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Objective: To determine if intracranial pressure monitor placement 
in patients with acute liver failure is associated with significant 
clinical outcomes.

Design: Retrospective multicenter cohort study.
Setting: Academic liver transplant centers comprising the U.S. 
Acute Liver Failure Study Group.
Patients: Adult critically ill patients with acute liver failure present-
ing with grade III/IV hepatic encephalopathy (n = 629) prospec-
tively enrolled between March 2004 and August 2011.
Intervention: Intracranial pressure monitored (n = 140) versus 
nonmonitored controls (n = 489).
Measurements and Main Results: Intracranial pressure monitored 
patients were younger than controls (35 vs 43 yr, p < 0.001) and 
more likely to be on renal replacement therapy (52% vs 38%, 
p = 0.003). Of 87 intracranial pressure monitored patients with 
detailed information, 44 (51%) had evidence of intracranial hyper-
tension (intracranial pressure > 25 mm Hg) and overall 21-day 
mortality was higher in patients with intracranial hypertension 
(43% vs 23%, p = 0.05). During the first 7 days, intracranial pres-
sure monitored patients received more intracranial hypertension–
directed therapies (mannitol, 56% vs 21%; hypertonic saline, 
14% vs 7%; hypothermia, 24% vs 10%; p < 0.03 for each). Forty-
one percent of intracranial pressure monitored patients received 
liver transplant (vs 18% controls; p < 0.001). Overall 21-day mor-
tality was similar (intracranial pressure monitored 33% vs controls 
38%, p = 0.24). Where data were available, hemorrhagic com-
plications were rare in intracranial pressure monitored patients 
(4 of 56 [7%]; three died). When stratifying by acetaminophen 
status and adjusting for confounders, intracranial pressure moni-
tor placement did not impact 21-day mortality in acetaminophen 
patients (p = 0.89). However, intracranial pressure monitor was 
associated with increased 21-day mortality in nonacetaminophen 
patients (odds ratio, ~ 3.04; p = 0.014).
Conclusions: In intracranial pressure monitored patients with 
acute liver failure, intracranial hypertension is commonly observed. 
The use of intracranial pressure monitor in acetaminophen acute 
liver failure did not confer a significant 21-day mortality benefit, 
whereas in nonacetaminophen acute liver failure, it may be asso-
ciated with worse outcomes. Hemorrhagic complications from 
intracranial pressure monitor placement were uncommon and 
cannot account for mortality trends. Although our results cannot 
conclusively confirm or refute the utility of intracranial pressure 
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monitoring in patients with acute liver failure, patient selection and 
ancillary assessments of cerebral blood flow likely have a signifi-
cant role. Prospective studies would be required to conclusively 
account for confounding by illness severity and transplant. (Crit 
Care Med 2014; 42:1157–1167)
Key Words: acetaminophen; acute liver failure; cerebral edema; 
fulminant hepatic failure; intracranial hypertension; intracranial 
pressure monitoring

Acute liver failure (ALF) is defined by hepatic encepha-
lopathy (HE) and synthetic dysfunction within 26 
weeks of the first symptoms of liver disease (1). Severe 

coagulopathy, HE, and hemodynamic instability contribute to 
a picture of multiple organ failure. Currently, the most com-
mon cause of ALF in North America is acetaminophen (APAP) 
(2, 3). Particularly in APAP-induced ALF, cerebral edema and 
intracranial hypertension (ICH) are major causes of morbidity 
and mortality (4, 5). Currently, the role of intracranial pressure 
(ICP) monitoring is still an area of controversy (6).

ICP monitoring (ICPM) has generally been used primarily to 
exclude patients from liver transplant (LT) and to manage ICH 
intraoperatively when transplantation is performed. The pres-
ence of clinically significant ICH prior to emergency LT por-
tends a higher likelihood of ischemic brain injury post LT (7, 8). 
Furthermore, increased use of ICP-related interventions (includ-
ing osmotic agents, propofol, and hyperventilation) are associated 
with ICPM (9). This likely reflects an increase in detection of clini-
cally silent ICH (10). However, despite this rationale, a mortality 
benefit in ICPM ALF patients has not been previously demon-
strated and no prospective controlled trials exist (9).

The major concern previously with placement of such 
monitors is intracranial hemorrhage. An initial survey across 
medical centers in the United States described a complication 
rate of roughly 10% (27 of 263) with significantly higher rates 
in subdural or parenchymal compared with epidural transduc-
ers (11). More recent studies from the United States (2005) and 
the United Kingdom (2010) have published rates of intracra-
nial hemorrhage between 2.5% and 10% (9, 12).

The U.S. Acute Liver Failure Study Group (ALFSG) has col-
lected clinical and laboratory data on more than 2,300 patients 
with ALF over the past 15 years. In this study, we reviewed all 
ALF patients (n = 140) with grade III or IV HE who received an 
ICPM between March 2004 and August 2011. For control pur-
poses, we examined all patients with ALF (n = 489) during the 
same time period with grade III or IV HE that did not receive 
an ICPM. We hypothesized that patients with ALF who under-
went ICPM insertion would have significantly more manip-
ulations to treat ICP and that this would beneficially impact 
21-day survival. We also hypothesized that more patients 
undergoing LT would have ICPM and the rate of complica-
tions with ICPM insertion would be low.

