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ABSTRACT

Pediatric acute liver failure (PALF) is a rare, rapidly progressive clinical
syndrome with significant morbidity and mortality. The phenotype of PALF
manifests as abrupt onset liver dysfunction, which can be brought via disparate
etiology. Management is reliant upon intensive clinical care and support, often
provided by the collaborative efforts of hepatologists, critical care specialists,
and liver transplant surgeons. The construction of an age-based diagnostic
approach, the identification of a potential underlying cause, and the prompt
implementation of appropriate therapy can be lifesaving; however, the
dynamic and rapidly progressive nature of PALF also demands that diagnostic
inquiries be paired with monitoring strategies for the recognition and treatment
of common complications of PALF. Although liver transplantation can
provide a potential life-saving therapeutic option, the ability to confidently
determine the certainness that liver transplant is needed for an individual child
has been hampered by a lack of adequately tested clinical decision support
tools and accurate predictive models. Given the accelerated progress in
understanding PALF, we will provide clinical guidance to pediatric gastro-
enterologists and other pediatric providers caring for children with PALF by
presenting the most recent advances in diagnosis, management, pathophysi-
ology, and associated outcomes.
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INTRODUCTION AND HISTORICAL
PERSPECTIVE
A cute liver failure (ALF), a rare clinical condition with signif-

icant morbidity and mortality, has captured the curiosity of
clinicians and pathologists for centuries. The French physician, and

Received January 14, 2021; accepted July 26, 2021.

From the *Division of Gastroenterology, Hepatology and Nutrition, UPMC
Children’s Hospital of Pittsburgh, Pittsburgh, PA, the TDepartment Pediatric
Hepatology, Ann and Robert H Lurie Children’s Hospital, Chicago, Illinois,
USA, the IDepartment of Pediatrics, Division of Pediatric Gastroenterology
and Hepatology, Mayo Clinic, Rochester, MN, the §Division of Pediatric
Gastroenterology, Nutrition and Liver Diseases, Hasbro Children’s Hospi-
tal, Providence, RI, the || Division of Pediatric Gastroenterology, Hepatology
and Nutrition, Children Hospital of Eastern Ontario, Ottawa, Ontario,
Canada, and the YDepartment of Pediatrics, Vagelos College of Physician
and Surgeons, Columbia University, New York, NY.

Address correspondence and reprint requests to James E. Squires, MD, MS,
Division of Gastroenterology, Hepatology and Nutrition, Children’s Hospi-
tal of Pittsburgh, One Children’s Hospital Drive, 6th Floor FP, 4401 Penn
Avenue, Pittsburgh PA 15224
(e-mail: James.Squires2@chp.edu).

138

What Is Known

¢ The clinical presentation and progression of pediatric
acute liver failure (PALF) is variable and rapid decline
occurs often

e An age-based diagnostic approach to identify the
potential underlying cause is of utmost importance
to initiate appropriate lifesaving therapy

* Etiology-specific treatment and general management
focusing on preventing complications may help to
mitigate disease progression and avoid liver transplant

What Is New

e The current manuscript provides clinical guidance to
pediatric gastroenterologists and other pediatric pro-
viders caring for children with PALF by presenting the
most recent advances in diagnosis, management,
pathophysiology, and associated outcomes

father of modern epidemiology, Guillaume de Baillou (Ballonius),
is credited with the initial description of ALF in 1616 of a boy “‘of
noble birth”” whose course of fever, jaundice, delirium, and seizures
ended in death after 15 days (1). It was not until 1842 that Carl von
Rokitansky, an Austrian pathologist, provided the classic descrip-
tion of acute yellow atrophy (AYA) of the liver (also known as
Rokitansky disease) (2,3). Subsequent reports of AYA emphasized
its rarity, but a 1947 unauthored editorial from the Journal of the
American Medical Association identified three waves of AYA with
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different suspected etiologies: 1918—1924 (post-World War I) was
thought to be due to Arshenamine introduced in 1910 to treat
syphilis and African trypanosomiasis, 1928—1934; attributed to
cinchophen, an analgesic introduced in 1908 to treat gout, and
“‘during and after World War II’* thought to be due to viral hepatitis
transmitted by plasma or improperly sterilized needles (4).

The modern era of ALF observational studies likely began in
1964 when the term ‘‘massive hepatic necrosis’ (MHN) replaced
AYA in a paper by Rodgers et al (5) presenting a retrospective analysis
of autopsies performed at Boston City Hospital from January 1, 1953 to
July 1, 1963. Over those 10 years, 18 cases of MHN were identified
among 11,341 autopsies with ages ranging from 12 to 84 years.
Etiologies included viral hepatitis (N = 5), exposure to blood products
at surgery (N=4), drug toxicity (N=2), alcoholism (N=1), and
indeterminate (N = 6). Subsequently, the Fulminant Hepatic Failure
(FHF) Surveillance Study was organized to include 73 centers. Subjects
were enrolled based upon criteria proposed by Trey and Davidson that
included patients with hepatic failure who developed hepatic coma
within 8 weeks of the onset of illness and presumed to have normal liver
function before the start of symptoms (6). Although children accounted
for a small portion of enrollment, they observed the contribution of
halothane, presumed infectious hepatitis, serum hepatitis, and Reye
syndrome as causes of FHF in children <14 years (7).

Beginning in 1980, retrospective single-site descriptions of
children with FHF or ALF slowly emerged from London (8), Los
Angeles (9), and Bicetre (10) reporting etiology and outcomes. As
interest in ALF grew along with challenges associated with single-
center reports (11), the National Institutes of Health (NIH) and
National Institutes of Diabetes, Digestive, and Kidney Disorders
(NIDDK) funded a national consortium to prospectively enroll
adults (12) and later, children (13) with ALF. World-wide interest
in pediatric ALF (PALF) has remained high with contributions from
developed and developing countries highlighting national and
regional differences and experiences. Given the accelerated prog-
ress in understanding PALF, we intend to present the most recent
advances in diagnosis, management, pathophysiology, and out-
comes associated with PALF.

EPIDEMIOLOGY, CLINICAL FEATURES, AND
NATURAL HISTORY OF PEDIATRIC ACUTE LIVER
FAILURE

Pediatric Lever Failure Defined

Historically, children were assigned an ALF diagnosis based
upon the adult definition that included hepatic encephalopathy (HE).
Recognizing the challenge of accurate HE assessment in infants and
children, the PALF Study Group (PALFSQG) utilized consensus entry
criteria for their longitudinal study enabling enrollment without HE
(13) (Table 1). These criteria were not intended to establish a
definitive diagnosis, but rather to identify subjects with acute liver
injury sufficiently severe to place the child at risk for a progressive
clinical deterioration that could result in liver transplantation (LT) or
death. Over time, these criteria have gained broader acceptance and
are now widely used to determine appropriateness for inclusion into
research studies and guide clinical management (14). Importantly, the
PALF phenotype may represent an acute presentation of chronic
disease (Wilson disease, autoimmune hepatitis, etc.), prompting
efforts to reconsider these criteria to initiate optimal interventions
(chelation, immunosuppression, etc.) that may impact prognosis and
management in these cases (15,16).

Incidence

The overall incidence of PALF is unknown; however, popu-
lation-wide rates are estimated at 500—600 cases per year in the
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TABLE 1. PALFSG study entry criteria—all three components required

Acute onset of liver disease without evidence of chronic liver disease
Biochemical evidence of severe liver injury
Coagulopathy not corrected by vitamin K
¢ Prothrombin time (PT) >15s or INR >1.5 with evidence of hepatic
encephalopathy or
* PT >20s or INR >2 with or without encephalopathy

INR = international normalized ratio; PALFSG = Pediatric Acute Liver
Failure Study Group.

United States. PALF in the United States does not vary by region
and has been stable over the last decade (17).

The incidence in developing countries is suspected to be
higher due to increased rates of infectious hepatitis (18). Improve-
ments in health management can affect incidence and etiology. For
example, in Argentina, implementing a Hepatitis A virus (HAV)
immunization program resulted in a drop of transplant listing rates
due to HAV from 60% to 0% (15).

Clinical Signs and Symptoms

The clinical presentation of PALF varies based on age and
etiology. Frequently, a prodromal phase with non-specific symp-
toms of fatigue, malaise, nausea, and abdominal pain is elicited
(Figure 1). A history of fever is occasionally reported. Children may
have been seen by medical providers and offered supportive or
empiric therapies without improvement. Identification of liver
disease may not occur until jaundice becomes clinically apparent,
or clinical decline prompts liver function testing. While a precise
timeline of symptoms is important, it is often difficult to ascertain,
and may not correlate with onset of liver injury.

Important Historical Information

Initial appearance of jaundice should be elicited if possible.
Perceived change in behavior or attention that may reflect the
development of HE should be identified. Additional historical
elements should include factors associated with common etiologies
of PALF (Table 2). Etiology does vary by age and history should be
directed appropriately.

