violated. The temporalis muscle and skin were closed with
continuous absorbable sutures. The sham controls
received the same general anesthesia and skin flap expo-
sure without a craniectomy. The animals were allowed to
recover for 5 days prior to FHF study.

FHF induction in rats using d-galactosamine

This model resembles FHF in humans in all major aspects
[27]. The overall mortality is 80% within 50 h from
induction of p-galactosamine. This drug is specifically
taken up by the liver, and by depleting the pool of uridine
nucleotide it results in hepatocellular necrosis. There is no
known direct effect of this agent on central nervous system
(CNS) or BBB. p(+)-galactosamine has been most com-
monly used in rodents and dogs with reproducible clinical,
biochemical, and histologic patterns. FHF was induced by
intraperitoneally injecting a single dose of p(+)-galactosa-
mine hydrochloride (CalBiochem, San Diego, CA, USA)
of 2.5 g/kg of body weight [27,28]. Rats were kept sepa-
rately with free access to food and sugar water (8 g table
sugar/200 ml water). Each rat received 10 ml of D10% 1/4
NS subcutaneously every 6-8 h [29].

Clinically, FHF rats progressed through the four stages of
encephalopathy [29] starting with stage I when the rats are
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less active than normal rats; stage II, the rats are lethargic
and show ataxic movement; stage III, the rats are sleeping
most of the time but maintain the reflexes of the extremit-
ies to tactile stimulus; stage IV, the rats show loss of
extremity reflexes but maintain the corneal reflexes to soft
cotton tip. The loss of corneal reflexes indicates brain her-
niation. Death of the animal inevitably ensued shortly fol-
lowing the loss of corneal reflexes [30]. Stages I and II are
referred to as precoma, and stages III and IV as comatose.

ICP monitoring, blood pressure measurement,
and CSF drainage

At the inception of stage III, ICP readings were monitored
using BIOPAC Systems MP100 workstation. Tail mean
arterial pressure (MAP; Model 20-NW Cuff Pump and
Model 179 Blood Pressure Analyzer, Goleta, CA, USA) was
measured. Body temperature was measured hourly using a
rectal probe (digital dual channel thermometer, VWR
M107766). Heat lamp and thermal pad were used to keep
body temperature close to 37 °C. CSF was aspirated every
2 h using a 1-ml syringe, which has been shown effective
for CSF removal.

BBB permeability assessed by Evans blue extravasation

Evans blue (EB) has been widely used to assess the
increased BBB permeability [31]. Four ml/kg of a 2%
(w/v) solution of EB were injected intravenously. The dye
was allowed to circulate 60 min. The animals were killed
with Nembutal overdose (100 mg/kg) followed by 1 ml of
saturated KCl intravenously. The brains were removed
and liver biopsies were performed.

Brain water determination using specific gravity method

This method has been widely used for determinations of
brain water, i.e. brain edema [32,33]. The cerebral cortex
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and cerebellum were removed after killing and stored on an
anhydrous tray at 4 °C to be processed within 30 min. The
gray matter of the cerebral cortex and the cerebellum were
cut into 2 mm slices. Then 1-mm® punch biopsy specimens
were obtained. These pieces were carefully placed in a
bromobenze-kerosene density-gradient column to measure
specific gravity, and the equilibrium positions were recor-
ded after 2 min as previously reported [32,33]. The column
was calibrated in advance with six potassium sulfate solu-
tions of different concentrations with known specific gravi-
ties. All the gradients used were linear with correlation
coefficients of 20.998. The conversions from specific gravity
to brain water were performed as previously described
[34]. Eight measurements were made per cerebral cortex
and four measurements per cerebellum.

Statistical analysis

Results were expressed as mean + SEM. Statistical com-
parisons were performed using the anova followed by
t-test with a Bonferroni adjustment. The Kaplan—Meier
cumulative survival analysis was performed using log-rank
(Mantel-Cox) analysis. A P-value of <0.05 was considered
statistically significant.

Results

FHF induction in rats

To reproduce the model of FHF in our laboratory, 27 rats
were injected with p-galactosamine. Of these 27 rats, 23
D-galactosamine-treated rats progressed through the sta-
ges of encephalopathy. FHF-induced rats developed stage
I of encephalopathy at 22.6 £52h, stage II at
36.4 + 6.7 h, stage III at 46.4 £ 4.5 h, and stage IV at
50.3 £ 6.6 h (Table 1). Four rats (15%) developed stages
I and II, then they spontaneously recovered. Those rats
that entered stage III, i.e. comatose stage, ultimately died.
Thus, once the b-galactosamine-treated rats entered

Table 1. Experimental FHF in rats.

