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INTRODUCTION

Pediatric acute liver failure (PALF) is a rapid onset, severe 
disease that affects individuals of all ages, usually without 
any signs of preceding illness. It progresses quickly and 
can either self-resolve, necessitate liver transplantation 
(LT), or cause death. Although there are many different 
etiologies of PALF, the most common cause is indeter-
minate, accounting for up to 50% of cases.[1–3] Other 
etiologies include drug toxicity (especially acetamino-
phen), infection, genetic disorders, autoimmune hepatitis, 

oncologic processes or complications, perfusion-related 
etiologies, and metabolic diseases.[2,3]

The current definition of PALF denotes biochem-
ical signs of liver injury in a child without preexisting 
chronic liver disease, coagulopathy not correctable 
by vitamin K supplementation, and international nor-
malized ratio (INR) greater than 1.5 in a child with 
encephalopathy or greater than 2.0 without encepha-
lopathy.[3] Encephalopathy, one of the hallmark signs in 
progressive PALF, can be especially difficult to assess 
in children and presents a unique clinical quandary for 
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Abstract
This review aims to synthesize the most updated research, outcomes, and 
trends in the field of pediatric liver transplantation (LT), specifically focusing 
on children who have suffered from acute liver failure. Pediatric acute liver 
failure is a dynamic, life-threatening condition that can either self-resolve or 
lead to death. LT is a lifesaving intervention. With the introduction of technical 
variant grafts and recent immunosuppression modifications, overall patient 
survival, graft survival, and waitlist mortality have improved. Furthermore, 
recent advances in the knowledge of immunologic mediators of acute liver 
failure offer the possibility of more detailed understanding of the pathophysi-
ology and new areas for research. Given the success of living donor LT for 
pediatric patients with acute liver failure, this option should continue to be 
actively considered as an alternative treatment option for patients who are 
listed for transplantation and are managed at a multidisciplinary tertiary care 
transplant center.
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pediatricians. Furthermore, the prognosis of PALF is 
very difficult to ascertain. At times, patients are treated 
without much understanding of the potential final out-
come with regard to transplantation, death, or sponta-
neous recovery given the limited information available 
to providers to help clarify a patient's trajectory. In the 
United States, 10%–15% of all the pediatric LTs are in-
dicated for acute liver failure.[2,4] This review will sum-
marize the contemporary diagnosis and management 
of PALF (Part I) and areas of ongoing research (Part II).

PART I:  CLINICAL FEATURES 
OF PALF

Epidemiology and disease presentation

Prior to the introduction of LT for PALF, estimates of 
mortality were as high as 72%.[4] Dr. Starzl pioneered 
the field of pediatric LT in the late 1960s for biliary atre-
sia and liver carcinoma following his first human LT in 
1963 in a child.[5,6] The Pediatric Acute Liver Failure 
Study Group (PALFSG), an international consortium 
supported by the National Institutes of Health, was 
formed in 1999 as a repository for patient data and out-
comes, which has generated a wealth of information 
since its inception.[7] These milestones in LT and in the 
care of pediatric liver disease have been instrumental 
in the progress and improvement of patient outcomes.

Presentation and diagnosis

Patients meeting criteria for PALF should be evaluated 
with an extensive, careful history and a physical exam 

with an emphasis on family history, past medical 
history, possible ingestions or exposures, and recent 
travel. Physical exam findings may include ascites, 
jaundice, generalized edema, signs of cardiac failure, 
or mental status changes.[1] Some patients may have 
vague symptoms without evidence of end-stage liver 
disease or clinical instability. Hepatic encephalopathy 
can be difficult to assess in children, depending on 
their age and developmental abilities at baseline.[3] 
Mild features may manifest as fatigue, irritability, 
and confusion, and severe encephalopathy can 
rapidly progress to stupor, cerebral edema, seizures, 
and coma.[2] Diagnostic workup should include a 
comprehensive metabolic panel, fractionated bilirubin, 
gamma-glutamyltransferase, complete blood count, 
serum ammonia, INR, abdominal ultrasound with 
Doppler to assess hepatic vasculature, and investigate 
for possible underlying etiologies including infection, 
metabolic disorders, autoimmune hepatitis, and drug 
testing (summarized in Table  1). Further diagnostic 
clarity may be attained via liver biopsy, although it is 
important to note that biopsies are subject to sampling 
error and may not reliably represent the histopathology 
of the entire organ.[8] A transjugular approach to liver 
biopsy is often better tolerated than a percutaneous 
attempt in this population given the bleeding propensity 
in the setting of liver synthetic dysfunction.[8]

Coagulopathy, part of the diagnostic criteria for 
PALF, is exhibited by elevated INR in the setting of 
a balanced loss of both pro and anti-coagulant com-
ponents, which minimizes the incidence of clinical 
bleeding.[9] As such, elevated INR is more represen-
tative of a loss of hepatic synthetic function rather 
than a likelihood of bleeding, and bleeding risk has 
not been shown to correlate with the INR trajectory.[10] 

