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Abstract
Objective—To characterize infants ≤90 days old enrolled in an international, multi-center,
prospective registry of children < 18 years old with acute liver failure (ALF). Study design The
Pediatric Acute Liver Failure (PALF) Study Group collects prospective data on children from
birth to 18 years. We analyzed data from infants ≤ 90 days enrolled in PALF Study before May
18, 2009.

Results—148 infants were identified in the PALF registry (median age, 18 days). Common ALF
etiologies were indeterminate (38%), neonatal hemochromatosis (13.6%) and HSV (12.8%).
Spontaneous survival occurred in 60%, 16% underwent liver transplantation and 24% died without
liver trsansplantation. Subjects with indeterminate ALF were more likely to undergo liver
trsansplantation than those with viral induced ALF (p=0.0002). The cumulative incidence of death
without liver trsansplantation was higher in those with viral ALF (64%) compared withneonatal
hemochromatosis (16%) or indeterminate ALF (14%), p=0.0007.

Conclusion—ALF in young infants presentsunique diagnostic considerations. Spontaneous
survival is better than previously expected. Liver trsansplantation provides an additional option for
care.
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Acute liver failure (ALF) is a rare, though frequently fatal, event in pediatrics. For an adult
to be classified as having ALF, hepatic encephalopathy within 8 weeks of the development
of clinical jaundice, in the absence of a pre-existing liver condition is required. However,
hepatic encephalopathy is particularly difficult to assess in children and neonates. Therefore,
the Pediatric Acute Liver Failure (PALF) Study Group established entry criteria for
enrollment into the registry to include patients with no known underlying liver disease who
had evidence of a severe liver-based coagulopathy without encephalopathy(1). The outcome
of ALF in childrenhas been suggested to be poor, especially in children younger than one
year old. Use of urgent liver transplantation in the setting of ALF has improved the outcome
of some of these children(2). Infants less than 3 months old represent a particularly
challenging cohort of patients within the spectrum of ALF because of their small size,
severity of illness at presentation and primary diagnoses. Previous studies on this unique
population have been single center, retrospective studies with small numbers of
patients(2-8).

The purpose of this study was to characterize ALF in infants≤ 90 days old using data from
an international, multi-center, prospectively collected registry of children less than 18 years
of age.

Methods
Data were obtained from the PALF Study Group, a multi-center, prospective study, initiated
in 1999, that collects data on children < 18 years old with ALF from 24 participating centers
in the United States, Canada, and the United Kingdom. Entry criteria requiredevidence of
acute liver injury combined with either severe coagulopathy (International Normalized Ratio
(INR) >2.0 or prothrombin time (PT) >20 seconds) or encephalopathy with moderate
coagulopathy (INR ≥ 1.5 or PT≥ 15 seconds). Encephalopathy was graded as mild,
moderate or severeusing a modified criteria for infants (9). Patients with known chronic
liver disease were excluded. The protocol was approved by individualcenter Institutional
Review Boards. Data collected by each center weretransmitted to a central data coordinating
center where they were subject to data editing and quality control procedures. This study
population was limited to infants ≤90 days, enrolled in the PALF Study before May 18,
2009. The study population was compared withsubjects>90 days of age enrolled in the
PALF Study with non-acetaminophen (non-APAP) induced ALF. Follow up of patients was
available from the time of enrollment into the study until 21 days post-enrollment,
transplant, death or hospital discharge, whichever came first.

Statistical Analysis
Data are reported as percentages if categorical, means ± standard error if normally
distributed, or median (25 % (Q1) and 75 % (Q3) quartiles) if not normally distributed.
Pearson’s chi-square test for association (without a continuity correction) was used to
compare the probability of receiving the diagnosis of indeterminate etiology of ALF in this
infant cohort, compared with the cohort of subjects > 90 days of age. These analyses were
conducted using SAS Statistical Software (SAS Institute, Cary, NC). The cumulative
incidence of transplantation and death without transplantation in a competing risk setting
was estimated, with p-values used to compare the weighted average of the hazards of
cumulative incidence function reported (R program, CRAN website). Multivariate analysis
using a generalized estimating equation (GEE) model was applied to determine the
relationship between a combination of biochemical parameters (ALT, AST, direct bilirubin,
and INR) and etiology of ALF. A p value of p<0.05 was considered to be statistically
significant.
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Results
Of the 841 patients enrolled in the PALF registry, 148 were ≤ 90 days old at enrollment
(57.4 % male and 73.0 % Caucasian). The median age at enrollment was 18 days (1st