Accordingly our objectives were as follows:

1. To determine whether placement of an ICPM in patients 
with ALF is significantly associated with 21-day mortality.

2. To determine the association between ICPM and manage-
ment, specifically need for ICP therapies and listing/receipt 
of LT.

3. To determine the current safety profile of ICPM.

MATERIALS AND METHODS
The reporting of this study followed the Strengthening the Report-
ing of Observational Studies in Epidemiology guideline (13).

Design and Setting
We performed a retrospective cohort study of a total of 629 
patients with ALF (all patients with grade III or IV HE) 
enrolled by the U.S. ALFSG registry between March 2004 
and August 2011. All enrolling centers are tertiary academic 
LT centers. The institutional review board at each participat-
ing center approved all protocols. One hundred forty (22%) 
received ICPM and 489 did not (controls). Because of HE 
in all patients, next of kin were asked to provide consent for 
study participation. Each center implemented monitoring and 
therapeutic interventions according to institutional standards 
of care. Although there were no study-wide protocols for indi-
cations for ICPM insertion or management of ICP across the 
U.S. ALFSG sites, based on previously published U.S. and U.K. 
literature, some indications for ICPM insertion may include 
hyperammonemia (ammonia > 150 μmol/L), listing for LT, 
meeting King’s College criteria, or presence of multisystem 
organ failure (14, 15).

Participants
Inclusion criteria were 1) evidence of ALF according to the 
enrollment criteria for the ALFSG (see Operational Definitions 
section), 2) age 18 years old or older, and 3) grade III or IV HE 
during the first 7 days of study admission (West Haven Crite-
ria) (16, 17).

Exclusion criteria were 1) cirrhosis/acute-on-chronic liver 
failure and 2) patients less than 18 years.

Operational Definitions
For the purposes of this study, ALF is defined as interna-
tional normalized ratio (INR) more than or equal to 1.5 and 
HE within the first 26 weeks of liver disease in a patient with 
an acute hepatic insult (18). HE grade is defined by the West 
Haven Criteria (simplified) as follows: grade 1, any alteration 
in mentation; grade 2, being somnolent or obtunded but easily 
rousable or presence of asterixis; grade 3, being rousable with 
difficulty, and grade 4, unresponsive to deep pain (16, 17).

Variables
The exposure of interest was placement of an ICPM in patients 
with ALF (both APAP and non-APAP). The primary outcome 
of interest was 21-day mortality. Secondary outcomes included 
differences in management for ICH (ICP-related therapies, 
hypertonic saline, mannitol, hypothermia, barbiturates, and 
sedation [propofol]) and complications of ICPM insertion. 
Confounding factors, which may impact the primary outcome 
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(mortality), included age, gender, etiology of ALF (APAP vs 
non-APAP), requirement for organ support (vasopressors 
and mechanical ventilation [MV]), renal replacement therapy 
(RRT), and LT. Confounding factors that may affect the sec-
ondary outcome (complications of ICPM insertion) included 
type of ICPM and blood products used for placement.

Data Sources and Collection
Data were collected prospectively as part of the U.S. ALFSG and 
retrospectively analyzed. Prior to February 2010, each individual 
site prospectively sent case report forms to the University of 
Texas Southwestern for entry into a central database. Following 
this date, individual sites entered data electronically into a cen-
tral database housed at the ALFSG Data Coordinating Center 
at the Medical University of South Carolina (Charleston, SC). 
Registry data assessed in this study included demographics 
(age, race, and sex), etiology of ALF, biochemistry (admission, 
day of ICPM insertion, or development of grade III or IV HE), 
requirement for organ support on day of admission or during 
first 7 days, ICP measurement (mm Hg), and requirement for 
ICP-related therapies and outcomes (receipt of LT and 21-day 
mortality). Data regarding the use of surrogate markers of ICP 
(reverse jugular bulb saturations and cerebral blood flow veloc-
ity) were not collected in the registry forms. Where available, the 
type of ICP transducer used (epidural, subdural, intraparenchy-
mal, intraventricular, and lumbar) and hemostatic preparation 
used for ICPM placement (fresh-frozen plasma, cryoprecipi-
tate, and recombinant factor VIIa) were examined. To acquire 
missing data (not initially captured) from U.S. ALFSG sites on 
ICPM techniques and complications, data queries were sent and 
source documentation was reviewed for missing data at all active 
recruiting sites of the U.S. ALFSG (n = 13/28).

Statistical Analysis
Statistical analysis was performed using IBM SPSS version 19 
(SPSS, Chicago, IL) and SAS version 9.2 (SAS Institute, Cary, 
NC). In the event of missing values, data were not replaced or 
estimated. Data were analyzed using descriptive statistics to 
characterize demographics and other clinical variables. Cat-
egorical variables were compared using the chi-square test or 
Fisher exact test (< five subjects). For continuous variables, 
normally distributed variables were reported as means with 
sd and compared by Student t test. Nonnormally distributed 
continuous data were reported as medians with interquartile 
ranges (IQR) and compared by Wilcoxon rank-sum test. Sur-
vival was defined as the dichotomous outcome, alive at 21 days 
(transplant and transplant free) after enrollment into the reg-
istry. Transplant and transplant free refer to whether patients 
received LT during the first 21 days of follow-up. A two-sided 
significance level of less than 0.05 was used for all comparisons.