TA B L E  1   Summary of clinical findings with PALF diagnosis and management approaches

Clinical manifestation Diagnosis Management

Hepatic encephalopathy and 
hyperammonemia

Clinical assessment, ammonia, head CT Lactulose, rifaximin, consideration of CRRT

Ascites and generalized 
edema

Clinical assessment, quantify on abdominal 
ultrasound

Diuretics (furosemide and spironolactone)

Respiratory failure Clinical assessment and vital signs, chest x-ray Mechanical ventilation

Circulatory failure Clinical assessment and vital signs, 
echocardiogram

Pressor support

Acute kidney injury or renal 
failure

Serum chemistry and creatinine, urine output Monitor fluid status, CRRT

Coagulopathy or bleeding Coagulation panel, factor levels[5,7,8] Provision of FFP or cryoprecipitate if bleeding, or 
preprocedure; vitamin K supplementation

Infection Viral and bacterial cultures Targeted therapy as applicable with antiviral or 
antibiotics

Electrolyte derangements Serum chemistry (particular attention to Na, 
glucose, phosphorus)

Maintenance of normal glucose, Na, and phosphorus 
levels as able; hypernatremia can improve 
intracranial hypertension if needed

Cerebral edema Head CT, physical exam Mechanical hyperventilation, mannitol, hypertonic saline

Abbreviations: CRRT, continuous renal replacement therapy; CT, computed tomography; FFP, fresh frozen plasma; PALF, pediatric acute liver failure.
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Although patients are indeed at increased risk of 
bleeding when compared with the general population, 
the risk of thrombosis may actually outweigh the risk 
of clinically significant bleeding.[11,12] Patients can be 
treated with subcutaneous vitamin K supplementation 
and fresh frozen plasma (FFP) if needed, although 
overtransfusion can increase the risk of thrombosis 
and bleeding, and no standardized transfusion pro-
tocols have been established.[10] Overall, significant 
bleeding has been noted in 5% of patients, of which 
<1% are intracranial bleeds.[2,9] Of note, the degree 
of coagulopathy has not been shown to correlate with 
hepatic encephalopathy. The PALFSG has demon-
strated that 25% of patients who had Grade 3 or 4 
hepatic encephalopathy and required intensive care 
had mild coagulopathy with INR <2.0, yet patients 
with this degree of encephalopathy (Grade 3–4) also 
demonstrated the highest rates of mortality.[7] All pa-
tients with acute liver failure require close monitoring 
and daily assessment of overall mental status for this 
reason.

Identifying the underlying etiology of PALF is of the 
utmost importance, as determining contributing fac-
tors or underlying disease processes will impact the 
medical team's decision to list for LT. For instance, 
PALF attributed to acetaminophen ingestion can be 
treated using protocols including N-acetylcysteine 
and thus has been shown to be less likely to require 
LT as these patients recover more often than not.[3,11] 
Conversely, herpes simplex virus, Wilson disease, 
and gestational alloimmune liver disease have been 
associated with more severe illness and multiorgan 
system involvement, which may sway the medical 
teams to list these patients earlier or even exclude 
them from listing altogether given the critical nature 
of illness.[12] Similarly, some patients may not be eligi-
ble for transplant because of their underlying cause of 
PALF, such as patients with hemophagocytic lympho-
histiocytosis (HLH) or chemotherapy-induced PALF 
with active malignancy.

Given the nuances of determining etiology, the need 
for early aggressive management, and the potential 
need for emergent LT, patients should be cared for in 
pediatric LT centers as early in the disease course as 
possible given the rapidly progressive and unpredict-
able nature of disease.[13] Patients who are transferred 
earlier to pediatric transplant centers, before develop-
ing hepatic encephalopathy, have better outcomes than 
those who are transferred later.[1]

Physiology of multiorgan failure in PALF

The natural course of PALF results in either recovery 
or death. For patients with decompensating and 
progressive disease, intensive care is imperative. 
Patients may develop cardiac dysfunction, including 

peripheral vasodilation with decreased systemic 
vascular resistance and low mean arterial blood 
pressure in the setting of hyperdynamic cardiac 
failure.[9] Respiratory compromise can lead to acute 
respiratory distress syndrome as a result of fluid 
overload, and patients may require endotracheal 
intubation, especially to protect the airway in the setting 
of hepatic encephalopathy. Acute kidney injury or even 
renal failure is also a commonly observed complication 
among the PALF population and is associated with 
increased mortality.[2] Kidney injury can be attributed 
to intrarenal vasoconstriction and decreased renal 
perfusion as well as drug toxicity, hypovolemia, 
and sepsis.[9] Renal function typically recovers as 
hepatic function improves. Patients with PALF require 
careful monitoring of electrolytes as they are at risk 
of hypoglycemia, hypokalemia, hypophosphatemia, 
hypocalcemia, and hypomagnesemia.[9] Persistent 
hypoglycemia can represent an ominous sign of 
complete hepatic necrosis, with an inability to maintain 
euglycemia in the absence of gluconeogenesis.[14] 
For the most part, maintenance of normal electrolyte 
ranges is optimal. In the event of increased intracranial 
pressure, hypernatremia may be indicated, but outside 
of cerebral complications, normal serum Na levels 
ought to be maintained.