quartile (Q1)=11 days, 3rd quartile (Q3)= 37 days). The median weight at enrollment was
3.5 (Q1=2.8, Q3= 4.2) kilograms and the median weight for age z score was -1.3 (Q1= -2,
Q3= -0.2). The smallest infant weighed 1.7 kilograms (weight for age z score: -3.10) and the
largest infant weighed 6.4 kilograms (weight for age z score: 3.32). The most common
presenting symptoms were lethargy (49%), fever (20%), and nausea/vomiting (20%).
Common physical signs included hepatomegaly (71%), splenomegaly (41%), ascites (39%)
and peripheral edema (38%).

A standard diagnostic evaluation revealed elevated aminotransferases, cholestasis and
synthetic dysfunction consistent with the diagnosis of ALF. The median ALT of 156 IU/L
(Q1= 47, Q3=526) and AST of 215 IU/L (Q1= 84, Q3=1186)were lower in young infants
compared with older children with non-APAP induced ALF (median ALT 1616, Q1=615,
Q3=3078 and median AST 1778, Q1=629, Q3=3476), p < 0.0001. Sub-group analysis of
infants with neonatal hemochromatosis (NH) showed a median ALT of 35 (Q1= 29, Q3=44)
and AST of 84 IU/L (Q1= 57, Q3=143), compared with infants with other causes of liver
failure, in whom the median ALT was 211 (Q1= 71, Q3=2858) and median AST 289 IU/L
(Q1= 94, Q3=1842), p <0.0001. Direct hyperbilirubinemia in young infants with non-NH
induced liver failure was less pronounced (median 5.1 mg/dL, Q1= 2.3, Q3= 9.8) than in
older children with non-APAP induced liver failure (median 7.6 mg/dL, Q1=2.2, Q3=13.7),
p= 0.02. White blood cell count, hemoglobin, arterial and venous ammonia level, and
plasma lactate and pyruvate concentration were similar between groups.

Based on the available clinical data, the etiology of ALF was assigned by the local
investigator(Table I). Fifty six (38%) patients were classified as having an indeterminate
etiology, lower than the indeterminate rate (47%) in patients > 90 days at enrollment,
p=0.05.

Significant differences in ALT, AST, total and direct bilirubin, GGT, INR, BUN and
creatinine were found between different groups, based on ALF etiology(metabolic, viral,
NH, indeterminate and other), p<0.05 (Table II). Therefore, the relationship between the
aggregate of four biochemical parameters (ALT, AST, direct bilirubin and INR) and ALF
etiology was assessed using multivariate analysis ona subset of 69 patients with complete
data, using neonatal hemochromatosisas the reference group. There was a strong relationship
between the cumulative biochemical profile and the presence of viral induced ALF, with
extremely high aminotransferase levels, severe cholestasis and coagulopathy, as compared
withNH, (effect size 1.66, 95% CI: 1.05-2.28; p <0.0001). There was a moderate
relationship between the cumulative biochemical profile and the presence of metabolic
induced ALF, with moderately elevated aminotransferase levels, moderate cholestasis and
minimal coagulopathy compared withNH, (effect size 0.24, 95% CI: 0.02-0.46; p= 0.03).
There was a moderate relationship between the cumulative biochemical profile and an
indeterminate etiology of ALF, with moderately elevated aminotransferase levels, moderate
cholestasis and moderate coagulopathy as compared withNH, (effect size 0.29, 95% CI:
0.07-0.52; p= 0.01). White blood cell count, hemoglobin, platelet, arterial and venous
ammonia level, plasma lactate and pyruvate concentrationsand albumin were similar
between groups.

