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recovered. Here we delineate the clinical course and comprehensive diagnostic
workup of these patients. Three of five patients showed a gradual decline of liver
synthetic function and had mild neurological symptoms. Their clinical and histo-
logical findings were consistent with hepatitis. These three patients all had a past
SARS-CoV-2 infection and two of them were positive for adenovirus DNA. The
other two patients presented with advanced liver failure and encephalopathy and
underwent dialysis as a bridge to transplantation. One of these children spontane-
ously recovered. We discuss this cluster of patients in the context of the currently

elevated incidence of severe acute hepatitis in children.
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INTRODUCTION

Pediatric acute liver failure is a rare clinical syndrome that results
from the rapid decline of liver function in a previously healthy
child.>2 Although many different etiologies can lead to PALF, a cause
cannot be found in approximately 50% of cases.>* The clinical course
of PALF is notoriously variable: some patients require intensive care
unit (ICU) admission for mechanical ventilation and hemodynamic
support within hours, while others appear clinically well and can be
maintained on a pediatric ward for several days to weeks.? In patients
whose liver function spontaneously improves, recovery is typically
complete. However, up to 60% of indeterminate PALF cases have
progressive disease trajectories with a high risk of mortality.>> Liver
transplantation is generally curative, but negates the chance of
spontaneous recovery and has been associated with increased
morbidity and mortality when compared to transplantations for
chronic liver disease. Judicious balancing of these risks is challenged
further by a paucity of prognostic tools, as well as the unpredictable
availability of donor organs in emergency setting.®

In the spring of 2022, our national referral center for pediatric
liver transplantation in the Netherlands treated five children with
PALF of unknown etiology. This series represented an unprecedented
peak in the incidence of indeterminate PALF, which has averaged
approximately 2 cases/year over the last 2 decades (Figure 1 and
references”®). Around the same time, pediatric care providers in
other parts of Europe and the United Kingdom had become suspi-
cious of a rise in the incidence of severe hepatitis in young children,
which led to international initiatives aimed at assessing the incidence
of pediatric acute liver disease. While the results of these initial
surveys appeared reassuring in terms of severe morbidity and mor-
tality,”*° ongoing investigations are aimed at characterizing the un-
derlying cause of recent cases of hepatitis of unknown etiology.'* To
contribute to our understanding of this recent epidemiological trend,
we here delineate the clinical course of the five Dutch patients with
indeterminate PALF that were treated in short succession at our
center.

Incidence of indeterminate PALF

Number of cases
w
|

2]
0

2017 2018 2019 2020 2021 2022*
*Year to date

[ M Total cases Ml Transplanted |

FIGURE 1 Incidence of indeterminate Pediatric acute liver
failure (PALF) in our national transplant center. Blue bars represent
the total number of cases, red bars represent the proportion of
cases undergoing liver transplantation

Key Summary

o We report a cluster of five cases of indeterminate pedi-
atric acute liver failure (PALF) in The Netherlands

e We describe detailed diagnostic and clinical information
on the course of disease of affected children

o We discuss these cases in light of the current global in-
crease in cases of severe acute hepatitis in young
children

Case 1 (Week 11)

An 11-month-old male was admitted to a regional hospital with a
4-day history of vomiting, diarrhea and anorexia. Acetaminophen had
been given in age-appropriate doses over the last 3 days. Within
several hours after initiation of oral rehydration therapy, he was
noted to have a reduced level of consciousness. Diagnostic work-up
revealed severe hypoglycemia (0.6 mmol/L), elevated transaminases
(alanine aminotransferase (ALT) 2547 U/|, aspartate aminotrans-
ferase 3475 U/I), low bilirubin (16 umol/L) and an International
Normalized Ratio (INR) of 3.4 (Figure 2). The patient was intubated
on site and transported to our transplant center. On admission, he
was sedated (EIM1Vtube) and his pupils were reactive to light. His
ammonia level was 83 pmol/L and his INR had increased to 5.7.
Continuous veno-venous hemodiafiltration (CVVHDF) was instigated
and the patient was listed for liver transplantation with high urgency
priority. He was transplanted the next day with a partial graft from a
living donor. Etiological work-up of PALF was significant for multiple
viral agents. His nasopharyngeal aspirate tested positive for SARS-
CoV-2 RNA (cycle threshold (Ct) value 25) and enterovirus and/or
rhinovirus (typing unsuccessful, Ct 25). A stool sample on admission
was positive for SARS-CoV-2 RNA (Ct 27), enterovirus RNA (Ct 31),
rotavirus RNA (Ct 12, genotype G3P®) and adenovirus DNA (Ct 28,
genotype C2). Low level of adenovirus could also be detected in
plasma (Ct 38). The post-operative course was complicated by res-
piratory symptoms that required mechanical ventilation for 9 days
which were ascribed to his SARS-CoV-2 co-infection, but he could
ultimately be discharged in good clinical condition 6 weeks after
hospitalization. Trio whole exome sequencing analysis showed no
pathogenic mutations in genes associated with liver disease. Histo-
logical evaluation of the liver explant demonstrated massive hepatic
necrosis with periportal steatotic changes with no signs of inflam-
matory activity (Figure 3).