Although hyperammonemia is involved in the devel-
opment of hepatic encephalopathy because of its neu-
rotoxic nature, the degree of elevation does not always 
correlate with the extent of encephalopathy that a pa-
tient may exhibit.[9,15] Careful and frequent neurologi-
cal assessments are important as the high ammonia 
level can cause increased intracellular osmolarity in 
astrocytes, leading to enhanced water diffusion into the 
cells and ultimately cerebral edema.[9] According to the 
PALFSG, 55% of children present with hepatic enceph-
alopathy, usually Grade 1 or 2.[9] Patients with Grade 
3 or 4 encephalopathy usually require brain imaging to 
evaluate for any signs of intracranial hemorrhage.[2] It 
is important to ensure the ammonia level is collected 
from a free-flowing blood sample that is quickly placed 
on ice to reduce the chance of falsely elevated results.

Intensive care unit management of PALF

LT represents the definitive cure for PALF. Between 
2010 and 2013 in the United States, 11.2%–12.5% of all 
pediatric LTs were performed for PALF.[9,12] If applicable, 
treatment may be directed toward the underlying 
etiology of PALF, such as the administration of N-
acetylcysteine for acetaminophen toxicity. However, 
the majority of etiologies lack a targeted therapeutic 
option. Stabilizing the patient in the intensive care unit 
(ICU) and managing multisystem organ failure remains 
the mainstay of therapy both while awaiting LT and 
to avoid LT as outlined in Table 1. Determining which 
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patients might benefit from LT versus exhibit potential 
for recovery has been difficult to ascertain. Therefore, 
patients are monitored and treated supportively, 
with their clinical and mental statuses continuously 
reassessed to determine the likelihood of self-resolution 
versus progressive decompensation (Figure 1).

During PALF, patients are susceptible to transuda-
tive fluid accumulation in extravascular compartments, 
which may lead to cardiovascular compromise. In the 
setting of resuscitation, norepinephrine tends to be an 
appropriate choice of vasoconstrictor because of its 
ability to maintain central perfusion pressure despite 
fluid overload.[16] According to the PALFSG, almost 
40% of patients require ventilator support for respira-
tory failure, with low tidal volumes and higher positive 
end expiratory pressure.[11] Continuous renal replace-
ment therapy (CRRT) may be used to manage patients 
with acute kidney injury and fluid or significant acido-
sis and has been proven to successfully reduce serum 

ammonia and lactate levels while improving transplant-
free survival.[11,17] FFP infusions should only be given 
preprocedurally or in the setting of significant bleeding 
given the risk of volume overload and loss of INR tra-
jectory as a prognostic indicator, and patients should 
be treated with proton pump inhibitors to decrease the 
incidence of stress ulcers. Sedative medications should 
be used sparingly as they may limit the accurate as-
sessment of encephalopathy. Hepatic encephalopathy 
can be treated with medical management, such as lac-
tulose, rifaximin, or neomycin, in attempts to decrease 
the buildup of ammonia, yet supportive data for these 
interventions are minimal.[18] Cerebral edema may re-
quire the head of the bed to be elevated, hyperventi-
lation, hyperosmolar therapy, electroencephalogram 
monitoring, and imaging with a computed tomography 
(CT) scan.[19,20] Ascites can be managed with fluid re-
striction or diuretics such as furosemide or spironolac-
tone, yet it is important to avoid overdiuresis, which can 

F I G U R E  1   Proposed approach to managing patients with PALF.
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lead to hepatorenal syndrome. Patients with evidence 
of sepsis or infection may require empiric treatment 
with broad-spectrum antibiotics.[1]

While managing patients' disease sequelae, the ever-
present decision of listing for LT must be reassessed. 
Many centers favor listing patients while workup and 
intensive management is ongoing within the first 24–
48 h.[12] If possible, obtaining a tissue sample can pro-
vide diagnostic clarity and may even invite medical 
therapy to potentially save the patient from LT, such as 
activated CD8+ T cell hepatitis, which may respond to 
corticosteroids.[21] Some patients, such as those with 
underlying mitochondrial conditions, may not be eligi-
ble for LT. Furthermore, patients with life-threatening 
cerebral complications also may not be candidates 
for LT.[11] Even so, the possibility remains to remove a 
child from the waiting list once signs of recovery are 
demonstrated.