The outcomes of infants with encephalopathy at entry into the PALF Study were analyzed.
Encephalopathy was assessed in 129 patients at enrollment(9). At entry, no encephalopathy
was present in 83 (64%) subjects, of whom 67% spontaneously survived, 17% survived with
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transplant and 16% died without transplant. Mild encephalopathy (grades 1 and 2) was
present in 34 subjects, of whom 53% spontaneously survived, 21% survived with transplant
and 26% died without transplant. Moderate to severe encephalopathy (grades 3 and 4) was
present in 12 subjects, of whom33% spontaneously survived, 9% survived with transplant
and 58% died without transplant. Spontaneous survival was highest in those with no or mild
encephalopathy, p=0.03. Poor outcomes (death or transplant), however, occurred frequently,
even in subjects with no or mild encephalopathy.

The outcomes of infants with ALF based on etiology of liver failure were assessed. Of 148
subjects, 88 (60%) survived without transplant. Of these, 18 (20.5%) had a metabolic
disease, 13 (19.8%) had NH, 9 (10.2%) had a viral infection, 34 (38.6%) were indeterminate
and 14(15.9%) had other diagnoses. An additional 24 patients underwent liver transplant: 4
with metabolic diseases, 4 with NH, 15 with indeterminate disease and 1 with other disease.
Only 41% of young infants with ALF were listed for transplant, compared with 58% of the
older non-APAP cohort, p=0.008. Similar to the older cohort, 20 (71%) of 28 infants with
metabolic diseases were not listed for transplant. Of 20 infants with NH, only 6 (30%) were
not listed for transplant. Of the 24 infants with viral induced ALF, 20 (83.3%) were not
listed for transplant. In contrast, in the older ALF cohort, only 41.2% of those with viral
induced ALF were not listed for transplant, p=0.001. Similar to the older ALF cohort, 24
(43%) of the 56 infants with an indeterminate etiology of ALF were not listed for transplant.
Only 40% of infants in liver failure listed for transplant received an organ by 21 days post-
enrollment into the study, as compared with 66% of older patients, p <0.0001. Young infants
experienced a mortality rate of 24% (n=36), higher than that of patients > 90 days(10.5%),
p=0.001. The etiology of death in these young infants included multi-organ failure (64%),
sepsis (8%), pulmonary hemorrhage or edema (8%) and intracranial edema(3%). A
competing risk analysis demonstrated age as an important factor in the likelihood of subjects
undergoing liver transplantation or dying without liver transplantation.

At up to 21 days post-enrollment, subjects with an indeterminate etiology were most likely
to have been transplanted (32%), followed by NH induced ALF(20%), p=0.0002 (Figure 1).
Figure 2 provides an analysis of the cumulative incidence of death without transplant at up
to 21 days post-enrollment, taking into account the competing risk of transplant. The
percentage of patients who died was higher for infants diagnosed with a viral etiology (64%)
comparedwiththose with metabolic disease (29%), NH (16%) or indeterminate etiology
(14%), p=0.0007. Data on the use of specific therapeutic regimens such as anti-viral
medications or anti-oxidant cocktails were unavailable.

Discussion
This large prospective multicenter study characterizedALF in young infants. As might be
expected, the etiology of ALF in young infants was different from older pediatric patients.
The most common cause of ALF in young infants was neonatal hemochromatosis, a disease
limited to the newborn. Viral infections were also prominent (16%), mainlyherpes. A variety
of metabolic diseases, dominated by galactosemia, also caused ALF. In this series,
respiratory chain defects were more common than tyrosinemia, typically cited as a common
cause of neonatal ALF. Therefore, we suggest the highest priority studies in young infants
with ALF focus on diagnosing neonatal hemochromatosis and viral infections, both
potentially treatable diseases, and a thorough evaluation for metabolic diseases (10).

The overall biochemical profile of infants presenting with ALF may help further guide this
evaluation. Young infants with evidence of liver failure characterized by severe
coagulopathy and relatively normal aminotransferase levels, typical for NH, should be
screened with a serum alpha feto-protein and serum ferritin (11). Infants with suspected viral
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induced ALF(high aminotransferase levels and severe coagulopathy), should be tested for
enteroviruses, HSV and CMV. Preemptive anti-viral therapy should be considered pending a
definitivediagnosis. Infants with a moderate hepatitis and coagulopathy, as seen in metabolic
diseases, should be screened for tyrosinemia (urine succinylacetone) and galactosemia
(galactose-1-phosphate uridyl transferase (GalPUT) assay)(12). Infants with suspected
galactosemia should be placed on a galactose free diet until GalPUT results are available. In
addition, screening for respiratory chain defects and other mitochondropathiesis
recommended using serum lactate and pyruvate levels.