Case 2 (Week 11)

A 3-year-old female was admitted to a regional hospital for clinical
work-up of jaundice that had first been noticed 1 day earlier. Her
history reported some non-specific viral symptoms 3-4 weeks prior
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FIGURE 2 Biochemical parameters. Evolution of alanine aminotransferase (ALT), bilirubin, International Normalized Ratio (INR) and
ammonia levels from time of first admission to the transplant center until transplantation (case 1, 2, 3 and 5) or discharge (case 4)
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FIGURE 3 Explant histology of representative cases. Case 1. Hematoxylin eosin (HE) stain shows massive acute necrosis of the
hepatocytes with a retained architecture with minimal portal inflammation. HepPar immunohistochemistry stains differentiate viable and
necrotic hepatocytes. Reticulin stain shows a preserved architecture without collapse. Case 5. HE stain shows portal and lobular inflammation
with venulitis of central veins and perivenular congestion and massive ductular reaction. HepPar shows extensive loss of hepatocytes. In the
reticulin collapse of fibers between the ductular reaction. All images were captured via digital pathology

to presentation and around the same time family members had revealed an ALT of 4000 U//I, a total bilirubin of 165 umol/L and INR
tested positive for SARS-CoV-2. In the 2 days prior to admission, she of 1.4 (Figure 2). In the course of 4 days, her INR slowly deteriorated
developed abdominal pain and vomiting. She was clinically well to 2.2 and she was transferred to the clinical ward of our liver

without neurological symptoms. Laboratory diagnostics at admission transplant center. After 2 days, she had an episode of drowsiness
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which was scored as hepatic encephalopathy grade I, possibly III.
She was admitted to the pediatric intensive care unit (PICU), but due
to rapid neurological improvement CVVHDF was not initiated. After
2 days, liver synthesis had deteriorated further with an INR of 4.9 at
which time she was decided to undergo living-related liver trans-
plantation. The post-operative course was complicated by hepatic
artery thrombosis on post-operative day 10, which was successfully
resolved by surgical exploration and revision of the anastomosis. She
was discharged home after 5 weeks in good condition. Molecular
diagnostics showed adenovirus in plasma (Ct 36) and SARS-CoV-2
IgG was positive (indicative of a past infection, Table 1). Histology
of her liver explant was consistent with acute liver failure of un-
known etiology, with lobular disarray and spotty necrosis of
remaining hepatocytes, a moderate portal and lobular lymphocytic
infiltrate, collapse and condensation of reticulin within a preserved
architecture, and ductular reaction in zones 1 and 2. Trio-WES
revealed a variant of unknown significance in one of the ABCB4 al-
leles, but loss of ABCB4 has not been associated with acute liver

failure in a previously healthy child.

Case 3 (Week 13)

An 8-year-old female was referred to our center after a 2-week
episode of jaundice that was preceded by 2 days of vomiting and
abdominal pain. One week after onset of this episode she had an ALT
level of 2200 U/I, a total bilirubin of 214 umol/L and an INR of 1.5, at
which time she was managed as an outpatient in another hospital.
When her INR had increased to 2.0, she was transferred to our
clinical ward (Figure 1). After 2 days she was admitted to our PICU
with a clinical picture consistent with grade I-1l encephalopathy and
she was listed for high urgency liver transplantation. In the next days,
her clinical condition remained stable and her neurology improved,
but liver synthesis continued to decline. At an INR of 4.5 she un-
derwent living-related liver transplantation. Her recovery was un-
eventful and she could be discharged home in good condition after
4 weeks. Explant histology showed signs of hepatitis, predominantly
portal rather than lobular with extensive hepatocyte loss in zones 2
and 3, ductular reaction and collapse and condensation of reticulin
within a preserved architecture. No viral agents were identified
despite sampling of nasopharyngeal aspirate, feces, serum and
plasma samples. The patient had a previous SARS-CoV-2 infection as
evidenced by circulating 1gG antibodies. A trio-WES analysis did not
identify mutations in any of the genes associated with (acute) liver

disease.