Initial Physical Examination Findings

Physical examination may be normal in the early stages of
ALF; however, initial, and serial neurological examinations should
be performed to assess mental (e.g., attentiveness, confusion,
orientation) and neurological (e.g., brisk reflexes, Babinski sign)
signs of HE. Signs on initial examination suggestive of an underly-
ing chronic liver disease are essential and can be grouped by organ
system (Table 3).

Natural History

The clinical course of PALF is rapid, dynamic, and unpre-
dictable. The interval between presentation and a clinical outcome,
such as LT, death, or spontaneous recovery, can be as short as a few
hours or days for some children. Thus, there is an urgency in
establishing a specific diagnosis as a timely therapeutic intervention
can affect clinical outcomes. In the era before LT, the dynamic
natural history of PALF was for children to either survive or die,
although worsening clinical course did not preclude a favorable
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FIGURE 1. The clinical trajectory of a child with acute liver failure is dynamic. Liver transplantation interrupts the natural history of acute liver

failure.

outcome. The introduction of LT provided a potentially life-saving
intervention; however, it is prudent to underscore that LT arbitrarily
interrupts the natural course of PALF and it is accepted that some
patients who receive a LT may have survived without one
(Figure 1). Given the insufficient number of organs to satisfy
patient needs, there is a critical need for more precise method to
identify those patients who will survive without a liver transplant, as
well as those who will die despite a liver transplant.

DIAGNOSIS, MANAGEMENT STRATEGIES, AND
MONITORING IN CHILDREN

A patient meeting PALF study entry criterion (Table 1)
should initiate general management strategies regardless of etiol-
ogy. (Figure 2) Once the most appropriate setting for clinical care

TABLE 2. Important historical aspects of common etiologies of PALF

Etiology Pertinent historical information

Recent travel

Known sick contacts

Toxic Prescribed and over-the-counter medications

Herbal supplements

Illicit drug use

Consumption of wild mushrooms

Exposure to household or industrial chemicals

Family history of autoimmune disease

Preexisting developmental delay

Family history of liver disease

Consanguinity

Family history of recurrent late miscarriage or
early infant death

Episodes of altered mental status or confusion

Infectious

Autoimmune
Metabolic

PALFSG = Pediatric Acute Liver Failure Study Group.
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has been established, a 4-pronged coordinated management and
diagnostic approach should be conducted to inform clinical deci-
sions: liver-specific tests to assess the degree of inflammation,
injury, and function; general tests to assess hematological, renal,
pancreatic, neurologic, and electrolyte co-morbidities; laboratory
and physical examination based assessment strategy for evolving
complication of PALF; and age-based diagnostic investigations to
establish an etiology as quickly as possible to inform treatment
decisions (Table 4).

A common challenge relates to the volume of blood needed
from a pediatric patient. As almost 50% of PALF occurs in children
under 4 years of age, limitations on the volume of blood that can be
drawn demands a knowledgeable prioritization of tests that needs to
be communicated to medical, nursing, and phlebotomy teams. In
addition, required blood work in preparation for a liver transplant
also competes for this limited resource. Additional challenges that
may preclude a complete diagnostic and medical evaluation include
a rapid clinical trajectory ending in death or LT (Figure 1), a

TABLE 3. Physical examination findings suggestive of preexisting or
chronic liver disease

Organ system Physical examination findings

Growth failure

Dysmorphic features

Hepatosplenomegaly suggestive of
portal hypertension

Ascites

Digital clubbing

Rachitic rosary

Skin Xanthomas

Abdominal varices or spider angiomas

Peripheral edema

General or Constitutional

Abdominal

Musculoskeletal

www.jpgn.org
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| Patient meeting PALF criteria? |

Contact/transfer to experienced
pediatric liver transplant center

!

Evidence of:

- Hepatic encephalopathy
- Cardiovascular instability
- Hypoglycemia

- Multi-organ dysfunction

Continue supportive care, diagnostic
investigations, and treatment

Clinical
Decline

(renal or respiratory failure)

Admit to ICU, implement/continue
supportive care, diagnostic investigations,
and treatment

Transfer to medical floor for
continued medical management

Clinical
Decline

FIGURE 2. A general management algorithm for patients meeting PALF study entry criteria. PALF = pediatric acute liver failure.

differential diagnosis that is incomplete or not prioritized, or
clinical improvement that mitigates diagnostic curiosity.

Clinical and Histological Assessment

A laboratory and clinical assessment plan should be com-
menced immediately and occur at least twice per day initially, then
adjusted based upon trends and interventions. Importantly, the
presence and degree of HE are critical in determining appropriate
management (Table 4). It should be a priority to identify conditions
contraindicated in LT, amenable to specific therapy, or that inform
subsequent pregnancies.

Liver biopsy poses several challenges related to bleeding risk
and concerns that findings may not sufficiently inform treatment
decisions. However, recent reports demonstrate it can be performed
safely, especially when the transvenous (e.g., transjugular)
approach is feasible and results are used to guide diagnosis and
therapy (19). This is of particular importance in children with
indeterminate PALF (IND-PALF), where histology has identified
distinct patterns suggesting immune-mediated liver injury (20,21)
(see Immune-Mediated section).

Management of Common Complications in
Pediatric Acute Liver Failure

Close, a multi-disciplinary collaboration between gastroen-
terology/hepatology, intensive care, neurology, neurosurgery,
nephrology, metabolic disease specialists as well as transplant
surgeons will afford the child the best opportunity to survive. While
specific etiologies may warrant more precise, targeted therapy (see
Etiology section below), common co-morbidities in PALF warrant
consideration of a generalized approach (Table 5).

Fluids and Electrolytes

In the presence of cardiovascular instability, fluid or colloid
resuscitation should be prioritized. In the absence of the need for

www.jpgn.org

volume resuscitation, total intravenous fluids should initially be
restricted to around 90% of maintenance fluids to avoid overhydra-
tion. Initial fluids should be similar to hypertonic glucose (D10) one-
halfnormal saline and supplemented with 15 mEq of potassium (K ™)/
L. Fluids with pre-determined concentrations of electrolytes, such as
Lactated Ringers, should be avoided. Glucose infusion rates as high
as 10—15mg/min per kg body weight may be required to achieve
stable serum glucose levels (between 90 and 120 mg/dL) and typi-
cally require administration of hypertonic glucose solutions via a
central catheter. Hypophosphatemia can be profound and requires
supplementation to maintain serum phosphorus levels above 3 mg/
dL. Over-hydration can precipitate pulmonary and peripheral edema,
ascites, and cerebral edema, while under-hydration can precipitate
hepatorenal syndrome (50), acute tubular necrosis, worsening
encephalopathy, and hypotension.

Hepatic Encephalopathy and
Hyperammonemia

All children with PALF should be clinically evaluated for
evidence and severity of hepatic encephalopathy (HE) (Table 6).
HE is challenging to assess and may not be clinically apparent,
particularly in infants and young children (53). An altered mental
status due to severe illness, metabolic decompensation, electrolyte
abnormality, cardiovascular instability, or fear may confound the
assessment of HE (52); however, the determination of HE remains
critical as its presence and severity guide clinical assessment
(Table 4) and often drives additional cardiovascular and respiratory
support. Definitive pathogenesis continues to be debated, and
various toxins have been implicated, including bile acids, aromatic
amino acids, cytokines, and chemokines; however, amongst all
potential causative agents, ammonia assumes an essential role (32).
While arterial ammonia measurement is ideal, it is not practical in
children with stage 0—II HE; venous ammonia obtained from a free-
flowing catheter and promptly placed on ice and transported to the
laboratory may be a suitable substitute. Ammonia of 75 wmol/L is
an important threshold below which patients rarely develop
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TABLE 5. Diagnostic and management strategies of common complications in PALF

Complication

Diagnosis

Management

Fluids and electrolytes
Hyper/hypoglycemia

Hyper/hyponatremia

Hypophosphatemia
Ascites

HE and hyperammonemia

Cerebral edema

www.jpgn.org

Regular blood monitoring

Routine blood monitoring

Routine blood monitoring
Physical examination,
imaging (US, CT)

Physical examination, EEG,
cr*

* CT: effacement of Sylvain

fissures, sulci, and basil

cisterns, loss of gray, and
white matter differentiation

* Direct monitoring via
intracranial pressure
transducer (ICP “‘bolt”’)

¢ Ultrasonography of optic

nerve sheath diameter
(ONSD) (34) **

® Maintain glucose levels between 90 and 120 mg/dL

* Both hyper- and hypoglycemia are associated with complications (22)

* Protracted and profound hypoglycemia may be suggestive of an underlying metabolic
defect and should prompt additional testing that includes ammonia, lactate, serum
amino acids

* Glucose infusion rate may need to be 10—15 mg - kg~ ' - min~! and IV glucose
concentrations may need to be above 20% dextrose to maintain proper glucose
levels (23)