Stage of encephalopathy  Time of onset (h)  Clinical manifestations ALT (U/)

0 0 Normal 31+03

| 226 £52 Ataxic 2334 £ 219

Il 364 +6.7 Lethargic 3177 + 134

1] 46.4 + 4.5 Comatose, arousable, extremity 3479 + 200
reflexes intact

\Y2 50.3 + 6.6 Comatose, loss of extremity reflexes, 3837 + 118
corneal reflexes intact

Brain herniation - Loss of corneal reflexes NA

Following a single intraperitoneal injection with D-galactosamine, FHF rats progressed through the
clinical stages of encephalopathy from | to IV and eventual death. ALT increased with increasing sta-
ges of FHF. The clinical stages and ALT levels correlated with the hepatocellular necrosis in liver

histology.

FHF, fulminant hepatic failure; ALT, alanine aminotransferase; NA, not applicable.
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Normal control

Precoma FHF

Yamamoto et al.

Comatose FHF

Figure 1 Liver histology of study rats. The liver section from the saline control rats was normal. Fulminant hepatic failure (FHF) rats from stages |
to IV of encephalopathy showed increasing hepatocellular necrosis, parenchymal disruption, and hemorrhage. The extent of hepatocellular necro-
sis correlated with the serum transaminases and encephalopathy. Precoma indicates stages | and Il; comatose FHF indicates stages Ill and IV of

encephalopathy.

comatose stages, they had a mortality of 100%. Serum
aminotransferase (ALT) levels increased with increasing
severity of FHF (Table 1). Histologic sections of livers
from the p-galactosamine-treated rats showed hepatocel-
lular injury in the precoma FHF rats. The comatose FHF
rats had significant necrosis and apoptosis of hepatocytes
with parenchymal hemorrhage (Fig. 1). The saline-injec-
ted rats served as normal control and their liver histology
was normal.

Increased brain EB extravasation, brain water,
and ICP in FHF rats

To demonstrate the presence of increased BBB permeabil-
ity, EB dye was used. Brains of comatose FHF rats had
marked blue staining (Fig. 2). Control rats did not have
any EB staining. The precoma FHF rats had minimal
staining (not shown). The marked staining in the coma-
tose FHF brains confirmed the increased BBB permeabil-
ity to small circulating molecules, such as the EB and
water. These results agreed with previous reports [27,35].
Accordingly, the FHF rats showed increases of 3.0% and

Control

Figure 2 Increased brain extravasation in fulminant hepatic failure
(FHF). Evans blue (EB) was used to illustrate the increased blood-brain
barrier (BBB) permeability, i.e. increased brain extravasation, in FHF
rats. The brain from a control rat had trace EB staining. In contrast,
the comatose FHF rat brain showed marked blue staining, indicating
increased extravasation of small molecules including EB dye, water,
and ammonia. The precoma FHF brain had minimal staining (not
shown).

Table 2. Increased brain water in FHF rats.

Net water
Brain water (%) Control rats FHF rats increase (%)
Cortex 77.7 £0.2 80.7 £0.2 3.0+ 0.2**
Cerebellum 78.8 £ 0.1 83.2 £ 0.1 4.4 +£0.1%*
Number of animals 5 6

Consistent with increased BBB permeability, FHF rats had significant
increase in brain water in the cortex and cerebellum.

FHF, fulminant hepatic failure; BBB, blood-brain barrier.

**P < 0.001.

4.4% of brain water in the cerebrum and cerebellum,
respectively, compared with the control rats (Table 2).
These increases are consistent with previous report [4].
Consequently, the comatose FHF rats had significantly
higher ICP above the precoma FHF rats (9.3 £ 2.0 vs.
3.6 £ 0.1 mmHg, P = 0.007; N = 5).

CSF drainage prolonged the survival in FHF-induced rats

To determine the effect of CSF drainage, the study rats
had a ventriculostomy placed for CSF aspiration. Five
days later FHF was induced following the injection of
p-galactosamine. A total of 33 FHF-induced rats pro-
gressed into the comatose stages (Table 3). Thirteen
received CSF drainage by syringe aspiration; 19 did not.
The volumes of CSF removed varied from 80 to 1410 pl
(mean: 351 + 119 pl). Figure 3 illustrates gradual reduc-
tions of ICP following successive CSF aspirations in a
FHF rat. In a rat of about 300 g of body weight, the cra-
nial volume of CSF is about 250 pl [36]. Thus, overall the
CSF aspirations achieved in this study were from a one-
third to five times the cranial CSF volume. However,
there was no correlation between the survival and the vol-
ume of aspirated CSF (not shown). There was no differ-
ence in MAP and blood glucose between the two study
groups. The FHF rats that received CSF drainage
had higher ICP (9.95 £ 2.15 vs. 6.28 + 0.8 mmHg,

© 2006 The Authors
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Table 3. Physiologic parameters of the study rats.