An indeterminate etiology of ALF occurred in 38% of infants. Some infants classified as
indeterminate may have had an incomplete or insufficient evaluation, as suggested by
Narkewicz et al (13). Smaller blood volumes may limit diagnostic testing and require
prioritization of diagnostic evaluation. The small size and severe coagulopathy present in
these infants also limits the ability to perform a liver biopsy. Despite these potential issues, a
trend towards fewer infants being labeled as indeterminate ALF compared with the older
cohort was observed.

This study focuses on the unique aspects of young infants presenting with evidence of
ALFwho should be considered separately in terms of medical decision making. These
infants are small for age, which may represent intra-uterine growth retardation as occurs in
neonatal hemochromatosis or other metabolic diseases and generally have
loweraminotransferase levels than older infants and children(14). Encephalopathy, when
present, was primarily mild, althoughit was not recorded in all subjects. Death or transplant,
however, occurred in a third of subjects even without encephalopathy. This emphasizes that,
particularly in young infants, the presence of encephalopathy is unnecessary for the
diagnosis of ALF and does not adequately predict survival (1).

This multi-center experiencethat demonstrates age at presentation in ALFis a clear predictor
of outcome. Spontaneous survival in these young infants was 59.5%, higher than the 24%
previously reported in children less than 1 of age (2). Spontaneous survival was, however,
notably lower than in older children with ALF (79% spontaneous survival rate)(1). The
mortality rate of young infants without transplantation in this study was 24%, much lower
than 48% cited by Durand et al, but significantly higher than the 10.5% seen in older
patients in the ALF cohort(2). In addition, only 40% of young infants withALFwho were
listed for transplant in this study received an organ, significantly lower than the 66%
transplant rate seen in the older ALF cohort. These differences in outcomes may reflect the
severity of illness in these young infants, together with a scarcity of organs appropriate for
recipients of this size. There may also be hesitation by transplant teams to proceed with
transplantation because of concerns regarding post-operative outcomes, particularly in
centers relatively inexperienced in liver transplantation in young infants. Young infants
undergoing liver transplant experience prolonged hospitalizations, longer intensive care unit
stays and longer ventilation(15). In addition, young infants have high re-operation rates for
bleeding, sepsis, wound and biliary complications(15). Nevertheless, young infants
undergoing liver transplant have good over overall graft (76.1%) and patient survival
(87.8%) at one year, statistically similar to older children(15). Moreover, long term outcome
with normal liver function may be good, as suggested by an 80% 5-year survival in a small
group of neonates who had undergone liver transplant(16).

Additional factors affecting outcomes in young infants with ALF were also analyzed. Infants
with NH induced liver failure had a high probability of undergoing liver transplant. Those
who did not undergo transplant, however, had a low probability of death. This likely reflects
the broad spectrum of liver injury among infants with NH(17-19). Conversely, young infants
with a viral etiology were the most likely to die without liver transplantation and the least
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likely to receive a liver transplant. Viral induced multi-organ failure often renders these
patients poor transplant candidates. The presence of a disseminated viral infection would
also be a relative contraindication to the significant immunosuppression required in the
immediate post-operative period. Patients with an indeterminate etiology were much more
likely than infants with other etiologies to undergo a liver transplant and paradoxically less
likely to die without liver transplantation. The high transplant rate in the indeterminate
group may reflect the belief that patients with indeterminate liver failure have low
spontaneous recovery rates and poor transplant free survival. This high degree of uncertainty
regarding outcome prompts a lower threshold for transplant. Yet, the high spontaneous
recovery rate and low mortality without transplant suggests that at least some patients who
received a liver transplant may have survived without transplantation. Better predictive
models of survival or death in patients with an indeterminate etiology are needed, including
young infants.