® Maintain sodium requirements of 2—3 mEq - kg~ - day~

¢ Treat hyponatremia when patient is symptomatic or Na <120 mEq/L or fluid
restriction not possible

* Maintaining Na between 145 and 155 mmol/L may improve intracranial hypertension,
but only temporarily and sustained hypernatremia should be avoided (24)

* Hypophosphatemia is common and should be treated to keep serum level over 3 mg/dL (25)

¢ Often precipitates by | albumin, excessive fluid administration, and infection

* Treat precipitating factor if identified

¢ Fluid restriction

* Diuretics reserved for refractory cases or complications of fluid overload (respiratory
compromise etc.)

o Aggressive diuresis may precipitate HRS

Clinical management ¢ Elevate head to 30°

* Dim and quiet room with no sudden noises or
unnecessary chatter
® Place pads on bed rails to prevent injury from
sudden movements or combative behavior
* Minimize tracheal suctioning if intubated
Medical management * Consider reduced protein intake to 1 mg/kg
* Lactulose 0.5 cc/kg per dose up to 30 cc/dose;
adjust to produce 2—4 stools per day; acid
intraluminal environment favors conversion of
ammonia (NH;) produced by gut microbiome
to ammonium (NH, ") thus decreasing
intestinal absorption (26)
¢ Rifaximin to alter intestinal microbiome and
decrease NH; production; efficacy is
comparable to lactulose in adults (27), but vary
sparse data in children
® There are conflicting studies on the efficacy of
L-ornithine-L-aspartate in adults (28—30), but
has not been studies satisfactorily in children.
¢ Consideration of empiric antibiotics (31) and
extracorporeal support devices (32)
Exacerbating factors include: sepsis, shock or hypotension, GI bleeding, renal failure,
electrolyte imbalance (33)
ICP monitoring considered in: ¢ Patients with stage III or IV coma
* Require mechanical ventilation
¢ EEG with slowing
* 71 ammonia
* CT scan with features of edema
¢ Hemorrhage is most feared complication of
invasive bolt placement (35)
* Noninvasive assessment such as ONSD, NIRS,
TMD, and TCD deserve future study (36)

1

—1 1

Overall goals: (37) ¢ Clinical stability or improvement
* ICP pressure <20 mmHg
* Maintain cerebral perfusion pressure >50 mmHg
for children <4 years, >55 mmHg for children
4-10 y, and >60 mmHg for children over 10 y
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TABLE 5. (continued)

Complication Diagnosis

Management

Specific therapies: ¢ Hypothermia (core body temperature 32—33°C)

Coagulopathy

was reported to improve outcome in small case
series, but was not found to confer benefit in two
randomized trials (38,39)

¢ Indomethacin has been studied for its anti-
inflammatory properties (40), but concerns
regarding bleeding risk and renal toxicity has
likely precluded its acceptance as a reasonable
treatment option

¢ Forced hyperventilation to reduce pCO, below 34
mmHg. Brief (e.g., 20 min) bursts of forced
hyperventilation may be most effective as
extended hypocapnia may place the patient at
risk for hypoxia (41)

* Hyperosmolar therapy (42)

o Mannitol 0.5—1.0 g/kg. Can be given via a
peripheral vein. Can produce a brisk diuresis, so
careful monitoring of cardiovascular status is
needed. No additional benefit is serum
osmolality > 320 mOsm/kg

o Hypertonic saline (2—23.4%) to maintain serum
sodium between 145 and 155 megq/L.
Transtentorial herniation has been reversed with
23.4% may extend the window for liver
transplantation (43)

177 INR * Vitamin K repletion — consider intravenous route to assure administration

| Factor V and VII * Fresh frozen plasma (FFP) and or platelets for active bleeding or an invasive procedure
|Fibrinogen * Avoid FFP and platelets to just correct the INR or improve platelet count in the
absence of bleeding as both are associated with transfusion related lung injury and
fluid overload (44)
¢ Cryoprecipitate for low fibrinogen levels (e.g., <100 mg/dL)
* Recombinant factor VII has been used to correct the INR before placement of an
intracranial monitor. It is very expensive and there is a risk of thrombosis (45)
* Aspro- and anti-coagulant proteins are both depressed, thromboeslatography (TEG) is
often normal, although hyper- and hypo-coagulable states may occur (46)

Kidney injury
| Creatinine clearance
| Urine output

Infections Positive culture

RIFLE criteria (47) * Continuous renal replacement therapy (CRRT) (48)

If clinical or biochemical changes occur, blood cultures and tracheal cultures, if intubated,

should be obtained and broad-spectrum antibiotics started until cultures return negative

Cardiovascular dysfunction
¢ Hypotension
¢ Tachycardia

Vital sign instability * Consider vasopressor support to maintain age-appropriate blood pressure

o NE is agent of choice in adults

o Low dose vasopressin (12 units/h) should be considered if NE requirements escalate
* Abnormal EKG/echo (49)

CT = computerized tomography; EEG = electroencephalogram; EKG = electrocardiography; HE = hepatic encephalopathy; HRS = hepatorenal
syndrome; ICP = intracranial pressure; INR = international normalized ratio; NIRS = near-infrared spectroscopy; NE = norepinephrine; PALF = pediatric
acute liver failure; RIFLE = risk, injury, failure, loss, end-stage; TCD = transcranial Doppler; TMD = tympanic membrane displacement; US = ultrasound;
WBC = white blood cell. “Avoid contrast if evidence of renal injury. **Greater than 6.1 mm is a potentially novel approach studied in pediatric traumatic brain

injury, but not in PALF.

intracranial hypertension. Conversely, ammonia levels of
>100 pmol/L on admission represent an independent risk factor
for the development of high-grade HE (54), and a level of
>200 pmol/L is strongly associated with cerebral herniation
(55). Therefore, medical therapy targeting ammonia reduction is
often prescribed (Table 5). Lactulose may be favored over Rifax-
imin given its mechanism of action and shorter time to clinical
effect; however, no definitive data suggests that either impact
clinical outcomes. Still, mechanisms driving HE development
extend beyond elevated ammonia alone to include markers
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associated with systemic inflammation and neuroinflammation
(56,57). Therefore, reliance upon a singular ammonia value to
determine the presence of HE should be avoided, its measurement
supporting the clinical assessment of the child at the bedside.

Cerebral Edema

Cerebral edema (CE) with resultant increased intracranial
pressure (ICP) is a life-threatening complication of ALF and is the
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TABLE 6. Assessment of encephalopathy

For young children (age < 4 y): modified from (13)

Grade

Mental status

Reflexes

Neurological signs

EEG changes

Early (Stage 1 and 2)

Mid (Stage 3)

Late (Stage 4)

Inconsolable crying, sleep
reversal, inattention to task

Somnolence, stupor,
combativeness

Comatose, arouses with
painful stimuli or no

Unreliable/normal or
hyperreflexic

Unreliable—can be
decreased, absent, or
increased

Unreliable—can be
decreased, absent, or

Difficult to test. Reponses
may be delayed, and
attention span shortened

Difficult to test. Progressive
decrease in response to
external stimuli

Decerebrate or decorticate

Normal or mild slowing

Mild or moderate background
abnormality with slowing

Severe attenuation or slowing

response increased
For children (age > 4 y): modified from (51,52)
Stage Mood and mental status Reflexes Neurological signs EEG changes

Stage 1, prodromal Mood swing: euphoria/
depression; mild confusion;
slowness of mentation and
affect; untidiness; slurred
speech; disordered sleep

Accentuation of Stage 1;
lethargy; moderate
confusion; inappropriate
behavior; inability to
maintain sphincter control

Marked confusion; sleepy but
arousable; incoherent
speech

May or may not respond to
painful stimuli

Stage 2

Stage 3, stupor

Stage 4, coma

Normal or hyperreflexic

Hyperreflexic

Hyperreflexic

Usually absent

Tremor, apraxia, impaired
handwriting

Normal or diffuse slowing

Ataxia, dysarthria Abnormal, generalized

slowing

Rigidity Abnormal, generalized

slowing

Decerebrate or decorticate Abnormal, very slow

EEG = electroencephalography.

most common terminal event related to HE. It occurs most com-
monly in those with advanced HE (grade III or IV) and can be
rapidly progressive. Ammonia level >200 wmol/L is a known risk
factor for mortality (58) and can manifest clinically as abnormal
pupillary responses, paroxysmal hypertension, hyperreflexia, and
positive Babinski sign. Surgical placement of a pressure transducer
within the cranial vault (an ICP ‘“bolt’’) is the most sensitive test to
detect ICP elevations but is recognized to carry its own risk for the
patient with an uncorrectable coagulopathy with bleeding compli-
cations noted between 10% and 20% (59). Additionally, children
may be at increased risk for complication development given their
relatively thin skull vault (36). Given the limited data on invasive
ICP monitoring in PALF and the lack of evidence demonstrating
bolt insertion affects outcomes, the decision to place an ICP monitor
is often case-specific. Fever can contribute to cerebral hyperemia
and can be treated with a cooling blanket to maintain euthermia.
Electroencephalogram (EEQG) is indicated for any myoclonus/sei-
zure-like activity, or sudden mental status deterioration. Hemody-
namic support with dopamine or norepinephrine is implemented to
assure a cerebral perfusion pressure adequate for age. (Table 5)