Multivariable Analysis
In order to control for variables that may confound the effect of 
ICPM on 21-day mortality, a multivariable logistic regression 
analysis was performed. The prespecified prognostic variables 
included age at admission into the registry, study enrollment 

year, high enrolling site (> 6 vs ≤ 6 patients enrolled per year; 
6 was the median for all sites), gender, race (white vs non-
white), lactate (admission), Model for End-stage Liver Disease 
(MELD) score (admission), receipt of LT during 21 days after 
enrollment, and receipt during the 7 days post study admission 
of MV, vasopressors, RRT, and ICPM. Model performance was 
assessed using the c-statistic and the Hosmer-Lemeshow test 
for goodness of fit. Multivariate associations are reported as 
odds ratios (OR) with 95% confidence limits.

RESULTS

General Characteristics of 629 ALF Patients With 
Grade III/IV Hepatic Coma
ICPM was used in 140 ALF patients with grade III/IV HE (22%) 
included in this analysis. Demographic, biochemical, and thera-
peutic characteristics of ICPM patients (n = 140) and controls (n = 
489) are shown in Table 1. There were no significant differences in 
gender (71% female) and race (74% Caucasian) between groups. 
The most common etiology of ALF was APAP (ICPM 49%, con-
trols 52%, p = 0.05). Overall, ICPM patients were significantly 
younger (35 yr vs 43 yr; p < 0.001). On study admission (Table 1), 
hematological indicators were similar apart from median plate-
let count (ICPM 133 vs controls 122; p = 0.02). ICPM patients 
had significantly higher bilirubin (7.5 vs 6.5 mg/dL; p = 0.03) and 
lower phosphate levels (mg/dL) (2.7 vs 3.3, p < 0.001).

During the first seven study days, ICPM patients were more 
likely to be on RRT (52% vs 38%), MV (98% vs 82%), and vaso-
pressors (55% vs 39%, p < 0.004 for all). More ICPM patients 
received ICH-directed therapies, including mannitol (56% vs 
21%), hypertonic saline (14% vs 7%), barbiturates (25% vs 5%), 
and hypothermia (24% vs 10%) (p < 0.03 for all) (Fig. 1). More 
ICPM patients also received fresh-frozen plasma (84% vs 61%) 
and platelets (43% vs 25%) than controls (p < 0.001 for both).

Outcomes in 629 ALF Patients With Grade III/IV HE
Complications and outcomes are shown in Table 2. There were 
no significant differences in complications (seizures, arrhyth-
mias, gastrointestinal bleeding, bacteremia, tracheal aspirate 
infection, abnormal chest radiograph, or computed tomogra-
phy; p > 0.1 for all comparisons). ICPM use was strongly associ-
ated with listing for LT (79% vs 27%, p < 0.001) and receipt of LT 
(41% vs 18%, p < 0.001). Overall 21-day mortality was similar 
between ICPM patients and controls when all (33% and 38%, 
p = 0. 24) or only non-LT patients (46% vs 45%, p = 0.92) were 
considered. There were no differences in rates of ICPM use com-
paring APAP with non-APAP patients (21% vs 23%, p = 0.48).

Patient Characteristics of 244 ALF Patients  
Listed for LT
In comparing ICPM patients orthotopic liver transplant 
(OLT) (n = 110) with controls (n = 134) listed for OLT 
(Supplemental Table 1, Supplemental Digital Content 1, 
http://links.lww.com/CCM/A799), there was a trend toward 
an increased association between listed controls and receipt 
of OLT (controls 65% vs ICPM 53%, p = 0.05). However, 

http://links.lww.com/CCM/A799
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TAbLE 1. Demographic, Clinical, and biochemical Variables in Patients With (Intracranial 
Pressure Monitored Group, n = 140) and Without (Control Group, n = 489) Intracranial 
Pressure Monitoring

Variable

No ICPM Group (Control) (n = 489) ICPM Group (n = 140)

pn
Number (%) or  
Median (IQR) n

Number (%) or  
Median (IQR)

Age 489 43.0 (31.0–54.0) 140 35.0 (26.0–45.0) < 0.001

Sex (female) 489 344 (70.4) 140 101 (72.1) 0.68

Race 489 140 0.24

  White 375 (76.7) 98 (70.0)

  African-American 74 (15.1) 29 (20.7)

  Other 40 (8.2) 13 (9.3)

Etiology 488 140 0.046

  Acetaminophen 252 (51.6) 69 (49.3)

  Viral hepatitis 41 (8.4) 18 (12.9)

  Drug induced 42 (8.6) 11 (7.9)

  Indeterminate 49 (10.0) 23 (16.4)

  Other 104 (21.3) 19 (13.6)

Admission biochemistry

  Hemoglobin (g/dL) 488 10.4 (9.3–12.0) 139 10.5 (9.2–12.2) 0.80

  WBC count (× 109/L) 487 10.7 (7.0–15.1) 140 10.8 (7.0–14.9) 0.98

  Platelet count (× 109/L) 487 122.0 (71.0–181.0) 139 133.0 (84.0–206.0) 0.02

  International  
  normalized ratio

481 2.8 (2.0–4.3) 133 2.7 (1.9–3.8) 0.22

  Aspartate  
  aminotransferase (IU/L)