This study has several limitations. Based on the design of the PALF Study, in which liver
transplant is an endpoint, follow up on young infants after transplant was unavailable. A
previous study, however, has shown that young infants experience graft and patient survival
similar to older cohorts of liver transplant recipients, despitehigher post-transplant
complication rates(15). In addition, the PALF Study collectedonly 3 weeks of follow up data
by design. Therefore, it is possible that some infants with ALF received a liver transplant or
died without liver transplant more than 3 weeks after entry in the study. This limitation will
be remedied in future studies, as the PALF Study is now collecting 6 and 12 month follow
up data.

We conclude that ALF in young infants requires careful attention to unique characteristics of
this particular age group. Systematic evaluation of the etiology of ALF, initially prioritized
by the clinical and biochemical profile, may help guide treatment decisions. Spontaneous
survival, though poor, may be better than previously expected. Liver transplantation
provides additional options for care by experienced transplant teams.

Appendix
Pediatric Acute Liver Failure Study Group principal and co-investigators include: Baylor
College of Medicine (Saul Karpen, MD-PhD, Ruben E. Quiros, MD), Birmingham
Children’s Hospital, UK (Dominic Dell Olio, MD, Deirdre Kelly, MD), Children’s Hospital
of Pittsburgh (Robert Squires, MD, Ben Schneider, MD), Columbia Presbyterian (Steven
Lobritto, MD), Drexel University (Humberto Soriano, MD), Emory University (Rene
Romero, MD), Harvard Medical School (Scott Elisofon, MD, Maureen Jonas MD), Hospital
for Sick Children, Toronto (Vick Ng, MD), Indiana University Riley Hospital
(GirishSubbarao, MD), Johns Hopkins University (Kathleen Schwartz, MD), King’s College
Hospital, UK (Anil Dhawan, MD), Mt. Sinai School of Medicine (Nanda Kerkar, MD,
SukruEmre, MD), Northwestern University (Estella Alonso, MD), University of Alabama
(Brendan M. McGuire, MD), University of California at Los Angeles (Martin G. Martin,
MD), University of California, San Diego, (Joel E. Lavine, MD), University of California,
San Francisco (Philip Rosenthal, MD), University of Cincinnati (John Bucuvalas, MD, Nada
Yazigi MD), University of Colorado Denver (Michael Narkewicz, MD), University of
Michigan (M. James Lopez, MD-PhD), University of Nebraska (Simon Horslen, MD),
University of Pennsylvania (Liz Rand MD), University of Southern California (Daniel W.
Thomas, MD), University of Texas Southwestern (Norberto Rodriguez-Baez, MD),
University of Washington (Seattle, Karen Murray, MD), and Washington University (David
Rudnick, MD-PhD, Ross Shepherd, MD).
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Figure 1.
The cumulative incidence of transplantation by etiology in infants 0-90 days of age in the
PALF Study.
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Figure 2.
The cumulative incidence of death without transplantation by etiology in infants 0-90 days
of age in the PALF Study.
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Table 1

Etiology of ALF in infants 0-90 days of age.

Diagnosis N (total=148) %

Metabolic Diseases 28 18.9

 Galactosemia 12 8.1

 Respiratory Chain Defect 5 3.4

 Tyrosinemia 3 2.0

 Neiman Pick Type C 3 2.0

 Mitochondrial Disorder 3 2.0

 Urea Cycle Defect 1 0.7

 OTC Deficiency 1 0.7

Neonatal Hemochromatosis 20 13.5

Viral Infections 24 16.2

 HSV 19 12.8

 Enterovirus 4 2.7

 CMV 1 0.7

Other Etiologies 19 12.8

 Shock 6 4.1

 Hemophagocytic Syndrome 4 2.7

 E- Coli Sepsis 2 1.4

 Hemangioendothelioma 2 1.4

 Acetaminophen 1 0.7

 Down’s Syndrome 1 0.7

 Leukemia 1 0.7

 Intra-ventricular Hemorrhage 1 0.7

  Multiple diagnoses 2 1.4

Indeterminate 56 37.8

OTC: Ornithine Transcarbamylase Deficiency, HSV: Herpes Simplex Virus, CMV: Cytomegalic Virus
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