Poor prognostic indicators for PALF include age 
younger than 1 year at the time of presentation, pres-
ence of Grade 4 encephalopathy, and need for pre-
transplant dialysis.[2] Although predictive models have 
been proposed, no scoring system has been success-
fully applied to reliable clinical outcome modeling. The 
Liver Injury Unit (LIU) score, which uses peak serum 
total bilirubin, prothrombin time/INR and ammonia, is 
able to predict death or LT by 4 weeks of patient presen-
tation with an area under the curve of 88.5%–90.5%.[22] 
In a multicenter validation study, the LIU was able to 
predict LT status better than death with a concordance 
index (c-index) of 0.84 and a c-index of 0.81 for the 
prediction of survival without LT.[23] However, its use in 
the clinical setting is limited by a reliance on peak labo-
ratory values, which is of minimal use in the day-to-day 
practical setting and does not account for patient's age. 
The King's College model incorporates the presence of 
hepatic encephalopathy, which is an unreliable feature 
in pediatrics, impeding its applicability. When validated 
in a large cohort of patients with PALF, the sensitivity 
and specificity of death prediction were low at 61% and 
70%, respectively.[4,24] The Pediatric End-Stage Liver 
Disease (PELD) score was developed in an attempt 
to predict mortality pretransplant in children with liver 
disease and is calculated using albumin, bilirubin, INR, 
presence of growth failure, and age. Although the PELD 
score is widely used for chronic disease, it is unreliable 
in PALF and is not an appropriate grading score. As 
such, predicting patient outcomes remains challeng-
ing.[9,12] Without a corroborated scoring system, some 
patients will be listed for and ultimately receive LT who 
would have otherwise spontaneously recovered.[12]

Evolving use of LT in PALF

LT remains the standard of care and can be lifesaving 
for PALF. The PALFSG demonstrated a reduced 

frequency of listing patients for transplant and a 
reduced number of transplants without an increase 
in mortality after describing the trends from 1999 to 
2014.[12,25] Patients most likely to be listed had higher 
INR (median, 3.0), total bilirubin (median, 15 mg/dl), 
lactate (median, 2.8 mmol/L), ammonia (63 μmol/L), 
and lower liver enzymes (alanine aminotransferase, 
1635 IU/L) than patients who were not listed because 
of a categorization of “not sick enough.”[12] Listed 
patients were also more likely to be boys and require 
mechanical ventilation or vasopressor support.[12] 
Indeterminate PALF was the most common diagnosis 
for listing.[12] Patients who were not listed because they 
were “medically unsuitable” were more likely to have 
viral causes of PALF, shock, or HLH as well as a higher 
incidence of mechanical ventilation and vasopressor 
requirement.[12] Contrary to adult data, irreversible 
brain damage was not a predominant exclusionary 
reason for listing.[12] Overall, approximately one-third of 
patients with PALF were listed for transplant during the 
course of the study period.[12]

As the rate of transplant listing and pursuit decreased 
during the 15-year study period, it can be presumed 
that identification of more treatable causes of PALF 
have been determined. However, the time to listing re-
mained stable throughout, usually within 1 day of study 
enrollment, which contradicts previous studies docu-
menting the decision to list patients for transplant as a 
process that unfolds over time. More likely, patients are 
listed quickly to optimize the potential for organ receipt 
given the continued organ shortages and unpredictable 
waitlist times.[12]

Both patient survival and waitlist mortality improve 
for patients listed for transplant at centers that perform 
more than 50 technical variant graft transplants (split, 
reduced, and living donor) when compared with lower 
volume centers. This is likely due to the enhanced 
wealth of experience performing these technically de-
manding procedures in small children in the busier cen-
ters.[25] Waitlist mortality on the whole has improved for 
pediatric patients since the incorporation of technical 
graft variants.[13] Younger patients tend to have the lon-
gest waitlist times, especially when younger than 1 year 
of age, in whom waitlist mortality is >20%, and these 
patients are more likely to receive split and living donor 
grafts compared with whole livers.[25] Age may affect 
both the severity of illness as well as the likelihood of 
transplant listing. Because of limited organ availability, 
difficult clinical assessments of encephalopathy, and 
the increased incidence of multisystem organ failure, 
younger children (aged younger than 3 years) tend to 
have worse prognoses without LT.[3]

Increased death and graft loss are observed in pa-
tients who have public insurance, and health-related 
quality of life, fatigue, and school performance are all 
worse in patients who have received LT and in patients 
who recovered from PALF when compared with the 
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general population.[26–28] Sexual disparity among LT re-
cipients exists on a national level, with only 35.7% female 
recipients in 2017.[12] Reasons for this remain unknown.