Coagulopathy/Bleeding

Both prothrombin time (PT) and the international normalized
ratio (INR) are elevated in PALF and are markers for severe
hepatocellular dysfunction. Notably, abnormalities in these syn-
thetic markers do not equate with bleeding risk in PALF as both
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procoagulant proteins (e.g., factors V, VII, and X and fibrinogen)
and anticoagulant proteins (e.g., antithrombin, protein C, and
protein S) are reduced (46,60). Indeed, some children may have
manifestations of a hypercoagulable state (e.g., portal vein throm-
bosis) (61). Still, clinically significant bleeding can occur in PALF
often precipitated by sepsis. Initial management should look to
improve the abnormality via administration of an age- and weight-
appropriate dose of vitamin K ranging from 1 mg in infants to 10 mg
in older adolescents. Oral vitamin K therapy should not be used to
correct the INR in PALF. Rather, subcutaneous administration
should be used to ensure administration. Intramuscular and intra-
venous vitamin K have also been used, but these routes carry a
Black Box warning for rare, but potentially serious side effects.
Coagulopathy secondary to vitamin K deficiency should rapidly
correct following appropriate repletion. Notably, if coagulopathy
persists, efforts to ‘‘correct’” abnormal coagulation profiles with
fresh frozen plasma or other pro-coagulation products should
generally be avoided. Plasma transfusions transiently improve
laboratory measures but have no proven benefit when given pro-
phylactically and can instead contribute to volume overload. Most
centers will use plasma and/or platelet infusions before an invasive
procedure, such as liver biopsy or ICP monitor placement, or in the
setting of life-threatening bleeding. Thrombocytopenia related to
consumption or bone marrow suppression can occur. Thromboe-
lastography (TEG) is designed to incorporate all coagulation phases
and has the promise to inform management decisions but requires
additional study.
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Kidney Injury

The etiology for renal dysfunction in PALF is commonly
linked to acute kidney injury (AKI) resulting from nephrotoxic
medication exposure (e.g., NSAIDs) or systemic hypotension sec-
ondary to sepsis or hemorrhage. As PALF generally occurs in
children who were thought to be previously healthy, most renal
injury is presumed to be acute in nature and otherwise recoverable.
Patients may require continuous veno-venous hemofiltration or
renal replacement therapy to maintain fluid balance when renal
function is impaired. In patients with renal dysfunction secondary to
hepatorenal syndrome (50), recovery parallels improvement in liver
function; for those with direct kidney injury the course can be
more prolonged.

Infection

Patients with ALF have an enhanced susceptibility to bacte-
rial infection and sepsis from immune system dysfunction (14).
Evidence of infection may be subtle, such as tachycardia, bleeding
(e.g., intestinal, pulmonary), reduced renal output, or mental status
changes. Fever may not be present. Blood cultures should be
obtained with any evidence of clinical deterioration and antibiotics
initiated with a clinical concern for sepsis.

Cardiovascular Dysfunction/Failure

Many patients with overwhelming liver injury will develop
hemodynamic instability independent of infectious complica-
tions. Serum cytokine levels likely contribute to systemic vaso-
dilation and cardiac dysfunction. Hypotension can negatively
impact cerebral perfusion and should be avoided. Echocardio-
grams can be helpful in assessing cardiac output and vascular
tone. Relative adrenal insufficiency has been described in adults
with ALF and should be considered in the setting of refractory
hypotension.

Nutritional Support

Patients with PALF are likely catabolic and require more
calories than basal needs. Enteral feeding is often preferred over
total parenteral nutrition (TPN), and both naso-gastric or naso-
jejunal feeds should be considered before TPN. Still, TPN may be
needed to provide maximal calories with minimal volume depend-
ing on the overall fluid status or if glucose control becomes
problematic. In cases where TPN is deemed appropriate, protein
restriction (1 g/kg protein daily) can be considered if hyperammo-
nemia is present. Additionally, lipids should be utilized unless a
disorder of fatty acid oxidation or mitochondrial disease is sus-
pected (23,49,62,63).

Liver Support Therapies

Various iterations of extracorporeal liver support systems
have been investigated in children with ALF to determine if they
might have a measurable impact on clinical outcome. Unfortu-
nately, virtually all of them, including albumin dialysis, plasma
exchange, bioartificial liver support systems (BAL; human hepato-
blastoma cells), extracorporeal liver assist device (ELAD; human-
based cells), HepatAssist (porcine cell-based), and molecular absor-
bent recirculating system (MARS), have fallen short of the mark or
have been underpowered to assess benefit. Therefore, they cannot
be routinely recommended (32,64).
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Plasmapheresis/Plasma Exchange

In adult ALF, high-volume plasma exchange has been shown
to have a positive impact on transplant-free survival; the benefit
being to remove hepatotoxic substances in the blood while enhanc-
ing liver regeneration (65). Evidence of its usefulness in children
with ALF is sparse, and while coagulation profiles may improve,
the procedure has not been shown to improve neurologic outcomes
or ameliorate spontaneous recovery. At most, studies in pediatrics
have shown plasmapheresis, at times in combination with other
extracorporeal therapies, may serve as a bridge to transplant
(64,66—68).

Molecular Absorbent Recirculating System
(MARS)

The molecular adsorbent recirculating system utilizes a
membrane with albumin-related binding sites that separates the
patients’ blood from an albumin dialysate to remove albumin-
bound substances (e.g., bilirubin, aromatic amino acids, and endog-
enous benzodiazepine-like substances) as well as free low-molecu-
lar-weight molecules (e.g., ammonia). Despite theoretical benefits,
MARS has not demonstrated significant benefit in PALF other than
a potential bridge for patients with severe liver trauma to sponta-
neous recovery (69). There is a paucity of data in children using
MARS, but in a cohort of 20 children with ALF who were MARS-
treated, biochemical parameters such as ammonia, bilirubin, and
creatinine improved, and it appeared to be safe (70). However, the
heterogeneous patient cohort precluded a more rigorous statistical
analysis for benefit. Adequately powered studies are essential to
determine if children receive a meaningful benefit from MARS.

LIVER TRANSPLANT IN PEDIATRIC ACUTE
LIVER FAILURE

In the pre-LT era, outcomes from PALF were binary as
patients either survived with their native liver or died. PALF was a
devastating process, with mortality rates ranging from 70% to 95%
(8,71). With the advent and advancement of pediatric LT, a third
outcome was introduced, providing a potentially life-saving thera-
peutic option for children with PALF. The success of LT in PALF is
reflected in its use, whereby up to 10.3% of all pediatric LT are now
performed in the setting of PALF (72).

Prognostic Scores and Liver Transplant
Decisions

PALF is a rapidly evolving clinical condition with no current
satisfactory tools to predict outcomes. although improved prognos-
tic models capable of predicting outcome would greatly benefit the
community, efforts to construct such a model are ironically ham-
pered by LT. Most models incorporate both death and LT into a
single outcome. Notably, these two outcomes are not equivalent as
the LT population includes patients who may have lived (or died)
had LT not intervened. Existing models such as Kings College
Hospital Criteria and the Liver Injury Unit score that combined
outcomes were not validated when death and LT outcomes were
separated (73,74). Analyses investigating the interconnectedness of
various dynamic inflammatory networks do appear to segregate
outcomes of death and survival and also demonstrated those who
received a LT had a mixed picture, with inflammatory network
similarities to both the survival and death cohorts (75,76). Addi-
tional efforts using a growth mixture model that included clinical
data (INR, encephalopathy, total bilirubin) collected over 7 days
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identified different trajectories that were associated with differing
likelihoods for death or survival (77) and other models using the
trajectory of data collected over time suggest dynamic models hold
some promise (78—80). Still, significant limitations to the current
prognostic models persist and decisions to pursue LT remain
complex, based on the alignment of physician experience, clinical
assessment, and suitable organ availability. Ultimately, when a liver
transplant is performed in the setting of PALF, outcomes have
shown to be inferior compared to children with other chronic liver
disease requiring transplant (81), underscoring opportunities for
further investigation and improvement.