Case 4 (Week 15)

A 1.5-year-old female presented to a local emergency department
with fever, vomiting and jaundice for 1 day. Her parents reported
an intercurrent illness approximately 4 weeks earlier from which

she had fully recovered within a few days. She appeared weak and

cried inconsolably. She had transaminases above 2500 U/I, a total
bilirubin of 156 pumol/L, hypoglycemia (1.2 mmol/L), an INR of 6.7
and an ammonia level >500 pmol/L. She was intubated by the
regional PICU team and transported to our center. Upon arrival she
was scored as E1IM4Vtube (with sedation), with light reactive pupils
and bilateral Babinski reflexes. She was immediately started on
CVVHDF and listed for emergency liver transplantation. In the first
24 h after PICU admission, her liver synthesis started to improve
and, while undergoing CVVHDF, her ammonia level decreased from
200 pmol/L at admission to 64 umol/L the next day. At day 3, liver
function had improved sufficiently to withhold CVVHDF, and the
patient continued to make a complete recovery. Etiologic workup
showed a primary Epstein-Barr virus (EBV) infection (IgM positive,
1gG VCA positive, IgG EBNA negative, and EBV DNA plasma viral
load of 3.2 log IU/ml). A nasopharyngeal swab came back positive
for adenovirus DNA (Ct 31, genotype C2), but adenovirus was not
detected in samples from stool or plasma. She had no IgG or IgM
antibodies against SARS-CoV-2. On day 4 after admission, she was
transferred back to her regional hospital and has made a complete

recovery.

Case 5 (Week 17)

A 2-year-old female presented to her pediatrician with a 1-day history
of jaundice and abdominal pain, preceded by several weeks of fatigue
and short episodes of vomiting for the last 4 months. She had recov-
ered from a SARS-CoV-2 infection approximately 10 weeks before
presentation at the hospital. Her physical examination was significant
for numerous varicella lesions. Her ALT level was 3600 IU/L and
bilirubin 83 umol/L, with normal INR and ammonia level. The following
day she was admitted to our hospital. She was managed on our clinical
ward and received intravenous acyclovir. There was complete healing
of vesicular lesions. Liver synthesis showed a gradual decline
(Figure 2) and she was listed for liver transplantation on the fourth day
of admission. At day 7 her INR was above 4.0 and she was transferred
to our ICU. Hepatic encephalopathy was briefly assessed at grade I-Il,
but normalized to O-1 during the remainder of her ICU stay. At day 9,
living-related liver transplantation was scheduled but deferred at the
last minute because of an apparent biochemical stabilization. How-
ever, the following days INR continued to increase to >7.0 and factor
V levels dropped below 20%. Transplantation was ultimately carried
out at day 13 of admission. In addition to the primary varicella zoster
infection (DNA titer lowest Ct value 28 in plasma and IgM antibodies
positive), she tested positive for sapovirus in her stool sample at
admission (Ct 33). Repeat stool sample 5 days later showed a very low
adenovirus DNA load (Ct 38), which had been negative at admission in
fecal and blood sample. Trio-WES was negative. Histological evalua-
tion of the explant showed a portal and lobular inflammatory infiltrate
with condensation and collapse of reticulin with a retained architec-
ture, some lobular disarray and a profound ductular reaction
(Figure 3). The patient is still recovering in our hospital but is overall

doing well.
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(Continued)

TABLE 1

Case 5

Case 4

Case 3

Case 2

Case 1

OUTCOME

Yes

Yes No

Yes

Yes

Liver transplantation

Living donor

Living donor

Living donor

Living donor

Type of transplant

Yes

Yes

Yes

Yes

Yes

Survival

Sapovirus positive

Edema of gallbladder on ultrasound,

Rotavirus positive (feces Ct 12) VUS in ABCB4

OTHER COMMENTS

Edema of gallbladder on
ultrasound, suspect for

hepatitis

suspect for hepatitis

Edema of gallbladder on
ultrasound, suspect for

hepatitis

Hemophagocytic Lymphobhistiocytosis;