483 1,623.0 (421.0–5,924.0) 139 1,885.0 (536.0–3,278.0) 0.40

  Alanine  
  aminotransferase (IU/L)

479 1,773.0 (602.0–4,305.0) 139 2,154.0 (878.0–3,880.0) 0.26

  Bilirubin (mg/dL) 483 6.5 (3.5–17.5) 139 7.5 (4.6–17.4) 0.03

  pH 418 7.4 (7.3–7.5) 136 7.4 (7.4–7.5) 0.001

  Ammonia (venous; μmol/L) 245 106.0 (67.0–166.0) 82 113.5 (84.0–177.0) 0.07

  Creatinine (mg/dL) 489 2.0 (1.0–3.3) 139 1.8 (1.0–3.5) 0.84

  Lactate (mmol/L) 308 4.9 (2.9–10.0) 93 5.0 (2.9–9.0) 0.82

  Phosphate (mg/dL) 440 3.3 (2.2–4.9) 131 2.7 (2.0–4.1) < 0.001

  Po2/Fio2 ratio 363 3.4 (2.1–4.5) 122 3.4 (2.4–4.4) 0.98

  Model for End-stage Liver  
  Disease (admission)

475 33.1 (27.3–39.6) 131 33.0 (25.4–39.7) 0.73

Organ support (7 d)a

  Mechanical ventilation 489 403 (82.4) 140 137 (97.9) < 0.001

  Vasopressors 489 189 (38.7) 140 77 (55.0) < 0.001

  Renal replacement therapy 489 186 (38.0) 140 73 (52.1) 0.003

(Continued )
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in patients listed for LT, there were no associations between 
ICPM and overall (controls 20% vs ICPM 29%; p = 0.10) or 
transplant-free mortality at 21 days (47% vs 46%, p = 0.88).

Patient Characteristics of 145 Transplanted ALF 
Patients With Grade III/IV Hepatic Coma
Clinical and biochemical information on 55 ICPM and 85 con-
trol patients who underwent LT are presented in Table 3 (date 
of transplant was unavailable for five subjects). The median 
time to LT was similar in both groups (~ 2 d). Apart from 

ICPM patients having a significantly lower median INR (2.1 
vs 3.0, p = 0.003), there were no other significant hematologi-
cal or biochemical differences within 24 hours of LT (p ≥ 0.05 
for all). During the inpatient phase prior to LT (up to 7 d), 
ICPM patients who underwent LT received vasopressors (55% 
vs 22%), MV (100% vs 75%), and RRT (56% vs 34%, p < 0.01 
for all) more frequently than controls. ICPM patients received 
more mannitol (22% vs 7%) and barbiturates (15% vs 2%, 
p < 0.03 for both) than controls undergoing LT.

Preparation and Complications of ICPM in 140 ICPM 
ALF Patients
Of ICPM patients (n = 140), 85% received devices within 24 
hours of study admission. The median INR (IQR) on the day 
of ICPM insertion was 2.2 (1.6–2.9) and platelet count 121 
(87–174). On day of ICPM insertion, fresh-frozen plasma 
was given to 74% of ICPM patients, 19% received platelets, 
4% received factor VIIa, and 32% received packed RBCs. Of 
75 patients with known ICPM device, 17 received epidural 
catheters, 20 subdural, 18 intraparenchymal, seven intraven-
tricular, and 13 lumbar monitors (Fig. 2). Of 87 patients in the 
ICPM group with available detailed information, 44 patients 
(51%) had evidence of ICH (ICP > 25 mm Hg) during study 
period and overall 21-day mortality was higher in patients 
with evidence of ICH (43% vs 23%, p = 0.05). Where data 
were available (n = 87), there were no differences in prevalence 
of ICH between APAP (57%) and non-APAP (44%) patients  
(p = 0.24). In 56 ICPM patients where complete complication 
data were available, four (7%) reported evidence of signifi-
cant neurological hemorrhage: intracranial (n = 3) and spinal  
(n = 1). One patient survived and the other three died due to 

Figure 1. Intracranial pressure (ICP) therapies (including mannitol, 
hypertonic saline, barbiturates, and hypothermia) for 140 intracranial 
pressure monitored (ICPM) patients (black bar) and 489 nonmonitored 
acute liver failure patients with grade 3 or 4 hepatic encephalopathy 
(controls, gray bar) (during first 7 d). The types of ICP therapies. Missing 
data listed is in Table 1.

Intracranial pressure therapies (7 d)

  Mannitol 489 100 (20.5) 139 78 (55.7) < 0.001

  Hypertonic saline 489 36 (7.4) 139 19 (13.7) 0.02

  Barbiturates 489 26 (5.3) 140 35 (25.0) < 0.001

  Hypothermia 489 49 (10.0) 139 33 (23.7) < 0.001

  Sedatives 489 365 (74.6) 140 95 (67.9) 0.11

Blood products (7 d)

  Fresh-frozen plasma 489 297 (60.7) 140 118 (84.3) < 0.001

  Recombinant VIIA 489 10 (2.0) 139 3 (2.2) 1.0

  Platelets 489 120 (24.5) 140 60 (42.9) < 0.001

ICPM = intracranial pressure monitored, IQR = interquartile range.
a7 d: Values refer to therapies at any time during the 7 d of the study.
Bold p values indicate < 0.05 (statistical significance).