ETIOLOGY SPECIFIC MECHANISMS OF INJURY,
CLINICAL CHARACTERISTICS, AND
TREATMENT

Specific etiologies of PALF can be broadly categorized as
infectious, immunologic, metabolic, and toxin/drug-related, and
age-based differences are recognized. However, an identified cause
for liver injury is lacking in approximately 30% - 50% of cases
(13,82). Figure 3 details the causes of ALF in 1144 children enrolled
in the PALFSG from 19 pediatric liver transplant centers in the
USA, Canada, and the UK between 1999 and 2014. In developing
countries, the etiologies are similar but are dominated by infectious
etiologies, with hepatitis A virus (HAV) being the most common
identified etiology (83,84). This brief summation of processes that
can cause PALF should be supplemented by other sources detailing
each specific disease state.

Immune Mediated

Immune dysregulation contributes to the pathogenesis of
many liver injuries in children. Importantly, the presence of auto-
antibodies alone is non-specific and can be present in a variety of
disease states, most notably Wilson disease, drug-induced injury,
and indeterminate (85). Still, recognizing immune dysregulation
driving PALF development and progression is critical as immuno-
modulating therapies can be effective in these patients.

Autoimmune Hepatitis/Auto-Antibody Positive
Acute Liver Failure

Classic serological markers associated with autoimmune
liver disease, which include anti-nuclear antibody (ANA), smooth
muscle antibody (SMA), and liver—kidney microsomal (LKM)
antibody, are positive in 28% of children with ALF (85) and the
diagnosis of autoimmune hepatitis (AIH) should generally be
considered in any patient outside the neonatal period presenting
with ALF (86). Classic elevations in serum globulins may not be
present and histology typically suggests features of AIH (plasma
cell-enriched portal tract infiltrate, interface hepatitis, central peri-
venulitis, and lymphoid follicles) but without evidence of chronicity
(87). Corticosteroids can mitigate liver injury in many patients and
while steroid treatment did not improve survival overall in auto-
antibody positive children, the sub-group of patients with a known
diagnosis of AIH had improved outcomes (85).

Gestational Alloimmune Liver Disease

GALD results from an intrauterine alloimmune liver injury
and is suspected to be the single most common cause of neonatal
acute liver failure (88). Mechanistically, a to-be-determined hepa-
tocyte-specific fetal antigen is thought to cross the placenta, induc-
ing maternal immunoglobulin G production, which then returns to
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FIGURE 3. Etiology of acute liver failure in children. (A) Etiology for
1144 children from the Pediatric Acute Liver Failure Study Group
(PALFSG) 1999-2014. (B) Final diagnosis by age (note: figure B includes
information on only 985 participants). Data modified from (93).

the fetal circulation, activates fetal complement, and results in the
formation of the membrane attack complex (MAC) and subsequent
liver cell injury (89). Therefore, while appearing as an ‘‘acute’’
event associated with liver failure, it is technically a terminal event
of a chronic intrauterine liver disease.

Characteristic clinical features of GALD include an ALF
presentation usually at birth and almost always in the first days of
life. The majority (70—90%) of affected infants are born premature
and a history of maternal sibling death is common. Medical history
often reveals intrauterine growth restriction and oligohydramnios.
Refractory hypoglycemia, severe coagulopathy, hypoalbuminemia,
elevated serum ferritin (>1000 wg/L), and ascites are often noted.
Strikingly, serum aminotransferase levels are normal or near normal
and should alert the clinician to the possibility of GALD (88).
Extrahepatic iron deposition (often on MRI or buccal biopsy) and
positive MAC staining in liver tissue suggest the diagnosis; how-
ever, these findings have been reported in other disease states as
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well, limiting their specificity for GALD (90). Timely exchange
transfusion and high-dose intravenous immunoglobulin (IVIG) is
the preferred treatment to remove offending antibodies and block
their action, including activation of complement (88,91). The
mechanism of GALD places subsequent pregnancies at risk, and
intrapartum IVIG should be used to prevent recurrences.

Hemophagocytic Lymphohistiocytosis

HLH is an enigmatic syndrome describing patients with
severe hyperinflammation. Characteristic features include fever,
hepatosplenomegaly, cytopenias, hypertriglyceridemia, hyperferri-
tinemia, and hypofibrinogenemia. Clinically, children can develop
hepatitis, coagulopathy, and liver failure in addition to extrahepatic
manifestations such as central nervous system involvement and
multiorgan failure (92). Various sub-categories have been described
(primary, secondary, familial, etc.). There is a growing understand-
ing of the genetic underpinnings that can both drive disease and
predispose individuals to its development. Recognition of the
disease state should prompt extensive investigations into possible
triggers (infection, malignancy, rheumatologic disease, etc.), and
treatment consists of immunosuppressive agents and chemothera-
peutic drugs and biologics that aim to dampen the inflammatory
state and treat any underlying etiology (92).

Indeterminate Pediatric Acute Liver Failure/
T-Cell Activated Hepatitis

When a specific diagnosis is not established in PALF, these
children are categorized as indeterminate (IND-PALF). Likely, the
indeterminate group consists of some patients who underwent an
incomplete diagnostic evaluation and while almost 43% of the
overall PALFSG participants were categorized as indeterminate
(Figure 3), the incorporation of standardized diagnostic test recom-
mendations into electronic medical record order sets enabled a
significant reduction in the percentage of IND-PALF, from 48%
during the first two phases of the study (1999-2010) to 30.8% when
looking at phase 3 (2011-2014) (93).

Mechanisms driving injury have been postulated to occur
secondary to overzealous inflammatory responses and immune
dysregulation (82). This has been supported by noting increasing
inflammatory network connectivity in these patients in addition to
clinical biomarkers of immune dysregulation that have been asso-
ciated with poorer outcomes (75,76,94).

Recent attempts to better characterize IND-PALF have
uncovered a unique sub-set of IND-PALF patients who have
distinctive liver histology, including a dense CD103"CD8" T-cell
infiltrate, further suggesting an immune-mediated liver injury
(20,21,95). Based on these observations, there has been a growing
trend toward treating PALF associated with activated CD8™ T cell
hepatitis with immunosuppression; however, the therapeutic benefit
of this practice remains unknown (96).

Drug-Induced Liver Injury

Drug-induced liver injury (DILI) is the leading cause of ALF
in adults and the most common identifiable cause in children (93)
(Figure 3). Given the complexity of DILI, the NIH-supported
Drug-Induced Liver Injury Network (DILIN), has and continues
to standardize the terminology and causality assessment of DILI,
including those associated with liver failure. As part of this effort,
the website LiverTox (http://livertox.nlm.nih.gov/index.html) was
launched as a joint effort of the Liver Disease Research Branch of
the NIDDK and the Division of Specialized Information Services
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of the National Library of Medicine. The purpose of LiverTox is
to provide up-to-date, accurate, and easily accessed information
on the diagnosis, cause, frequency, patterns, and management
of liver injury attributable to medications, herbals, and dietary
supplements.

Evaluation of DILI includes an assessment of clinical and
laboratory features, clinical pattern of liver injury (hepatocellular,
cholestatic or mixed), the clinical course after cessation of the
suspected drug, assessment of risk factors (age, sex, obesity),
exclusion of underlying liver diseases, previous episodes of DILI,
liver biopsy, and in some cases drug re-challenge to establish
causality. Notably, drug re-challenge should specifically be avoided
in DILI-associated PALF.

Acetaminophen

Acetaminophen (APAP) is one of the most frequently used
medications, remains the most common cause of DILI, and is the
most common identified cause of ALF in children (93,97). Two
clinical scenarios are associated with acetaminophen hepatotoxic-
ity: the most common follows a single intentional ingestion of a
hepatotoxic dose and a scenario where patients inadvertently par-
take in a ‘‘therapeutic misadventure,”’ unintentionally taking mul-
tiple doses of APAP and/or APAP-containing medications at or
above therapeutic recommendations over several days (98). In
children, single acute ingestion of >150 mg/kg has been considered
potentially toxic and may cause severe liver injury, including ALF
(99). Mechanistically, supratherapeutic APAP ingestion depletes
glutathione stores resulting in necrosis and cell death with the
predominance of injury in hepatic zone 3. Clinical signs and
symptoms of acetaminophen toxicity occur in four stages following
ingestion (Table 7)

When the timing of acute ingestion is known, the Rumack-
Mathews nomogram is used to plan treatment and the risk of
hepatotoxicity. N-Acetylcysteine (NAC) should be started if the
serum acetaminophen level is greater than 10 mg/mL or if trans-
aminase levels are elevated. NAC is an effective antidote for APAP
poisoning, which provides cysteine to replenish and maintain
hepatic glutathione stores. Notably, broader NAC administration
in PALF was not shown to be beneficial in non-APAP PALF (100)
and thus its use should be reserved where APAP toxicity has been
confirmed or highly suspected.

In a setting where the diagnosis is unclear, APAP protein
adduct assessment has shown promise. These proteins adducts lead
to mitochondrial dysfunction, promote oxidant stress, and high
levels of protein adducts have been detected in the serum of patients
with APAP overdose (101); however, this testing is not currently
commercially available.