PALF transplant outcomes

Prior to the introduction of LT, the primary outcome of 
PALF was death, with a mortality rate of 70%–95%.[12] 
Since the implementation of LT for PALF, mortality rates 
have decreased to 11% for the 21-day outcome.[12] 
However, long-term outcomes after transplant for PALF 
may be inferior when compared with those patients 
who received transplants for chronic liver disease.[25]

A single-center study comparing outcomes of living 
donor LT (LDLT) and deceased donor LT (DDLT) for 
PALF in Poland demonstrated shorter cold ischemia 
times for LDLT with median times of 4 and 9.2 h, re-
spectively.[29] Decreasing the cold ischemia time can 
improve organ preservation complications, including 
primary nonfunction of the graft. This study also demon-
strated improved graft quality from the LDLT compared 
with the DDLT, which also had higher rates of graft pri-
mary nonfunction.[29] Similarly, a 2016 Brazilian retro-
spective, single-center study of 115 patients with PALF 
showed that LDLT was associated with a higher long-
term survival rate (72.4%) compared with DDLT (40.0%) 
as well as lower incidences of primary nonfunction.[30] 
The study also demonstrated improved waitlist mortal-
ity after the initiation of LDLT.[30] In parts of the world 
with limited access to deceased donor organs, urgent 
LDLT should be considered in PALF.

High-risk populations in PALF

PALF can affect children of any age, and managing the 
youngest patients, younger than 90 days, can be particu-
larly challenging. The PALFSG has studied this subset 
of patients, revealing the median age of enrollment was 
18 days of life, with most commonly presenting with leth-
argy.[31] Of these patients, 38% were identified as inde-
terminate PALF, and 64% lacked encephalopathy at the 
time of study enrollment.[31] Resolution of disease without 
transplant was more likely in patients without encepha-
lopathy.[31] Overall, 60% of the patients recovered, usually 
with indeterminate PALF, followed by metabolic disease, 
which accounted for 20.5%.[31] Of these patients, 41% 
were listed for LT, 40% of whom were successfully trans-
planted within 21 days.[31] The mortality rate of this younger 
patient cohort is worse than their older counterparts, with 
24% of the infants enrolled in the study succumbing to 
sepsis, multiorgan failure, pulmonary hemorrhage, or cer-
ebral edema.[31] This clearly demonstrates the negative 
impact of young age on PALF outcomes.

Pediatric LT remains a more complicated task given 
the prevalence of donor–recipient size mismatch and 

the general lack of pediatric donors.[25] The rapid 
progression of PALF can drastically reduce the time 
available for transplant, necessitating emergency eval-
uations both of living and deceased donors. In some 
parts of the world, transplant relies more heavily on 
living donation because of a lack of deceased donor 
availability. In a 2016 study from Turkey, 16 patients 
were emergently listed for LT, and 12 received living 
donations after no deceased donor became available: 
nine received a left lateral segment donation, two re-
ceived a right lobe donation, and one patient received 
a left lobe organ donation.[32] The remaining four pa-
tients died while awaiting organ donation.[32] Published 
statistics between 2005 and 2014 in Turkey are 3–4.8 
deceased donors per 1 million people.[32] Such scenar-
ios amplify the importance of expedited living donor 
evaluation in PALF.[33]

PART I I:  RESEARCH TOPICS 
IN PALF

Immunologic mechanisms of PALF

Patients with indeterminate PALF generally have worse 
outcomes than patients with identifiable etiologies of 
acute liver failure and are more likely to require LT.[34] 
New data suggest that some patients with indetermi-
nate PALF can be characterized by CD8+ T cell infil-
trates that are immune mediated, driving hepatocyte 
injury in a new classification of liver injury known as “ac-
tivated CD8 T cell hepatitis.”[21,34] These patients may 
be responsive to steroid therapy, which could poten-
tially save them from LT. Liver biopsy specimens from 
this newly identified cohort show dense CD8 positivity 
along with perforin and CD103 T cell staining patterns 
when compared with biopsy specimens of patients with 
other non-PALF diagnoses.[21] Although this can be 
helpful in making diagnoses in patients with otherwise 
indeterminate disease, other etiologies of liver injury 
can also have moderate or dense CD8 staining on liver 
biopsy, including viral hepatitis, HLH, macrophage ac-
tivation syndrome, and drug-induced hypersensitivity 
reactions.[21,35,36] This notable overlap among immune-
mediated processes with hepatic manifestations calls 
for further investigation into the specific immune media-
tors that drive the various forms of PALF, even beyond 
the indeterminate form.