TAbLE 1. (Continued). Demographic, Clinical, and biochemical Variables in Patients With 
(Intracranial Pressure Monitored Group, n = 140) and Without (Control Group, n = 489) 
Intracranial Pressure Monitoring

Variable

No ICPM Group (Control) (n = 489) ICPM Group (n = 140)

pn
Number (%) or  
Median (IQR) n

Number (%) or  
Median (IQR)
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hemorrhagic complications. Of 46 ICPM patients who died 
before 21 days, 21 (46%) died of neurological causes (cerebral 
edema, n = 18; intracranial hemorrhage, n = 3). Comparatively, 
24 of 187 deaths of nonmonitored controls (13%) before 21 
days were due to neurologic complications (cerebral edema).

Multivariable Analysis of 311 APAP-Induced ALF 
Patients
Given that LT (12.2% vs 32.8%, p = 0.0001) and 21-day mor-
tality rates (29.9% vs 44.5%, p = 0.0002) differed between 
APAP and non-APAP etiologies, the cohort was stratified by 
etiology (APAP and non-APAP) when assessing outcome data. 
The APAP-ALF model included 311 patients (10 subjects were 
excluded due to missing data for at least one prognostic vari-
able). Multivariable logistic regression results are shown in 
Table 4 (Supplemental Table 2, Supplemental Digital Content 
2, http://links.lww.com/CCM/A800). There were no signifi-
cant interaction terms. The c-statistic (i.e., how well the model 
distinguishes between survivors and nonsurvivors at 21 d) 

was 0.84 (good predictive accuracy). Age, transplant, MELD 
(admission), vasopressors within 7 days, and year of enrollment 
were found to significantly impact death within the first 21 days 
of study admission. Receiving LT (OR, 0.04 [0.008, 0.21]) and 
successive year of enrollment (OR, 0.87 [0.75–1.00]) were asso-
ciated with lower 21-day mortality. Increasing age (OR, 1.02 
[1.001–1.05]), MELD (OR, 1.09 [1.05–1.12]), and requirement 
for vasopressors at any time during the 7 days (OR, 5.92 [3.26, 
10.74]) were associated with increased 21-day mortality. Gen-
der, race, high enrolling center (> 6 patients per year), and pres-
ence of ICPM were not significant in the final model.

Multivariable Analysis of 295 Non-APAP-Induced ALF 
Patients
Multivariable logistic regression results of 295 non-APAP-
ALF patients are shown in Table 5 (13 patients had missing 
data) (Supplemental Table 3, Supplemental Digital Content 2, 
http://links.lww.com/CCM/A800). The model c-statistic was 
0.86. Increasing age (OR, 1.02 [1.002, 1.04]), requirement for 

TAbLE 2. Outcomes of 629 Acute Liver Failure Patients With (n = 140) and Without  
(n = 489) Intracranial Pressure Monitoring

Variable

Control Group (n = 489)

Intracranial Pressure  
Monitored Group  

(n = 140)

pn Number (%) n Number (%)

ICU complications (7 d)

  Seizures 489 33 (6.8) 140 13 (9.3) 0.31

  Arrhythmias 489 126 (25.8) 140 43 (30.7) 0.24

  Gastrointestinal bleeding 489 67 (13.7) 140 13 (9.3) 0.17

  Acute respiratory distress syndrome 489 8 (1.6) 139 2 (1.4) 0.69

  Abnormal CT of head 196 89 (45.4) 66 35 (53.0) 0.28

  Abnormal chest radiograph 466 373 (80.0) 137 106 (77.4) 0.50

  Bacteremia/blood stream infection 489 68 (13.9) 140 19 (13.6) 0.92

  Tracheal aspirate infection 489 75 (15.3) 140 21 (15.0) 0.92

Listed for LT 486 134 (27.5) 140 110 (78.6) < 0.001

Received LT 488 87 (17.8)a 140 58 (41.4)a < 0.001

21-day mortality

  Overall deaths 489 187 (38.2) 140 46 (32.9) 0.24

  Transplant free (at 21 d) 404 183 (45.3) 85 39 (45.9) 0.92

Acetaminophen

  Transplanted 251 22 (8.8) 69 18 (26.1) < 0.001

  21-d mortality 252 77 (30.6) 69 19 (27.5) 0.63

Nonacetaminophen

  Transplanted 237 65 (27.4) 71 40 (56.3) < 0.001

  21-d mortality 237 110 (46.4) 71 27 (38.0) 0.21

LT = liver transplant.
aOf 145 patients who underwent LT, transplant date was unavailable for five subjects (intracranial pressure: n = 3/58, control: n = 2/87).

http://links.lww.com/CCM/A800
http://links.lww.com/CCM/A800
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vasopressors (OR, 2.13 [1.16, 3.92]), and placement of ICPM 
(OR, 3.04 [1.26, 7.34]) were associated with increased 21-day 
mortality. A qualitative interaction effect was found between 
LT status at 21 days post admission and MELD at admission. 