Prognosis is excellent in the majority of children with APAP
induced PALF and timely use of NAC. Liver transplantation may be
needed and is lifesaving in severely ill patients who do not respond
to treatment with NAC, reported in 5% of children (102).

Non-APAP Medications

Liver injury caused by drugs other than APAP was identified
in a little more than 3% of cases in the PALFSG registry, the vast
majority occurring in children over 10 years of age (13,93). Anti-
epileptics are the most common offenders in children (13,103).
Valproic acid, particularly in children with unsuspected mitochon-
drial disease, may precipitate ALF. In this setting valproic acid-
associated liver failure should be a contraindication for LT (104).
The list of non-APAP drugs associated with liver failure is exten-
sive and expanding. A partial list is found in Table 8.
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TABLE 7. Stages of APAP toxicity

Stage Time following ingestion

Clinical signs and symptoms

I <24 h

11 24-72 h

1 73-96 h

v >96 h

* Non-specific features such as nausea, vomiting, abdominal pain

* Lab test often normal, or near normal

¢ RUQ abdominal pain

e LFT and INR elevations

¢ HE, AKI, MOF

e Severe liver injury with markedly increased LFTs
o Bilirubin may be elevated, but often to lesser degree than expected
o Rising bilirubin is ominous sign

* Metabolic acidosis with increased anion gap

*  Worsening coagulopathy

* Mortality is highest

* Recovery stage

¢ Clinical and biochemical symptoms improve

AKI = acute kidney injury; APAP = acetaminophen; HE = hepatic encephalopathy; INR = international normalized ratio; LFT = liver function tests; MOF

= multi-organ failure.

Herbals and Dietary Supplements

Liver injury associated with the consumption of herbal
medicines and dietary supplements is often referred to as ‘herb-
induced liver injury’” (HILI) (128). Herbals and dietary supple-
ments are used world-wide, often without any proven health
benefits. These products are perceived to be safe owing to their
inclusion of botanical and natural ingredients; however, this also
leads to alternative regulations and oversight. In the United States,

these substances are regulated as food products and not subjected to
the same premarket requirements for safety or efficacy when
compared to traditional pharmaceutical agents. Establishing a
diagnosis of HILI is challenging since many of the products contain
multiple ingredients (129). Common agents implicated with PALF
include Kava (130), willow bark tea (131), Atractylis gummifera
(132), green tea (133), Teucrium polium (134), pennyroyal oil (135),
Chaparral (136), Impila, and other Pyrrolizidine alkaloids (137),
and weight loss supplements predominately in adult patients (138).

TABLE 8. Non-acetaminophen drug-induced liver injury

Interval between exposure

Classification and manifestations Clinical features
Analgesic Halothane (105) 1-30 days Fever, anorexia, myalgia, rash, jaundice
Sevoflurane (106) 2-7 days Jaundice, abdominal pain
Antimicrobials Isoniazid (107,108) 0-14 mo Fatigue, anorexia, malaise, then jaundice
Rifampin (109) Weeks Jaundice, severe hepatitis
Pyrazinamide (110,111) 4-8 wk Fatigue, anorexia, malaise, then jaundice
Amoxicillin/clavulanic acid (112) Days—2 mo DRESS, severe hepatitis, cholestasis
Tetracycline (113) 4-6 days into therapy Nausea, vomiting, abdominal pain, mild jaundice
Minocycline (114) days—2 mo DRESS, severe hepatitis
Months to a year Autoimmune hepatitis
Macrolide (115) 1-3 wk Nausea, abdominal pain, jaundice, fever
Sulfonomide (116) Days—1 month Fever, rash, eosinophilia, jaundice
Ketoconazole (117) 1-6 mo Acute hepatitis
Itraconazole (118) 1-6 mo Fatigue, jaundice, severe hepatitis
Antiepileptic Phenytoin (119) 2-8 wk Hepatitis, cholestasis, atypical lymphocytes,
lymphadenopathy
Carbamazepine (120) 1-8 wk DRESS, severe hepatitis
Lamotrigine (121) 1-8 wk DRESS, mild to moderate hepatitis, cholestasis
Felbamate (58) 1-6 mo Severe hepatitis, cholestasis
Valproate (104) Months to years Hyperammonemia
1-6 mo Jaundice, severe hepatitis
Other Methotrexate (122) 2-7 days Drowsiness, altered mental status
Propylthiouracil (123) 1-7 mo Jaundice, hepatomegaly
Pemoline (124) 1-9 mo Jaundice, fatigue, fever, abdominal pain

Recreational drugs Cocaine (125)

MDMA (126,127)

Hours to a few days
Hours to a few days

Acute hepatic necrosis
Acute severe hepatitis, jaundice

“DRESS = drug rash with eosinophilia and systemic symptoms; MDMA =3,4-methylenedioxy-methamphetamine.
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Metabolic and Genetic Diseases

Metabolic liver diseases collectively account for 28—36% of
cases of PALF (139,140). Common culprits are galactosemia,
tyrosinemia, Niemann-Pick type C, mitochondrial hepatopathies,
and urea cycle defects in infants and young children and Wilson’s
disease in older children. Family history of consanguinity, recurrent
abortions and sibling deaths, and patient history of diarrhea, vomit-
ing, failure to thrive or developmental delay, all adds to the index of
suspicion. Accurate diagnosis and timely therapeutic intervention
can be life-saving (141).

Wilson disease

Wilson disease (WD) is the most common metabolic condi-
tion associated with PALF in children over five years of age and is
typically fatal without LT (13). The presence of Coombs-negative
hemolytic anemia, hyperbilirubinemia, low serum ceruloplasmin,
marked elevation of serum copper >200 png/dL, and a normal or low
serum alkaline phosphatase should raise the concern about WD.
Among patients presenting with acute liver failure, Kayser—
Fleischer rings are present in approximately half. Elevated copper
content (>250 mcg/g dry weight liver) remains the gold standard for
diagnosis when feasible (142). Plasma exchange, continuous hemo-
diafiltration, zinc, and copper chelation therapy have been
employed in patients with WD presenting with ALF and stage [
to II hepatic encephalopathy, while pursuing a liver transplant
evaluation with some success (143).

Tyrosinemia

Hereditary tyrosinemia (HT) type 1 is an autosomal recessive
disease caused by a deficiency of fumarylacetoacetate hydrolase
(FAH), the last enzyme of the tyrosine catabolic pathway. The acute
form of the disease is characterized by an early onset of PALF with
profound coagulopathy and normal or near-normal serum amino-
transferase levels (140,144). HT1 often presents in association with
gram-negative sepsis. Tyrosinemia is included in the newborn
screen, and early identification with initiation of nitisinone and
dietary modifications have improved outcomes (145,146).

Galactosemia

Impaired activity of galactose-1-phosphate uridyltransferase
(GALT) causes galactosemia, an autosomal recessive disorder of
galactose metabolism. Galactosemia can present in association with
Gram-negative sepsis. It should be considered in infants consuming
breast milk or another lactose-containing formula who develop ALF
associated with reducing substances in the urine (147). Galacto-
semia is included in the newborn screen; however, affected infants
may become symptomatic before newborn screen results are avail-
able. Early initiation of a galactose-restricted diet can prevent or
resolve neonatal complications. Definitive diagnosis is made by the
quantitative assay of GALT activity in red blood cells. Therefore,
blood for diagnostic testing must be obtained before any red blood
cell transfusion (148).

Urea Cycle Defects

Urea cycle disorders (UCDs) are inborn errors in the nitro-
gen detoxification pathway’s metabolism and encompass six prin-
cipal enzymatic deficiencies. Direct toxicity of metabolites,
downstream metabolic deficiencies, impaired tricarboxylic acid
cycle, oxidative stress, mitochondrial dysfunction, and energy
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deficit contribute to liver injury (149). Ornithine transcarbamylase
deficiency (OTCD) is the most common of the urea cycle disorders
and follows an X-linked inheritance pattern, although heterozy-
gous females can be affected. PALF with OTCD is recognized. Ina
Swiss cohort of 37 patients with OTCD, 50% had ALF at least once
(150). In a historical cohort of 49 OTCD patients with liver
involvement, ALF’s prevalence was highest with ammonia levels
>1000 wmol/L. ALF was the initial presenting symptom of OTCD
in 6% of the patients (151). Treatment is based on ammonia
scavengers (benzoate and phenylacetate /phenylbutyrate) and a
protein-restricted diet (152).

Citrullinemia type I is an autosomal recessive UCD caused
by a deficiency of arginosuccinate synthetase, which typically
presents in the neonatal period or infancy with hyperammonemia
and neurologic deterioration. Fulminant liver failure associated
with catabolic stress has been reported in isolated cases with good
response to supportive therapy (153,154).

