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Summary

Background An increase in acute severe hepatitis of unknown aetiology in previously healthy children in the UK in
March, 2022, triggered global case-finding. We aimed to describe UK epidemiological investigations of cases and
their possible causes.

Methods We actively surveilled unexplained paediatric acute hepatitis (transaminase >500 international units per
litre) in children younger than 16 years presenting since Jan 1, 2022, through notifications from paediatricians,
microbiologists, and paediatric liver units; we collected demographic, clinical, and exposure information. Then,
we did a case-control study to investigate the association between adenoviraemia and other viruses and case-status
using multivariable Firth penalised logistic regression. Cases aged 1-10 years and tested for adenovirus were
included and compared with controls (ie, children admitted to hospital with an acute non-hepatitis illness who had
residual blood samples collected between Jan 1 and May 28, 2022, and without known laboratory-confirmed
diagnosis or previous adenovirus testing). Controls were frequency-matched on sex, age band, sample months,
and nation or supra-region with randomised selection. We explored temporal associations between frequency of
circulating viruses identified through routine laboratory pathogen surveillance and occurrence of cases by linear
regression. SARS-CoV-2 seropositivity of cases was examined against residual serum from age-matched clinical
comparison groups.

Findings Between Jan 1 and July 4, 2022, 274 cases were identified (median age 3 years [IQR 2-5]). 131 (48%)
participants were male, 142 (52%) were female, and one (<1%) participant had sex data unknown. Jaundice
(195 [83%)] of 235) and gastrointestinal symptoms (202 [91%)] of 222) were common. 15 (5%) children required liver
transplantation and none died. Adenovirus was detected in 172 (68%) of 252 participants tested, regardless of
sample type; 137 (63%) of 218 samples were positive for adenovirus in the blood. For cases that were successfully
genotyped, 58 (81%) of 72 had Ad41F, and 57 were identified as positive via blood samples (six of these were
among participants who had undergone a transplant). In the case-control analysis, adenoviraemia was associated
with hepatitis case-status (adjusted OR 37-4 [95% CI 15-5-90-3]). Increases in the detection of adenovirus from
faecal samples, but not other infectious agents, in routine laboratory pathogen surveillance correlated with
hepatitis cases 4 weeks later, which independently suggested an association (8 0-06 [95% CI 0-02-0-11]). No
association was identified for SARS-CoV-2 antibody seropositivity.

Interpretation We observed an association between adenovirus 41F viraemia and paediatric acute hepatitis. These
results can inform diagnostic testing recommendations, clinical management, and exploratory in vitro or clinical
studies of paediatric acute hepatitis of unknown aetiology. The role of potential co-factors, including other viruses and
host susceptibility, requires further investigation.

Funding None
Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
Introduction

In March, 2022, Scottish National Health Service

(NHS) clinicians notified Public Health Scotland of
five children aged 3-5 years with severe unexplained

acute hepatitis, triggering a UK-wide investigation.' The
UK paediatric tertiary liver units (Birmingham Women’s
and Children’s NHS Foundation Trust, Leeds Teaching
Hospitals NHS Foundation Trust, and King’s College

www.thelancet.com/child-adolescent Vol 7 November 2023


http://crossmark.crossref.org/dialog/?doi=10.1016/S2352-4642(23)00215-8&domain=pdf

Articles

Research in context

Evidence before this study

A rise in sudden-onset hepatitis in previously healthy children,
resulting in many urgent paediatric transplant registrations, was
observed in March, 2022, in the UK. With no evidence of viral
hepatitis (hepatitis A-E) or travel history, the unexpected surge
in cases resulted in an extensive investigation to determine the
potential cause. AWHO alert in April, 2022, resulted in a further
35 countries reporting cases of acute hepatitis of unknown
aetiology including transplants and deaths. The UK experience
was one of the first international reports associated with this
outbreak. Pathogen investigations identified adenovirus as a
more frequently identified pathogen in case-patients, more
commonly in blood and serum samples with adenovirus 41F.
With similar findings in other countries, such as the USA, and
parallel increases in adenovirus detection in routine surveillance,
adenovirus was considered a possible cause. A literature search
was undertaken in PubMed using the following terms
“Hepatitis” AND “Adenoviridae Infections” AND “Humans” AND
(“Child” OR “Child, Preschool”) for the time period between Jan
1,1964, and Dec 31, 2021, excluding papers focused on
immunocompromised patients or hepatitis A. Only articles
published in English were included. Few reports were found,
suggesting fulminant hepatitis to be a rare complication of
adenovirus infection in immunocompetent children.