FHF without CSF
drainage (n = 19)

FHF with CSF
drainage (n = 14)

MAP (mmHg) 122 + 5 (4) 118 = 5 (4)
Serum glucose (mg/dl) 157 + 30 (10) 128 + 26 (10)
CSF volume (ul) None 351+ 119 (12)
ICP (mmHg) 6.2 + 0.8 (18) 9.95 + 2.15 (6)**

Ventriculostomy was placed 5 days prior to FHF induction. Among the
33 FHF rats that progressed into comatose stages, 19 received CSF
drainage via syringe aspiration, and 14 did not. There was no differ-
ence in MAP and serum glucose between the two study groups. The
initial ICP readings showed a trend of higher readings in the CSF
drainage group (**P = 0.053). The numbers in parentheses indicate
the number of animals in which the measurement was made.

FHF, fulminant hepatic failure; CSF, cerebrospinal fluid; MAP, mean
arterial pressure; ICP, intracranial pressure.
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Figure 3 Serial cerebrospinal fluid (CSF) aspirations resulted in reduc-
tion of intracranial pressure (ICP) in a fulminant hepatic failure (FHF)
rat.

P = 0.053). Yet, the FHF rats that were treated with CSF
drainage had a significant prolongation of survival time
compared with those FHF rats that had no CSF drainage
(Fig. 45 P = 0.019). The FHF rats that received CSF
drainage had an increase in the mean survival of 4 h
(53.2 £ 1.1 vs. 48.7 £ 1.5, P = 0.031).

Decompressive craniectomy increased FHF rat survival

To evaluate the effect of decompressive craniectomy on
survival of FHF rats, nine FHF rats had craniectomy and
eight had sham procedure. Five days later FHF was
induced. The animals were clinically monitored from the
time of FHF induction to the time of death. As illustra-
ted in Fig. 5, the craniectomized FHF rats had a signifi-
cantly increased survival when compared with the FHF
sham controls (P = 0.014). The mean survival among
the craniectomized FHF rats was 69.4 £ 3.9 h when
compared with 53.7 + 3.2 h among sham FHF animals
(P = 0.009). The liver histology showed the same degree

© 2006 The Authors
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Figure 4 Kaplan-Meier cumulative survival in fulminant hepatic fail-
ure (FHF) rats with cerebrospinal fluid (CSF) drainage. Both groups
of the study animals had ventriculostomy placement 5 days prior to
FHF induction with p-galactosamine. CSF drainage was carried out
with 1-ml syringe starting at the inception of comatose stages.
Those FHF rats that received CSF aspiration showed a prolonged sur-
vival (P = 0.019).
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Figure 5 Kaplan—-Meier cumulative survival of craniectomized fulmi-
nant hepatic failure (FHF) rats. The rats had craniectomy or sham pro-
cedure 5 days prior to the induction of FHF with p-galactosamine.
The survival time from the induction to the time of death was recor-
ded. FHF rats with craniectomy had a significant increase in survival
when compared with the sham controls (P = 0.014).

of hepatocellular necrosis in both groups of the study
animals.

Discussion

Brain swelling in FHF occurs in the comatose stages and
is a major cause of death among FHF patients [4]. In this
study we have demonstrated that providing additional
space volume for the swollen brain could prolong the sur-
vival of FHF animals. This concept was developed by
Harvey Cushing [37] in the early 1900s. Dr Cushing [37]
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demonstrated that a decompressive craniectomy was
effective to relieve the ICP due to intracranial masses.
Recently decompressive craniectomy has been employed
in the clinical management of patients who experience a
large hemispheric stroke, which carries mortality as much
as 80% [38] in rats [39] and humans [40,41]. These
results underscore the principle that if adequate
additional ICV is timely provided to compensate for
the swelling because of brain edema, the lethal complica-
tions of brain compression and herniation may be ameli-
orated.

Fulminant hepatic failure is a complex medical condi-
tion. Many FHF patients have multiorgan failure [42].
Thus, general anesthesia needed for a surgical procedure
in these comatose subjects can be lethal, particularly in
animals. The insertion of an ICP catheter or decompres-
sive craniectomy during the advanced stages of FHF can
result in high mortality and morbidity. The surgical inter-
ventions would result in intracranial hemorrhage that is
potentially difficult to control due to underlying coagul-
opathy. For these reasons, the insertion of an ICP catheter
and the decompressive craniectomy were performed
5 days prior to our experimental study to avoid the
potential confounding factors.