New research has also shown a subset of patients 
with indeterminate PALF may be subclassified by the 
combination of high perforin and granzyme expression 
in CD8 lymphocytes in conjunction with elevated solu-
ble interleukin 2 (IL2) and an elevated absolute CD8+ T 
cell count as summarized by Figure 2.[37] This discov-
ery highlights the multifaceted and complex interaction 
of immune mediators and exemplifies the interrelat-
edness of the intrahepatic immune system. Modeling 
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approaches including machine-learning algorithms may 
be required to further understand these nuanced rela-
tionships. Zamora et al. emphasized that the intricate 
immune characteristics of PALF differ not only based 
on underlying etiology and ultimate patient outcome 
but also by patient age. Possible biomarkers respon-
sible for the mediation of PALF progression include 
high mobility group box 1 protein (HMGB1), monokine 
induced by gamma interferon (MIG), interferon gamma 
inducible protein 10 (IP10), and monocyte chemotactic 
protein 1 (MCP1), with the highest dynamic complex-
ity of immune composition observed in children aged 
4–13 years compared with children of other ages.[38] 
Expansion of these approaches to further identify and 
understand the innerworkings of the immunologic com-
ponents of PALF will enhance clinicians' ability to pre-
dict the clinical course and may also offer possibilities 
for future medical interventions.

Predictive models of clinical outcomes

Today, there remains a lack of accurate prediction 
models regarding patient outcomes of PALF. This 
means that patients who may have otherwise recovered 
without invasive intervention will instead undergo 

organ transplantation. Determining which patients 
may recover versus those who would die without LT 
continues to be the focus of ongoing research to protect 
patients from unnecessary transplantation and the 
sequalae of lifelong immunosuppression. It is difficult 
to use subjective manifestations of disease, such as 
presence or progression of hepatic encephalopathy 
as a reliable marker of overall prognosis. Accurate 
and predictive biomarkers could dramatically change 
the diagnosis and management of PALF. As the CD8-
dense inflammatory subset of indeterminate PALF has 
been identified, it likely that the immune landscape 
of PALF may represent a more definitive approach 
to establish a clinical trajectory as well as identify 
possible therapeutic targets.

CONCLUSIONS

PALF continues to be a rare but potentially lethal 
disease process in otherwise healthy children. 
Its clinical trajectory remains unpredictable and 
requires further characterization to establish reliable 
management algorithms. The reasoning process for 
when to commit to LT also remains undefined. Given 
the necessity for rapid decisions to list patients for 

F I G U R E  2   Overview of immunologic components known to drive the progression of some forms of indeterminate PALF. Created with 
BioRender.com.
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transplant, teams must weigh the risks associated with 
transplant surgery and lifelong immunosuppression 
with the risk of decompensating acute liver failure. 
Data show improved overall graft and patient survival 
following LT for PALF, regardless of the type of graft, 
and the use of technical variant grafts has significantly 
reduced waitlist mortality. LDLT also reduces patient 
wait times and may provide higher quality organs than 
DDLT. Research into newer techniques to characterize 
the immunologic features of PALF may help clarify the 
diagnostic process, establish predictive models, and 
aid in the clinical management of these patients.

FU N D I NG I N FO R M AT I O N
Johanna M. Ascher Bartlett was supported by 
University of Southern California Stem Cell's Broad 
Clinical Research Fellows Program and the Children's 
Hospital Los Angeles Core Pilot Grant from the Single 
Cell, Sequencing and CyToF (Cytometry by Time of 
Flight) Core. Juliet Emamaullee was supported by a 
K08 from the National Cancer Institute (K08CA245220); 
American Society of Transplant Surgeons Faculty 
Development Grant; American Society for the Study of 
Liver Diseases Clinical, Translational, and Outcomes 
Research Award; and a Liver Scholar Award from the 
Gilead Research Foundation.

CO N FLI CT O F I NT E R EST
Nothing to report.

O RCI D
Juliet Emamaullee   https://orcid.
org/0000-0003-4238-3057 

R E FE R E N C E S
	 1.	 Squires JE, McKiernan P, Squires RH. Acute liver failure: an 

update. Clin Liver Dis. 2018;22:773–805.
	 2.	 Bhatt H, Rao G. Management of acute liver failure. Curr Pediatr 

Rep. 2018;6:246–57.
	 3.	 Squires RH, Shneider BL, Bucuvalas J, Alonso E, Sokol RJ, 

Narkewicz MR, et al. Acute liver failure in children: the first 
348 patients in the pediatric acute liver failure study group. J 
Pediatr. 2006;148:652–8.

	 4.	 Jain V, Dhawan A. Prognostic modeling in pediatric acute liver 
failure. Liver Transpl. 2016;22:1418–30.

	 5.	 Starzl TE, Groth CG, Brettschneider L, Penn I, Fulginiti VA, 
Moon JB, et al. Orthotopic homotransplantation of the human 
liver. Transplantation. 1969;7:433.

	 6.	 Starzl TE, Fung JJ. Themes of liver transplantation. Hepatology. 
2010;51:1869–84.

	 7.	 Ng VL, Li R, Loomes KM, Leonis MA, Rudnick DA, Belle SH, 
et al. Outcomes of children with and without hepatic enceph-
alopathy from the pediatric acute liver failure study group. J 
Pediatr Gastroenterol Nutr. 2016;63:357–64.