Human Herpes Virus; HLH
Nasopharyngeal Aspirate; SD

Cytomegalo Virus; Ct = cycle threshold; EBV = Epstein-Barr Virus; HHV =

Anti Nuclear Antibodies; CMV =

Abbreviations: ANA

HSV

Smooth Muscle

Viral capsid antigen; EBNA = Epstein Barr Nuclear

Standard Deviation; SMA

Not available; NPA
Severe Acute Respiratory Syndrome Coronovirus; VCA

International Normalized Ratio; LKM = Liver Kidney Microsomes; N/A =

Herpes Simplex Virus; INR

Variant of Unknown Significance; VZV = Varicella Zoster Virus; SARS-COV

Antigen; VUS
Antigen

DISCUSSION

Here we have summarized the clinical course of five children who
have been treated for acute liver failure (INR >2.0, transaminases
elevated >1000 U/ml and some degree of hepatic encephalopathy) in
our national pediatric liver transplantation center between mid-
March and early May 2022. Despite a comprehensive diagnostic
workup (Table), a conclusive etiological diagnosis for PALF could not
be made in any of the five patients. All children met the King's
College criteria used to justify high urgency liver transplantation®?,
and four out of five patients indeed received a liver transplant. The
patients progressed along two disparate disease trajectories: Cases 1
and 4 presented with fulminant disease with already significantly
elevated INR at first analysis, developed a high degree of encepha-
lopathy and received renal replacement therapy as a bridge to
transplantation. Case 1 underwent liver transplantation within 36 h
of admission, but Case 4 spontaneously recovered despite severity of
disease. Cases 2, 3 and 5 were jaundiced at time of first hospital
presentation but still had normal neurological exams and an INR
<2.0. These three children demonstrated a more insidious course of
disease, with gradually deteriorating INR and self-limiting episodes
of mild hepatic encephalopathy and only modestly elevated levels of
ammonia. Upon histological examination of explanted livers, these
three children all showed signs of hepatitis with no fibrosis or
cirrhosis that would indicate chronic liver disease (Table). Both these
disease trajectories are common to indeterminate PALF.> Patients
who spontaneously recover often do so in the first few days after
presentation, whereas gradual progression of disease during the first
week is characterized by a poor prognosis.”

The cases described here were treated during a period of
increased (inter)national incidence of severe hepatitis in children.
Indeed, the experience at our center was one of several signals that
motivated a survey amongst participating centers of the European
Reference Network for Rare Liver Diseases.” Similar cues appeared
in Scotland, where 13 cases of acute hepatitis of unknown origin
were observed between Jan 1 and April 12th of 20222, and the rest
of the UK, where as of May 20th nearly two hundred cases have
been identified of severe hepatitis in young children. 11 of these
children (6%) required liver transplantation.'* Cumulative data from
14 European countries at that time (May 22nd) amassed to 125
cases of acute hepatitis in children, of which six (5%) have received a
liver transplant.’* The case definition for the UK and European
registrations hinges on an ALT level >500 U/l in patients <10 years
of age in whom hepatitis A-E, metabolic, genetic, congenital or me-
chanical causes have been excluded. Consequently, all five patients
that we describe here (in fact: all patients with indeterminate PALF)
meet this definition. It is therefore tempting to speculate that the
peak in incidence of indeterminate PALF is the direct corollary of the
currently increased burden of acute liver disease within the pediatric
population.

Several hypotheses are currently under investigation that may
explain the sudden rise of hepatitis in children.!? Since the earliest