Added value of this study

The findings from this case-control study, the first for this
clinical syndrome, and active case finding and surveillance,
provide evidence of an association between adenovirus 41F
viraemia and paediatric acute hepatitis. Cases of acute
hepatitis were 37 times more likely to be positive for
adenovirus than the matched controls after adjusting for
other factors. Time series regression analysis showed a
temporal association between faecal adenovirus reports and

Hospital, NHS Foundation Trust) confirmed increases in
weekly referrals and transfers during March and
April, 2022. NHS Blood and Transplant reported as many
super urgent paediatric liver transplant registrations in
the first quarter of 2022 (January—March), as are usually
reported annually. Notably, no corresponding increases
in acute or fulminant hepatitis or liver transplants
were reported in adults. Following a WHO alert on
April 15, 2022, 35 countries reported 1010 childhood
cases of acute hepatitis of unknown cause by July 8, 2022,
including 46 transplants and 22 deaths.’

In children, mild, non-specific transient hepatitis with
transaminitis is common in many viral infections, but
severe or fulminant hepatitis is rare. A prospective study
of paediatric infectious hepatitis hospital admissions in
the UK and Ireland found that, in 2014, of 69 children
who were admitted to hospital, 23% had viruses other
than hepatitis A or B, and 33% remained unexplained;
one of 39 children with these other viruses developed
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acute hepatitis cases in young children, with an additional
acute hepatitis case for about every 20 faecal adenovirus
notifications. Additionally, our study findings did not support
the role of SARS-CoV-2 infection as a major contributory co-
factor to the clinical syndrome as SARS-CoV-2 was uncommon
in our patients and we did not find higher rates of SARS-CoV-2
infection (by PCR or antibody positivity) in our patients than
those observed in community infection surveys and age-
matched comparison groups.

Implications of all the available evidence

These findings have led to a better understanding and
description of severe non-A-E hepatitis in children, and
informed clinical testing and management guidelines for
paediatric acute hepatitis of unknown aetiology. Additionally,
clinical surveillance of this syndrome has been established to
ensure early detection of further cases. The findings have also
focused efforts to improve adenovirus laboratory testing
assays and algorithms, enhance the monitoring of seasonal
trends in adenovirus in this population, and prompted
investigation into adenovirus acquisition in this age group.
Results to date have also stimulated further research to
understand the contribution of adenovirus to severe acute
hepatitis, specifically whether adenovirus acts as a trigger with
co-factors such as other viruses (eg, adeno-associated virus 2
[AAV2]) and genetic susceptibility. Metagenomic
investigations of UK cases, including a handful of individuals in
the case-control study, have detected higher concentrations of
AAV2 in liver, blood, plasma, and faecal samples, than observed
in control groups. AAV2 requires a helper virus such as
adenovirus to complete its lytic replication cycle and is known
to be upregulated during liver damage. Further research is
required to assess whether AAV2 reactivation or co-infection
could lead to more severe hepatitis.

acute liver failure.* SARS-CoV-2 infection has also been
associated with transient hepatitis in children and, rarely,
acute liver failure.* Additionally, acute hepatitis might be
a feature of multisystem inflammatory syndrome in
children, which typically occurs 2-6 weeks after
SARS-CoV-2 infection.’

The first US cases identified were a cluster of nine cases
associated with adenoviraemia,*” prompting active
surveillance nationally, with 296 cases identified between
October, 2021, and June, 2022, of which 18 required liver
transplants and 11 died.® Detection of adenovirus early in
UK investigations, including viraemia with adenovirus 41F,
and concurrent increases in adenovirus detection in
routine surveillance of laboratory notifications, established
this as a possible cause.

For the 2022 outbreak of acute hepatitis of unknown
aetiology in the UK, we aimed to epidemiologically
investigate and characterise the acute hepatitis cases
through active case-finding; to investigate adenovirus as
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See Online for appendix

a possible cause of acute hepatitis through a national
case-control study; to evaluate the temporal association
between the occurrence of acute hepatitis cases and
frequency of enteric and respiratory viruses identified
through routine laboratory surveillance; and to evaluate
the association between acute hepatitis cases and
SARS-CoV-2 antibody positivity.

Methods

Study design and participants

In this epidemiological surveillance and case-control
study, active case-finding commenced in early April, 2022,
when UK public health agencies cascaded an alert asking
paediatricians, microbiologists, and paediatric liver units
to notify and complete a reporting form for children
fulfilling the following outbreak case definition: a person
younger than 16 years presenting since Jan 1, 2022, with
an acute hepatitis not due to hepatitis A-E viruses, or
an expected presentation of metabolic, inherited
or genetic, congenital, or mechanical cause with
serum transaminase (aspartate aminotransferase [AST)]
or alanine aminotransferase [ALT]) more than
500 international units per litre (IU/L). Children with
incomplete hepatitis serology or transaminase results
were classified as pending and, for cases in which it was
possible, followed-up to resolve.