	 8.	 Chapin CA, Mohammad S, Bass LM, Taylor SA, Kelly S, 
Alonso EM. Liver biopsy can be safely performed in pediat-
ric acute liver failure to aid in diagnosis and management. J 
Pediatr Gastroenterol Nutr. 2018;67:441–5.

	 9.	 Lutfi R, Abulebda K, Nitu ME, Molleston JP, Bozic MA, 
Subbarao G. Intensive care management of pediatric acute 
liver failure. J Pediatr Gastroenterol Nutr. 2017;64:660–70.

	10.	 Bulut Y, Sapru A, Roach GD. Hemostatic balance in pediatric 
acute liver failure: epidemiology of bleeding and thrombosis, 
physiology, and current strategies. Front Pediatr. 2020;8:618119.

	11.	 Reddy KR, Ellerbe C, Schilsky M, Stravitz RT, Fontana RJ, 
Durkalski V, et al. Determinants of outcome among patients 
with acute liver failure listed for liver transplantation in the 
United States. Liver Transpl. 2016;22:505–15.

	12.	 Squires JE, Rudnick DA, Hardison RM, Horslen S, Ng VL, 
Alonso EM, et al. Liver transplant listing in pediatric acute liver 
failure: practices and participant characteristics. Hepatology. 
2018;68:2338–47.

	13.	 Squires RH, Ng V, Romero R, Ekong U, Hardikar W, Emre S, 
et al. Evaluation of the pediatric patient for liver transplantation: 
2014 practice guideline by the American Association for the 
Study of Liver Diseases, American Society of Transplantation 
and the North American Society for Pediatric Gastroenterology, 
Hepatology and Nutrition. Hepatology. 2014;60:362–98.

	14.	 Oldenbeuving G, McDonald JR, Goodwin ML, Sayilir R, 
Reijngoud DJ, Gladden LB, et al. A patient with acute liver fail-
ure and extreme hypoglycaemia with lactic acidosis who was 
not in a coma: causes and consequences of lactate-protected 
hypoglycaemia. Anaesth Intensive Care. 2014;42:507–11.

	15.	 Weiss N, Jalan R, Thabut D. Understanding hepatic encepha-
lopathy. Intensive Care Med. 2018;44:231–4.

	16.	 Steiner LA, Johnston AJ, Czosnyka M, Chatfield DA, Salvador 
R, Coles JP, et al. Direct comparison of cerebrovascular effects 
of norepinephrine and dopamine in head-injured patients. Crit 
Care Med. 2004;32:1049–54.

	17.	 Deep A, Stewart CE, Dhawan A, Douiri A. Effect of continuous 
renal replacement therapy on outcome in pediatric acute liver 
failure. Crit Care Med. 2016;44:1910–9.

	18.	 Schiano TD. Treatment options for hepatic encephalopathy. 
Pharmacotherapy. 2010;30(Pt 2):16S–21S.

	19.	 Coles JP, Minhas PS, Fryer TD, Smielewski P, Aigbirihio F, 
Donovan T, et al. Effect of hyperventilation on cerebral blood 
flow in traumatic head injury: clinical relevance and monitoring 
correlates. Crit Care Med. 2002;30:1950–9.

	20.	 Francony G, Fauvage B, Falcon D, Canet C, Dilou H, Lavagne 
P, et al. Equimolar doses of mannitol and hypertonic saline in 
the treatment of increased intracranial pressure. Crit Care Med. 
2008;36:795–800.

	21.	 Chapin CA, Melin-Aldana H, Kreiger PA, Burn T, Neighbors K, 
Taylor SA, et al. Activated CD8 T-cell hepatitis in children with 
indeterminate acute liver failure: results from a multicenter co-
hort. J Pediatr Gastroenterol Nutr. 2020;71:713–9.

	22.	 Liu E, MacKenzie T, Dobyns EL, Parikh CR, Karrer FM, 
Narkewicz MR, et al. Characterization of acute liver failure and 
development of a continuous risk of death staging system in 
children. J Hepatol. 2006;44:134–41.

	23.	 Lu BR, Zhang S, Narkewicz MR, Belle SH, Squires RH, Sokol 
RJ, et al. Evaluation of the liver injury unit scoring system to 
predict survival in a multinational study of pediatric acute liver 
failure. J Pediatr. 2013;162:1010–6.e4.

	24.	 Sundaram V, Shneider BL, Dhawan A, Ng VL, Im K, Belle S, 
et al. King's College Hospital Criteria for non-acetaminophen 
induced acute liver failure in an international cohort of children. 
J Pediatr. 2013;162:319–23.e1.