reports, it has been clear that adenovirus DNA could be detected in a
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majority of cases (68% in the most recently published version of the
dataset?). Infection with adenovirus has hence been prominently
featured as a potential explanation, either by itself or in combination
with an environmental modifier or viral co-infection.!! Amongst
these co-factors, past or current infection with SARS-CoV-2 has been
suggested as a plausible candidate, because SARS-CoV-2 represents
a novel immunological stimulus that only recently has become
endemic.!* While these studies are underway, the relationship be-
tween acute severe hepatitis in children and our cluster of indeter-
minate PALF patients remains speculative. Comprehensive screening
for viral infections is part of our routine work-up of PALF patients
(Table) and, in line with results from the UK series, adenovirus was
detected in four out of five cases, albeit at an overall low abundance
and in different biomaterials. In clinical practice, however, it is often
impossible to unequivocally link the detection of a viral agent to the
ensuing liver pathology.'®> Non-hepatitis viruses (e.g. enterovirus,
adenovirus, varicella zoster or EBV) infect nearly all young children
but almost never cause overt liver disease, let alone PALF. This
suggests that when an association with a non-hepatitis virus is sus-
pected, PALF may depend more on (unknown) modifying factors in
the host than on the viral agent itself. It is therefore possible that
temporal clustering of PALF cases may be a reflection of such an
idiosyncratic, (post)infectious epiphenomenon that affects the sus-
ceptible children in a population that recently experienced a sudden
change from an abnormally low to an abnormally high burden of in-
fectious diseases after rapid alleviation of COVID-19 restrictions in
our country during the first quarter of 2022. Whether a previous
SARS-CoV-2 infection itself modifies this susceptibility is a topic of
ongoing investigation in the UK series.2>1¢ It is noteworthy that the
three patients in our series (Case 2, 3 and 5) who had clinical and
histological signs of hepatitis all had a past SARS-CoV-2 infection
(IgG antibodies positive) whereas the two patients with rapidly pro-
gressive PALF and severe neurological symptoms either had an
active, primary SARS-CoV-2 infection at time of PALF (Case 1) or no
evidence of a previous or current infection (Case 4). Similar to the UK
and other parts of Europe, the Omicron variant was the predominant
SARS-CoV-2 strain circulating in the beginning of 2022 in the
Netherlands.

A striking discrepancy with the UK series is the transplant rate.
In the UK registry, only 5%-6% of cases underwent liver trans-
plantation.?>* Therefore, if our cluster of PALF patients would be
accounted for in full by the international rise in severe hepatitis
cases, the Netherlands should have had approximately 100 cases in
order to arrive at a similar transplant rate of 5%. Despite initiatives
from the Dutch government and Pediatric Society as well as wide-
spread attention across professional and public channels, only 14
cases of severe hepatitis in children have been formally registered
thus far. However, in contrast to the UK, where the National Health
System has been able to centrally link ICD-10 codes with laboratory
results, the Dutch registration is dependent in full on the active
participation of local providers because a centralized system to
couple these data is lacking. It is therefore likely that registration of

Dutch cases is incomplete and hence, is skewed towards the severe

cases that were registered at our national pediatric liver transplant
center. An alternative explanation for our high transplant rate could
be that we transplanted children who would have spontaneously
recovered otherwise. We believe this is unlikely, as all five patients
met Kings College criteria, which are thought to predict a high risk of
death without transplantation and have been applied to guide de-
cisions on emergency organ allocation for decades.’” However, these
criteria were derived primarily from adult data and before the advent
of liver transplantation (and thus modern supportive care).}? Data
from the PALF study group have previously shown that children with
indeterminate PALF who meet Kings College criteria are still more
likely to recover (67%) than to die (33%) in case a donor organ does
not become available.® Our first three patients presented before in-
ternational awareness was raised for increased severe hepatitis and
were transplanted after expedited work-up of a living donor. In the
fifth patient, we allowed more time for spontaneous recovery to
occur under meticulous monitoring of biochemistry and neurological
condition, but ultimately, she also was transplanted when the INR
had increased to >7.0.

Clinical details or biochemical parameters of the 11 patients who
have been transplanted in the UK have so far not been made publicly
available. Our previous European survey’ identified too few patients
who required a transplantation to allow comparison with our series.
It is also unclear from available data which percentage of pediatric
patients who meet the case definition for severe acute hepatitis
progress to PALF (i.e. International Normalized Ratio >2.0 or INR
>1.5 with any degree of encephalopathy) but nevertheless recover
with their native liver. Going forward in the current epidemic of se-
vere hepatitis in children, we believe it will be of critical importance
to focus not only on case numbers and possible etiologies, but also to
keep a detailed track of the clinical trajectories these patients follow.
When the natural history of patients with acute severe hepatitis
becomes better known, this knowledge will be instrumental in guid-
ing therapeutic decisions, including the need for transplantation, in
those patients at the most severe side of the spectrum.

NOTE

The Medical Ethical Committee of the University Medical Center
Groningen approved the ongoing investigations into the etiology of
severe hepatitis cases in our center (M22.296493). Informed consent
for publication of these clinical data was obtained from the parents of
all five patients described (by RdK).

The University Medical Center Groningen is a member of the
European Reference Network for hepatological diseases (ERN RARE-
LIVER).
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