Hyperargininemia is an autosomal recessive UCD caused by
a deficiency of arginase 1, which catalyzes the hydrolysis of L-
arginine to urea as the final enzyme in the urea cycle. Arginase 1
deficiency does not usually cause severe neonatal hyperammone-
mia but instead presents with progressive neurological symptoms,
including seizures and spastic paraplegia in the first years of life
associated with neonatal cholestasis, and ALF (155).

Fatty Acid Oxidation Disorders

Mitochondrial fatty acid oxidation disorders (FAOD) are
recessively inherited errors of metabolism, which include among
others medium-chain acyl-CoA dehydrogenase (MCAD) defi-
ciency, fatty acid transportation defects, and defects of beta-oxida-
tion enzymes. Newborns with FAOD typically present following a
minor febrile illness, fasting or dehydration with hypoketotic
hypoglycemia, metabolic acidosis, hepatic dysfunction that may
evolve into ALF, and cardiomyopathy. Hyperammonemia may also
occur. Screening studies include measurements of urinary organic
acid and plasma carnitine levels with acylcarnitine profiles. Con-
firmation requires functional studies in cultured skin fibroblasts or
genetic studies. The sharp decline in the incidence of Reye’s
syndrome is attributed in part to improved diagnosis of FAOD
and avoidance of salicylates used in febrile children. The mainstay
of therapy during acute decompensation includes continuous intra-
venous glucose infusion (10mg-kg ' min~' to maintain serum
glucose above 100mg/dL); avoidance of intravenous lipid and
drugs that inhibit FAO such as valproic acid, nonsteroidal anti-
inflammatory agents and salicylates; and L-carnitine administration
enterally or intravenously at a dose of 100mg-kg '-day !
(156,157). If possible, screening studies should be obtained before
glucose administration as biochemical markers may return to
normal quickly after the treatment is started.

Mitochondrial Hepatopathy

Genetic and acquired alterations in mitochondrial structure
and function are increasingly recognized as the etiology for various
pathologic conditions termed mitochondrial disorders (MD).
Hepatic disease is estimated to occur in up to 20% of patients with
MD and is more commonly seen in early childhood (158). These
mitochondrial hepatopathies (MH) are defined by dysfunction of
hepatocyte mitochondria leading to cell injury, steatosis, or liver
failure as major manifestations of disease (159—161). Multisystem
mitochondrial dysfunction has historically served as a relative
contraindication to liver transplant (162). However, patients with
mitochondrial diseases (excluding POLG-related disease) have
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more recently been shown to tolerate solid-organ transplant with
post-transplant survival similar to non-mitochondrial disease
patients (163). Unfortunately, multisystem involvement may not
be apparent at liver transplant, and progressive extra-hepatic disease
can occur. Lactic acidosis and an elevated molar ratio of lactate to
pyruvate (>25mol/mol) have historically been used to alert the
clinician to the possibility of a mitochondrial hepatopathy; how-
ever, recent analysis of the PALFSG cohort found that neither an
elevated serum lactate >2.5 mmol/L nor an elevated lactate:pyr-
uvate (L:P) ratio were specific for mitochondrial disease in the
setting of PALF and elevation did not predict clinical outcome
(164). Thus, it appears that secondary mitochondrial dysfunction,
independent of the cause of acute liver failure, may drive lactate and
L:P abnormalities in PALF and that neither diagnosis nor clinical
decisions (including considerations for liver transplant) should be
based solely on these findings (164). Expedited whole-exome
sequencing is the most precise diagnostic tool to reach this diagno-
sis, though variable geographic availability limits universal appli-
cation.

Others (Neuroblastoma Amplified Sequence,
LARS, Hereditary Fructose Intolerance, etc.)

A growing category of autosomal recessive monogenic dis-
orders affecting intracellular trafficking and vesicles transport is
emerging as a significant contributor to the undiagnosed patients
with ALF. Bi-allelic mutations in Neuroblastoma amplified sequence
(NBAS), SCYL1, and RINT1 are among the identified etiologies.
These disorders present with a fever-induced liver injury that might
evolve into recurrent ALF. Extrahepatic manifestations include short
stature, skeletal abnormalities, intellectual disability, ophthalmic
abnormalities, low serum immunoglobulins, facial dysmorphism,
and cardiac abnormalities in NBAS associated disorders (165).
Patients with SCYL1-associated disease may present with recurrent
low GGT cholestasis or fever-triggered acute liver failure with onset
in infancy and a variable neurological phenotype of later onset. Liver
injury is usually transient, but fibrosis may develop (166). Some
reported patients with RINT1 bi-allelic mutations have a persistent
abnormality of liver function tests between episodes. Supportive
therapy is the mainstay of managing these disorders. Early antipyretic
therapy may prevent recurrent episodes of ALF; however, liver
transplantation has been performed in two patients with fever-trig-
gered recurrent ALF caused by NBAS pathogenic variants without
recurrence of ALF post-transplant (167).

Leucyl-tRNA synthetase (LARS) gene encodes a cyto-
plasmic leucyl-tRNA synthetase enzyme responsible for attaching
leucine to its cognate tRNA during protein translation. Homozy-
gosity mapping and exome sequencing identified LARS mutation as
the underlying etiology of ALF in six individuals from an Irish
family presenting with ALF in the first few months of life. The
patients developed acute symptoms and deterioration of liver
function with minor illness with intermittent improvement between
episodes. The earliest age of presentation was 2 months, and the
oldest affected member of this family was 33 years. Additional
symptoms include anemia, renal tubulopathy, developmental delay,
seizures, and failure to thrive (168).

Hereditary fructose intolerance (HFI) is an autosomal reces-
sive disorder caused by aldolase B (ALDOB) deficiency resulting in
the inability to metabolize fructose. The toxic accumulation of
intermediate fructose-1-phosphate causes multiple metabolic dis-
turbances, including postprandial hypoglycemia, lactic acidosis,
electrolyte disturbance, liver, and kidney dysfunction. The clinical
presentation varies depending on the age of exposure and the load of
fructose. Most cases present at the age of weaning, when fructose or
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sucrose is added to the infant’s diet. However, exposure to a formula
containing fructose is an important trigger for severe metabolic
disturbances evolving into a life-threatening ALF. Treatment is
mainly supportive, based on intravenous dextrose, and fructose-free
formula. HFI is not included in the newborn screen, as there is no
readily available biochemical marker for screening without fructose
exposure (169).

Niemann—Pick type C is a lysosomal storage disease. Most
individuals present with progressive neurologic disease in middle to
late childhood, a minority of cases present during early infancy with
acute liver failure. Therapy is usually palliative given the progres-
sive neurological disease. Rapid whole exosome sequencing can be
helpful in a timely diagnosis and the decision making about the need
for liver transplantation (170).

Viral Hepatitis

Viral hepatitis usually exhibits a benign course in childhood;
however, severe illnesses may be seen. Viral infections were impli-
cated asa possible etiology in several reports of PALF: in studies from
Asia, viral hepatitis was identified as the etiology 46—94% of the time
(18), just over 8% ofthe PALFSG registry were identified as having a
viral etiology (93). Circumstantial evidence, such as prodromal viral-
type symptoms, observed in many cases, supports a viral insult as a
preceding event in ALF. Nevertheless, many remain asymptomatic,
especially small children and neonates. Screening for common forms
of viral hepatitis, including Hepatitis A, B, and C, is performed
frequently, but testing for viruses less often considered hepatotropic is
not universally performed. Furthermore, the demonstration of a viral
pathogen does not necessarily imply causality. The fatality rate for
viral-associated acute liver failure ranged from 3% to 91%, the
highest reported in developing countries. The need for liver trans-
plantation with viral-associated acute liver failure ranged from 4% to
62% (171). Early detection utilizing newer diagnostic techniques,
such as real-time polymerase chain reaction (PCR), and prompt
institution of specific therapy will improve survival and reduce the
need for transplantation.

Hepatitis A

Hepatitis A virus (HAV) is a cytopathic, non-enveloped,
single-stranded RNA virus with four genotypes characterized in
humans. HAV infections are seen worldwide with greater preva-
lence in developing countries and low-income regions (172). It is
transmitted primarily by the fecal-oral route in contaminated food
or water, with an incubation period of 15-50days (173,174).
Patients with HAV infection usually present with one of the
following clinical patterns: asymptomatic without jaundice; symp-
tomatic with jaundice and self-limiting course; prolonged chole-
static pattern; relapsing pattern; and ALF, occurring in less than 1%
of patients with acute HAV infection (175,176). HAV infection is
the most common cause of PALF in Asia, parts of Europe, and Latin
America (83,177—183), but not in developed countries (13,184).
The diagnosis of acute HAV infection is based on the detection of
IgM antibodies against HAV. No specific medications are available
to treat acute hepatitis A. LT may be required in severe cases, and
referral to a transplant center is critical for patients of HAV-
associated PALF.