	25.	 Firl DJ, Sasaki K, McVey J, Hupertz V, Radhakrishnan K, Fujiki 
M, et al. Improved survival following living donor liver transplan-
tation for pediatric acute liver failure: analysis of 20 years of US 
National Registry Data. Liver Transpl. 2019;25:1241–50.

	26.	 Sorensen LG, Neighbors K, Zhang S, Limbers CA, Varni JW, 
Ng VL, et al. Neuropsychological functioning and health-related 
quality of life: Pediatric acute liver failure study group results. J 
Pediatr Gastroenterol Nutr. 2015;60:75–83.

	27.	 Sorensen LG, Neighbors K, Hardison RM, Loomes KM, Varni 
JW, Ng VL, et al. Health related quality of life and neurocogni-
tive outcomes in the first year after pediatric acute liver failure. 
J Pediatr. 2018;196:129–38.e3.

https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057
https://orcid.org/0000-0003-4238-3057


1784  |      PEDIATRIC ACUTE LIVER FAILURE

	28.	 Mogul DB, Luo X, Bowring MG, Chow EK, Massie AB, Schwarz 
KB, et al. Fifteen-year trends in pediatric liver transplants: 
split, whole deceased, and living donor grafts. J Pediatr. 
2018;196:148–53.e2.

	29.	 Szymczak M, Kaliciński P, Kowalewski G, Broniszczak D, 
Markiewicz-Kijewska M, Ismail H, et al. Acute liver failure in 
children—is living donor liver transplantation justified? PLoS 
ONE. 2018;13:1–11.

	30.	 Tannuri ACA, Porta G, Kazue Miura I, Santos MM, De AR MD, 
NMA DR, et al. Pediatric acute liver failure in Brazil: is living 
donor liver transplantation the best choice for treatment? Liver 
Transpl. 2016;22:1006–13.

	31.	 Sundaram SS, Alonso EM, Narkewicz MR, Zhang S, Squires 
RH. Characterization and outcomes of young infants with acute 
liver failure. J Pediatr. 2011;159:813–8.e1.

	32.	 Yankol Y, Ertugrul M, Kanmaz T, Mecit N, Ocak I, Durmaz O, 
et al. Management of pediatric acute liver failure in a region 
with insufficient deceased donor support: a single-center ex-
perience. Exp Clin Transplant. 2016;14:535–41.

	33.	 Pamecha V, Vagadiya A, Sinha PK, Sandhyav R, Parthasarathy 
K, Sasturkar S, et al. Living donor liver transplantation for acute 
liver failure: donor safety and recipient outcome. Liver Transpl. 
2019;25:1408–21.

	34.	 Chapin CA, Burn T, Meijome T, Loomes KM, Melin-Aldana H, 
Kreiger PA, et al. Indeterminate pediatric acute liver failure 
is uniquely characterized by a CD103+CD8+ T-cell infiltrate. 
Hepatology. 2018;68:1087–100.

	35.	 Bucuvalas J, Filipovich L, Yazigi N, Narkewicz MR, Ng V, Belle 
SH, et al. Immunophenotype predicts outcome in pediatric 
acute liver failure. J Pediatr Gastroenterol Nutr. 2013;56:311–5.

	36.	 Vodovotz Y, Barclay D, Yin J, Squires RH, Zamora R. Dynamics 
of systemic inflammation as a function of developmental stage 
in pediatric acute liver failure. Front Immunol. 2021;11:1–12.

	37.	 Leonis MA, Miethke AG, Fei L, Maynor S, Chapin CA, Bleesing 
JJH, et al. Four biomarkers linked to activation of cluster of dif-
ferentiation 8–positive lymphocytes predict clinical outcomes 
in pediatric acute liver failure. Hepatology. 2021;73:233–46.

	38.	 Zamora R, Vodovotz Y, Mi Q, Barclay D, Yin J, Horslen S, et al. 
Data-driven modeling for precision medicine in pediatric acute 
liver failure. Mol Med. 2016;22:821–9.

How to cite this article: Ascher Bartlett JM, 
Yanni G, Kwon Y, Emamaullee J. Pediatric acute 
liver failure: Reexamining key clinical features, 
current management, and research prospects. 
Liver Transpl. 2022;28:1776–1784. https://doi.
org/10.1002/lt.26500

https://doi.org/10.1002/lt.26500
https://doi.org/10.1002/lt.26500

	Pediatric acute liver failure: Reexamining key clinical features, current management, and research prospects
	Abstract
	INTRODUCTION
	PART I: CLINICAL FEATURES OF PALF
	Epidemiology and disease presentation
	Presentation and diagnosis
	Physiology of multiorgan failure in PALF
	Intensive care unit management of PALF
	Evolving use of LT in PALF
	PALF transplant outcomes
	High-­risk populations in PALF

	PART II: RESEARCH TOPICS IN PALF
	Immunologic mechanisms of PALF
	Predictive models of clinical outcomes

	CONCLUSIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