For subjects who did not receive LT within the first 21 days, the 
likelihood of death increased as admission MELD increased. In 
patients who underwent LT, transplant is more protective with 
increasing admission MELD.

TAbLE 3. Clinical and biochemical Information of Patients With (n = 55) and Without  
(n = 85) Intracranial Pressure Monitoring Who Underwent Liver Transplantation (Data 
Within 24 Hours of Transplant)a

Variable

Control Group (n = 85)
Intracranial Pressure  

Monitored Group (n = 55)

pn
Number (%) or  
Median (IQR) n

Number (%) or  
Median (IQR)

Time to transplant (d) 85 2.0 (1.0–3.0) 55 2.0 (1.0–4.0) 0.71

Biochemistry

  Hemoglobin (g/dL) 54 9.8 (8.3–10.8) 23 9.6 (8.6–11.2) 0.92

  WBC count (× 109/L) 54 9.3 (6.7–12.8) 24 8.8 (5.6–13.3) 0.996

  Platelet count (× 109/L) 53 78.0 (54.0–145.0) 23 114.0 (69.0–180.0) 0.07

  International normalized ratio 52 3.0 (2.3–3.8) 24 2.1 (1.6–2.7) 0.003

  Aspartate aminotransferase (IU/L) 49 633.0 (264.0–1,951.0) 24 629.5 (141.5–1,325.0) 0.70

  Alanine aminotransferase (IU/L) 49 701.0 (324.0–2,371.0) 23 652.0 (230.0–1,817.0) 0.54

  Bilirubin (mg/dL) 49 15.0 (6.6–24.6) 24 16.4 (6.2–22.3) 0.80

  Creatinine (mg/dL) 53 1.7 (1.0–3.3) 23 1.8 (0.8–2.7) 0.94

  Phosphate (mg/dL) 35 3.3 (2.5–4.7) 13 3.6 (2.8–3.9) 0.88

  Lactate (mmol/L) 19 4.8 (3.7–15.0) 13 3.8 (2.8–8.2) 0.19

  pH 47 7.4 (7.4–7.5) 24 7.5 (7.4–7.5) 0.05

  Po2 (mm Hg) 48 147.0 (93.0–207.0) 23 111.0 (95.0–137.0) 0.06

  Fio2 (%) 40 40.0 (30.0–60.0) 21 40.0 (30.0–50.0) 0.44

  Ammonia (venous; μmol/L) 11 122.0 (60.0–319.0) 14 127.0 (75.0–180.0) 0.85

Physiology—During inpatient phase (up to 7 d)

  Vasopressors 85 19 (22.4) 55 30 (54.6) < 0.001

  Mechanical ventilation 85 64 (75.3) 55 55 (100.0) < 0.001

  Renal replacement therapy 85 29 (34.1) 55 31 (56.4) 0.009

Intracranial pressure therapies (within 24 hr of LT)

  Mannitol 75 5 (6.7) 46 10 (21.7) 0.02

  Hypertonic saline 75 3 (4.0) 46 2 (4.4) 0.63

  Barbiturates 75 2 (2.7) 46 7 (15.2) 0.02

  Hypothermia 75 2 (2.7) 46 3 (6.5) 0.28

  Sedation 75 29 (38.7) 46 13 (28.3) 0.24

Transfusions (within 24 hr of LT)

  Fresh-frozen plasma 75 30 (40.0) 46 18 (39.1) 0.92

  Platelets 75 15 (20.0) 46 11 (23.9) 0.61

  Recombinant factor VIIa 75 3 (4.0) 46 0 (0.0) 0.29

IQR = interquartile range, LT = liver transplant.
aOf 145 patients who underwent LT, transplant date was unavailable for five subjects (intracranial pressure: n = 3/58, control: n = 2/87).
Bold p values indicate < 0.05 (statistical significance).
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DISCUSSION

Summary of Key Results
In this retrospective study of 629 patients with high-grade 
(III/IV) HE, we found that clinically significant ICH is  

common (~ 51%). ICPM use was significantly associated 
with listing for and receipt of LT. Patients with ICPM received 
significantly more ICH-directed therapies. However, when 
adjusting for confounding variables reflecting severity of ill-
ness, ICPM use in APAP-ALF was not significantly associated 
with mortality, whereas in non-APAP-ALF patients, it was 
associated with significantly increased 21-day mortality. In 
ICPM patients where complication data were available, 5% 
(n = 3) died directly of hemorrhagic complications related to 
ICPM insertion.

Comparison With Previous Studies
Although retrospective, this is the largest multicenter study to 
assess the potential benefit of ICPM in ALF patients recruited 
from U.S. ALFSG sites. Given the heterogeneity of indications 
for ICPM insertion across sites, judging appropriateness of a 
potential candidate for an ICPM is important to ensure gen-
eralizability of results. Bernal et al (14) previously reported 
that patients who had the highest risk of clinically significant 
ICH had high serum ammonia levels, required RRT, were 
hemodynamically unstable (required vasopressors), and were 
younger. In this cohort, patients who underwent ICPM inser-
tion were significantly younger, had higher serum ammonia 
levels at admission (nonsignificant trend, p = 0.07), and had an 
increased requirement for RRT during the first 7 days. Thus, 
the patients undergoing ICPM use were appropriately selected.