Craniectomy provides a larger space volume for the
brain and effectively reduces ICP [43]. As it is clinically
known that ICP is significantly reduced by decompressive
craniectomy [23,44], we did not measure the ICP in the
craniectomized animals. Nevertheless, the mean survival
in craniectomized FHF rats was 15 h beyond that of the
sham FHF animals. This is probably the longest improve-
ment in survival observed in experimental FHF. Early
works with an inhibitor of glutamate synthetase pro-
longed the survival in FHF animals for 3.7 h [45]. Hypo-
thermia delayed the development of comatose stages for
5 h, as it reduced brain edema formation [46]. However,
the survival was not reported [46].

Previous studies have demonstrated that edema in the
brain resolves by clearing the excess fluid into CSF
[47,48]. The CSF component was shown to contribute
one-third of the ICP increase in brain edema in severe
head injury [49]. Using the model of acute dilutional
hyponatremia in rats, Melton and Nattie showed that it is
the CSF compartment that provides the required space
volume to accommodate the swollen brain [36]. In
addition, ventricular CSF drainage remains the most
effective and rapid physiologic method to lower ICP.
Thus, CSF drainage may provide a mechanism to control
the progression of cerebral edema. Our results showed
that CSF drainage in FHF rats prolonged the median sur-
vival for 4 h. However, as the skull is intact, the effective-
ness of CSF drainage must be limited. As reflected in our
data, once the CSF limit is reached, the death rate in the
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treated FHF rats is the same as those FHF rats without
CSF drainage.

Liver transplantation has evolved, becoming the defin-
itive treatment of this disease. However, the window of
opportunity is very limited. In the face of organ short-
age, many of these patients die before availability of a
donor. In the large series reviewed by Dr William Lee,
who leads the Acute Liver Failure Study Group in the
USA, the median difference between those FHF patients
who receive a liver transplant versus those who die with-
out one is only 48 h [50]. The same window of time has
been observed in United Kingdom [51]. Expanding this
window by appropriate interventions will increase the
number of patients with FHF able to receive the definit-
ive liver transplant. Yet, the gain in survival in FHF rats
that had CSF drainage and decompressive craniectomy is
modest, 4 and 15 h respectively. It remains, however, to
determine the exact translation of a survival advantage
in small animals to humans. It should be noted that
there has been evidence that an increase in survival
measured in days in mice may result into years of survi-
val in humans. Therefore, we believe that the small
increase in survival in our animal study deserves further
investigations for this lethal disease with few therapeutic
options.

There are several additional limitations in our study.
First, the pre-existing ventriculostomy and craniectomy
limit the interpretations of the results in correlation with
clinical management of FHF. We did not see a correlation
of the CSF volume to the advantage in the survival rate.
This is probably a direct result of the ventriculostomy
being carried out prior to the experimental induction of
FHF. Although it would be ideal to carry out the ven-
triculostomy during the comatose stages of the FHF ani-
mals, the associated mortality would confound the
outcomes of the current study objective. Secondly, in our
experimental condition, the complexity in the manage-
ment of FHF is not addressed [42]. Sepsis is a major
complication and challenge in patients with FHF. How-
ever, it is clear from our clinical experience with FHF
patients at our medical center that infectious complica-
tions associated with the placement of ventriculostomy
have been minimal without a death [52]. Therefore, we
do not believe that infection would have played a major
role in the experimental results reported in this study.
Thirdly, although not seen in this study, the possibility of
reverse herniation associated with ventriculostomy could
not be ruled out.

Although the use of decompressive craniectomy is dan-
gerous in FHF due to the severe coagulopathy, there is a
report of decompressive craniectomy in a FHF patient with
Reye’s syndrome in 1976 [53]. In this report the coagulop-
athy was constantly normalized with exchange transfusion,
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and decompressive craniectomy was performed, allowing a
successful outcome of the patient. A more recent report
demonstrates a case in which a bifrontal decompressive
craniectomy is performed on a patient with posttraumatic
acute liver dysfunction [54]. The avoidance of the lethal
complication of brain edema allows the patient to recover
neurologically as the liver recovers [54]. These reports sup-
port a potential role of brain decompression in the clinical
management of brain edema in FHF.

In conclusion, our results provide evidence that both
ventriculostomy and decompressive craniectomy can
serve as a bridge to transplantation. Although the crani-
ectomy provides a longer survival advantage (15 vs. 4 h)
over the former method, its clinical application is lim-
ited by the underlying severe coagulopathy. With recent
advances in transfusion medicine, decompressive craniec-
tomy may deserve further consideration and investiga-
tion. Expanding the window of opportunity will allow a
FHF patient to timely receive a life-saving liver trans-
plant or allow enough time for the native liver to
recover.
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