Hepatitis E
Hepatitis E virus (HEV) belongs to the Hepeviridae family of

viruses, under the genus Hepevirus. Usually, the infection is self-
limiting and resolves within 2—6 weeks, presenting with acute
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icteric hepatitis. In a small proportion of patients, the disease is
severe and associated with ALF with worse outcomes in pregnant
women, particularly in the second and third trimesters (185,186).
The diagnosis is confirmed by the presence of anti-HEV IgM
antibody and positive HEV RNA in the serum. Data on antiviral
agents (Ribavarin) have not been systematically evaluated in
patients with severe acute hepatitis E/ALF and is limited to case
reports (187).

Hepatitis B

Hepatitis B virus (HBV) is highly prevalent in the WHO
Western Pacific Region and WHO African Region, where 6.2%
and 6.1% of the adult population is infected, respectively. Vertical
and early horizontal transmissions are the main routes of HBV
transmission in children. The majority of children with acute hepatitis
B have an asymptomatic or subclinical illness; however, in endemic
regions, up to 65% of cases of PALF are related to acute HBV
infection (188). Rarely, infants born to mothers with chronic HBV
infection can also present with PALF (189,190). Patients with acute
hepatitis B test positive for HBsAg and IgM anti-HBc, and during the
early phase, HBeAg and HBV DNA will also be present. The use of
antiviral agents in acute HBV is debatable (191,192) but is recom-
mended in severe cases/PALF to reduce recurrent HBV risk after LT
(193). The prognosis of HBV-related ALF is poor without LT, with
transplant-free survival rates ranging from 26% to 53% (194,195),
and urgent referral to LT center is of paramount importance.

Herpes Simplex Virus

Herpes simplex virus (HSV) is recognized as a common
cause of neonatal liver failure (196). Affected infants present with
symptoms resembling sepsis and may have skin, eye, or mouth
lesions. The lack of skin lesions or symptoms in the infant or mother
does not exclude the diagnosis (197). In a registry study from the
United States, HSV was identified in 25% of young infants who
underwent testing and was frequently fatal in this age group (198).
HSV-associated liver failure carries high mortality in the neonatal
period (199), but it is medically treatable with timely initiation of
effective antivirals (197). LT in conjunction with antiviral therapy
can be life-saving (200).

Epstein-Barr Virus

Epstein-Barr virus (EBV) is the primary cause of infectious
mononucleosis (IM) with a lifetime prevalence of 90% (201,202).
The majority of patients with acute EBV infection have mild
hepatitis manifesting as elevated serum aminotransferase up to
2—3 times the upper limit of normal (203). The enzyme levels
typically rise over a 1- to 2-week period, and levels are lower than
seen in patients with acute hepatitis A, B, D, or E. Most cases have a
hepatocellular injury; however, mixed or cholestatic injury features
have also been reported in the literature (204,205). Acute EBV
infection can rarely be complicated by severe hepatitis leading to
PALF, resulting in death or LT (206—-218). EBV diagnosis should
be based on a combination of clinical features, serology, and
confirmatory PCR testing. A liver biopsy may be required to
confirm the diagnosis of EBV hepatitis in selected cases with in
situ hybridizations of EBV-encoded RNA (EBER) (219).

Cytomegalovirus

Cytomegalovirus (CMV) is one of the human herpesviruses
commonly spread through intrauterine transmission from mother to
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child. CMV usually causes chronic cholestatic disease and, less
frequently, neonatal liver failure (198). CMV-associated liver
disease can be efficiently treated with several available antivirals
in immunocompetent and immunodeficient children (220).

Adenovirus

Human adenovirus is a double-stranded, nonenveloped DNA
virus, with more than 50 phenotypes that exhibit tissue-specific
tropism (221). Serotypes 40 and 41 have been associated with
gastrointestinal manifestations, most frequently self-limited diar-
rhea, although rare cases of fulminant hepatitis have been reported
mainly in immunosuppressed hosts (222—224). Despite being an
unusual presentation for liver failure, a high mortality rate has been
described if the diagnosis and treatment are not offered before
irreversible insult has occurred (224). Treatment with antiviral and
liver transplantation can be lifesaving (223-225).

Enteroviruses

The enteroviruses are a family of a single-stranded positive
RNA that includes several genera. The infection is primarily
transmitted by the fecal-oral route and can also spread via the
respiratory tract. Clinical manifestations are genus-specific and
vary from asymptomatic to severe. Small children and neonates
are at significantly increased risk for severe disease. Among a
cohort of children <6 months, enterovirus was responsible for 23%
of liver failure (198). There are no current therapies to treat
enterovirus infections.

Other Viruses

In the context of the rapidly evolving pandemic of the severe
acute respiratory syndrome, coronavirus-2 (SARS-CoV-2), a few
cases of PALF have been reported, mostly with spontaneous
recovery (226). Possible mechanism of the hepatic injury in these
complex patients includes viral-induced cytopathogenic effect in
the liver (227), ischemia, and drug-induced liver injury.

Cardiovascular

Ischemic liver injury can cause acute liver failure. Lack of
perfusion typically results from systemic hypotension due to shock,
sepsis, Budd-Chiari syndrome (BCS), veno-occlusive disease
(VOD), cardiac dysfunction (e.g., hypoplastic left heart syndrome,
cardiomyopathy, cardiopulmonary bypass), or the use of vasoactive
drugs. Hypoperfusion associated with PALF accounts for roughly
3% of reported cases (93,228).

VOD is a clinical entity characterized by weight gain,
hepatomegaly, ascites, and hyperbilirubinemia (bilirubin >2 mg/
dL) caused by hepatic sinusoidal obstruction, mostly after hemato-
poietic stem cell transplantation (HSCT) (229). The primary
reported risk factors are related to the type and doses of chemo-
therapy agents. Survival has improved with the implementation of
protocols avoiding hepatotoxic drugs and the recent introduction of
effective therapies such as Defibrotide (230). The majority of BCS
patients present with a chronic course, characterized by the insidi-
ous onset of abdominal distension, portal hypertension (PHT), and
tortuous engorged abdominal veins (231). The acute or fulminant
presentation with abdominal pain, hepatomegaly, ascites, and rap-
idly progressive hepatic failure is uncommon. This cohort of
patients usually have an underlying prothrombotic condition and
require an emergency evaluation for TIPS and/or liver transplanta-
tion (232).
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Oncologic

Hematological malignancies, such as leukemia and lym-
phoma, can rarely present with ALF (233,234). Diagnostic clues
for hematological malignancies include high fever, hepatospleno-
megaly, elevated alkaline phosphatase, lactate dehydrogenase, and
peripheral blood film abnormalities. A bone marrow examination
may be diagnostic. Acute hepatic failure can also occur after
metastatic liver infiltration due to neuroblastoma or other solid
tumors (235). Evaluation of liver histology may be needed, despite
the risk of bleeding in patients with coagulopathies. Despite these
rare occurrences, it is essential to consider malignant infiltration of
the liver given the clear contraindication of liver transplantation,
which could otherwise be lifesaving in failure due to
other etiologies.

CONCLUSION AND GENERAL
RECOMMENDATIONS

Data-driven advances in diagnosis, management, and mech-
anistic understanding of PALF have been exponential over the last
two decades. Outcomes in non-LT survival in PALF have
improved. This has been due, in large part, to productive national
and international collaborations, many of which were supported by
the NIH/NIDDK. In addition, the general adaptation of study
criteria used to identify PALF patients has improved our ability
to compare descriptive, diagnostic, therapeutic, and mechanistic
studies performed by investigators worldwide.

As is always the case, there is much more to be accom-
plished. Diagnostic studies, now requiring unacceptable blood
volume in critically ill infants and children, may someday be
replaced with ‘‘gene/diagnostic chip’’ technology with a rapid
turn-around to affect life-saving treatments. Improvements in
neuromonitoring may transform our ability to provide preemptive
treatment for HE and cerebral edema. Clinically useful personal-
ized models that reliably predict dynamic patient outcomes
would transform liver transplant decisions. Adequately powered
randomized clinical trials that examine new or novel therapeutics
will provide foundational support for evidence-based clinical
management.

The commitment of clinical, translational, and basic
researchers worldwide to pursue important and unanswered ques-
tions related to PALF is inspiring. Their work will impact the lives
of children afflicted with PALF and inform future guidelines and
position statements. We look forward to their upcoming observa-
tions and discoveries.

GENERAL RECOMMENDATIONS

PALF is a complex, rapidly evolving clinical syndrome,
children meeting diagnostic criteria should be considered for early
contact/transfer to an experienced pediatric liver transplant center
when indicated (Figure 2).

Children meeting diagnostic criteria for PALF warrant care-
ful laboratory and clinical monitoring in a pediatric intensive care
unit (Table 4).

A timely, age-based diagnostic approach (Table 4) should be
used to establish an etiology and inform treatment decisions.

Once PALF has been established, general management
strategies should be undertaken to monitor for (Table 4) and manage
(Table 5) common complications regardless of the etiology.
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