Our study confirms results of prior studies and also expands 
on these data. In this study, ICPM use was not associated with 

TAbLE 4. Multivariable Analysis: Predictors of 21-Day Mortality in 311 Patients With 
Acetaminophen-Induced Acute Liver Failure

Variable

Univariate (n = 321) Multivariate (n = 311)

OR 95% CI p OR 95% CI p

Age 1.024 1.005–1.042 0.011 1.023 1.001–1.046 0.041

Male 1.005 0.545–1.855 0.986 0.538 0.242–1.199 0.129

White 0.718 0.381–1.355 0.307 0.848 0.383–1.877 0.684

Transplant 0.108 0.026–0.458 0.003 0.040 0.008–0.210 < 0.001

Lactate 1.000 0.998–1.001 0.623

Model for End-stage Liver Disease 1.069 1.040–1.099 < 0.001 1.086 1.049–1.124 < 0.001

Mechanical ventilationa 3.872 1.141–13.146 0.030

Vasopressors 5.566 3.303–9.378 < 0.001 5.915 3.259–10.735 < 0.001

Hemodialysisa 1.368 0.844–2.217 0.204

Enrollment year 0.840 0.751–0.940 0.002 0.867 0.753–1.000 0.049

High enrolling siteb 0.742 0.445–1.239 0.254 0.638 0.326–1.246 0.188

Intracranial pressure monitor 0.864 0.478–1.562 0.628 0.945 0.441–2.028 0.885

OR = odds ratio.
aRequirement for mechanical ventilation and hemodialysis were not statistically significant in multivariable model (not included in the final model).
bHigh enrolling site was defined as a site that enrolled more than six subjects per year on average while open from 1998 to 2012 (median for all sites).
Ten patients were excluded for missing data. Final model was adjusted for site of age, gender, race, transplant status, enrollment year, high enrolling site, and 
presence of intracranial pressure monitor. Variables included in final model if significant on univariable logistic regression (Model for End-stage Liver Disease at 
admission and vasopressors during 7 d in study). Lactate (admission) was not significant on univariable analysis. The multivariable model had a c-statistic of 0.84 
(Hosmer-Lemeshow, p = 0.62).

Figure 2. Types of intracranial pressure (ICP) monitoring devices in 75 
patients with acute liver failure. Data were made available after querying of 
U.S. Acute Liver Failure Study Group sites. Data reported as percentages.
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an improvement in 21-day survival in APAP-ALF patients, 
similar to an earlier study from our group (1998–2004) and 
other older studies (9, 10, 19). In this cohort, ICPM use once 
again was associated with more ICP-related interventions, 
possibly related to recognition of ICH (9). ICP readings were 
not available in the earlier study; thus, we were somewhat sur-
prised at the high rate of ICH (ICP > 25 mm Hg), with 51% 
showing ICH in this cohort.

Besides an absence of previous studies demonstrating a 
survival benefit, another significant barrier to routine ICPM 
use is concern about intracranial hemorrhage. In our earlier 
study, the overall rate of hemorrhage was similar (10.3% expe-
rienced bleeding complications), and half of these were inci-
dental radiographic findings and not clinically significant (9). 
In a more recent study of 117 ALF patients from King’s College 
Hospital, intracranial hemorrhage developed in three patients 
(2.5%) after ICPM placement (12). Current conventional vari-
ables (INR, prothrombin time, and fibrinogen) do not reli-
ably estimate hemostatic potential and bleeding risk in ALF 
(20, 21). Prophylactic factor VIIa use was low in this cohort 
(~ 4%), whereas fresh-frozen plasma was used commonly on 
the day of ICPM insertion (74%) (22, 23). The indiscrimi-
nant use of fresh-frozen plasma in patients with ALF provides 
large fluid volumes that may exacerbate ICH, particularly in 
patients who are not on RRT. Stravitz et al (21) demonstrated 
that despite elevated INR, many patients with ALF appear to 

maintain normal hemostasis by thromboelastography. A num-
ber of procoagulant pathways are activated that result in an 
increase in clot strength with increasing severity of liver injury 
(21). Our bleeding rate of 5–7% is similar to previous studies 
(9, 12) and lower than the reports from the 1990s (11). Similar 
rates have been reported by Kamat et al (24) recently (2012) in 
the pediatric literature as well. Perhaps, thromboelastography 
will guide the use of blood products in the future to further 
minimize the risk of clinically significant hemorrhage.

After controlling for confounding on multivariable analy-
sis, ICPM in non-APAP patients was associated with increased 
21-day mortality. As a retrospective study, we cannot comment 
directly on causation, but this raises a few possibilities. First, 
although there is risk of complications with ICPM insertion, 
the low bleeding rates in this cohort suggest that ICPM inser-
tion per se likely did not contribute to the increased mortality 
(similar to Vaquero et al [9]). Given the fact that surrogates of 
cerebral blood flow (e.g., transcranial Doppler and jugular bulb 
saturations) were not routinely used across most centers that 
manage ALF, it is possible that despite increased use of thera-
pies for ICPM patients, they may not necessarily be appropriate 
(e.g., hyperventilation for cerebral hyperemia and mannitol for 
ICH). More likely, despite attempting to control for confound-
ing by severity of illness in multivariable analysis, it is possible 
that sicker patients were more likely to undergo ICPM insertion 
in a nonrandomized fashion and that there are other unknown 

TAbLE 5. Multivariable Analysis: Predictors of 21-Day Mortality in 295 Patients With 
Nonacetaminophen-Induced Acute Liver Failure

Measures

Univariate (n = 308) Multivariate (n = 295)

OR 95% CI p OR 95% CI p

Age 1.017 1.002–1.032 0.027 1.022 1.002–1.043 0.029

Male 1.303 0.824–2.060 0.258 0.770 0.410–1.446 0.417

White 0.952 0.593–1.527 0.837 0.783 0.412–1.489 0.455

Transplanta 0.060 0.029–0.127 < 0.001

Lactate 1.017 0.994–1.040 0.145

MELDa 1.050 1.022–1.079 < 0.001

Mechanical ventilation 1.098 0.624–1.934 0.745

Vasopressors 2.635 1.656–4.194 < 0.001 2.133 1.160–3.923 0.015

Hemodialysis 1.417 0.896–2.240 0.136

Enrolment year 0.957 0.860–1.066 0.428

High enrolling siteb 0.976 0.602–1.580 0.920 1.316 0.673–2.571 0.423

MELD transplanta 0.004

Intracranial pressure monitor 0.708 0.412–1.219 0.213 3.040 1.258–7.344 0.014

OR = odds ratio, MELD = Model for End-stage Liver Disease.
aThere was a significant interaction MELD and transplant status; an interaction term was included in the final model which was statistically significant (p = 0.003).
bHigh enrolling site defined as a site that enrolled more than six subjects per year on average while open from 1998 to 2012 (median for all sites).
Thirteen patients excluded for missing data. Final model was adjusted for site, age, gender, race, transplant status, high vs low enrolling site, and presence of 
intracranial pressure monitor. Other variables were included in final model if significant on univariable logistic regression (MELD on admission and vasopressors 
during 7 d in study). In nontransplanted patients, increasing MELD was significantly associated with worse outcomes when accounting for the interaction with 
liver transplant. The multivariable model had a c-statistic of 0.86 (Hosmer-Lemeshow p = 0.68).
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confounding variables (see Study Limitations section). This 
likely explains in part why a greater proportion of ICPM 
patients were listed for LT. This is also evident in the traumatic 
brain injury literature where several studies have failed to show 
a mortality benefit for extraventricular drainage devices despite 
their widespread acceptance (25, 26). Finally, hyperacute liver 
failure (i.e., APAP) patients typically present with rapid devel-
opment of HE, multiple organ failure, and cerebral edema com-
pared with other etiologies and may be more likely to benefit 
from neuroprotective strategies and ICPM (14, 18, 27).

In light of these issues, although our results cannot conclu-
sively confirm or refute the utility of ICPM in ALF patients, 
patient selection and ancillary assessments of cerebral blood 
flow likely have a significant role.

Study Limitations
Our study has limitations that warrant consideration. First, it is 
a retrospective analysis of prospectively collected data, thereby 
potentially predisposed to selection bias and residual confound-
ing. Individual centers vary in volume and make independent 
decisions about listing for LT, insertion of an ICPM, type of 
device, and what prophylactic blood products to give. Although 
common indications for ICPM insertion described in the meth-
ods are based on recommendations from data from King’s Col-
lege Hospital (14) and the U.S. ALFSG (15), both of these studies 
were published after this cohort began. Despite several reviews 
of source data, we did not have complete ICP, monitor, and com-
plication data. Patients were not assigned randomly to ICPM 
and given that listing for LT was associated with increased use of 
ICPM, it is possible that monitoring in LT candidates was under-
taken in sicker patients, although epidemiological and clinical 
variables were similar at admission and prior to the procedure. A 
prospective randomized study with standardized ICP manage-
ment protocols would address these issues of bias; however, no 
prospective studies have been performed to date. We attempted 
to control for confounding by performing multivariable analysis 
accounting for severity of liver dysfunction (MELD) and multi-
ple organ failure (requirement for vasopressors, RRT, and MV). 
Sequential Organ Failure Assessment (SOFA) and Acute Physi-
ology and Chronic Health Evaluation (APACHE) II could not 
be accurately calculated due to lack of detailed information on 
vasopressor doses (SOFA) and Glasgow Coma Score (APACHE 
II; only hepatic coma grade available).

CONCLUSIONS
When ICPM is performed in ALF patients, ICH is commonly 
observed. The use of ICPM in APAP-ALF did not confer a sig-
nificant 21-day mortality benefit, whereas in non-APAP-ALF, 
it may be associated with worse outcomes. Significant hem-
orrhagic complications from ICPM placement were uncom-
mon and cannot account for trends in mortality. Although 
our results cannot conclusively confirm or refute the utility of 
ICPM in ALF patients, patient selection and ancillary assess-
ments of cerebral blood flow likely have a significant role. 

Prospective studies would be required to conclusively account 
for confounding by illness severity and transplant.
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