For the case-control study, only cases resident in the
UK and fulfilling the case definition were included.
Cases included in the case-control study were restricted
to those age 1-10 years to reduce potential mis-
classifications from infant and adolescent causes of
hepatitis. Children not tested for adenovirus were
excluded. Data were collected on controls presenting
between Jan 1 and May 28, 2022. Control blood samples
were obtained from and tested at national reference
laboratories. These were residua from otherwise healthy
children admitted to hospital with an acute non-hepatitis
illness, specifically those whose clinical investigations
included testing for invasive meningococcal disease.
Testing for invasive meningococcal disease is part of the
routine investigation of a serious acute febrile illness in a
young child, for which most cases that undergo testing
do not have meningococcal disease,’ and testing is
undertaken for diagnostic exclusion purposes. Alongside
their clinical appropriateness as controls, samples for
meningococcal testing routinely use whole blood, which
is the preferred analyte for this hepatic syndrome. Higher
adenovirus detection sensitivity in whole blood compared
with plasma or serum has been noted in both UK and
US investigations,*" supporting these residual samples
taken from acutely unwell children being an appropriate
control sample set. Controls were frequency-matched to
cases on sex (at birth), age band (age 5 years or younger,
and older than 5 years), sample months, and nation or
supra-region with randomised selection. Controls with
known laboratory-confirmed diagnosis (eg, Neisseria
meningitidis) or previous adenovirus testing were

excluded. The protocol of this case-control study has
previously been published." Data on sex or gender was
obtained from laboratory or medical records or case
notification forms, which were entered by the clinical
teams. Sex is assumed to be sex at birth (unless stated
otherwise), which is reasonable as the majority of cases
and controls are all young children.

Routine laboratory pathology surveillance data across
all four UK nations, from 2019 onwards, were reviewed
for trends and exceedances, including pathogens
associated with acute hepatitis. For analysis of temporal
associations between acute hepatitis and circulating
viruses (adenovirus, enterovirus, SARS-CoV-2, human
metapneumovirus [hMPV], rhinovirus, and rotavirus),
laboratory data from children aged 10 years and younger
in England from late 2021 through early 2022 were used.
In Wales, laboratory reports of respiratory adenovirus in
those younger than 25 years were used to compare
adenovirus positivity between between 2022 and earlier
years.

To investigate previous SARS-CoV-2 infection by
comparing antibody positivity, serum from children with
acute hepatitis (aged 1-10 years), whose samples were
available at UKHSA reference laboratories, were
included. Age-matched comparison group samples from
NHS patients, collected from January to May 2022, were
obtained from UKHSA’s Seroepidemiology unit, which
holds a collection of anonymous, unlinked residual sera
from NHS virology laboratories.

UK public health agencies have permission to process
patient confidential information for national surveillance
of communicable diseases under: Regulation 3 of the
Health Service Regulation 2002 for England, the Public
Health (Scotland) Act 2008 and the NHS Scotland Act 1978
for Scotland, and the Public Health Wales National Health
Service Trust (Establishment) Order 2009 for Wales. The
case-control study was deemed to be part of the outbreak
response and no further NHS permissions were required
by the UK Health Security Agency (UKHSA) Research
Ethics Governance Group for England, Scotland, and
Northern Ireland, and the Public Health Wales Research
and Development Office for Wales (appendix p 15). The
study was reviewed by the UKHSA Research Ethics and
Governance Group as part of the Research Support and
Governance Office who confirmed the work was neither
treatment nor research, and covered by Regulation 3 of
The Health Service (Control of Patient Information)
Regulations 2002, therefore would not require informed
consent. This review was also undertaken in each UK
country.

Procedures and outcomes

Most cases were initially tested or had confirmatory
testing for adenovirus at a single UKHSA laboratory using
the adenovirus testing method based on Heim and
colleagues,” targeting the Hexon gene and followed by
partial or whole genome sequencing to establish genotype.

www.thelancet.com/child-adolescent Vol 7 November 2023
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In Northern Ireland, adenovirus was tested using a
quantitative commercial assay (RealStar, Adenovirus PCR
Kit). In Scotland. Adenovirus testing was a multiplex real-
time PCR based on van Maarseveen and colleagues.” In
Wales, Seegene multiplex qualitative PCR was used for
adenovirus, human herpesvirus 6, and human
herpesvirus 7 Test choice and platforms vary widely
outside of the UKHSA, and not all cases, particularly
those identified early in the incident, will have been tested
for all recommended pathogens (appendix p 6).

For all cases, parents were interviewed with a trawling
questionnaire to identify symptoms, common exposures
(pets, toxins, food, drugs), and preceding illnesses in the
family and close contacts. As the investigation evolved, a
focused, enhanced questionnaire asked about specific
foods, nursery or childcare attendance before and during
the COVID-19 pandemic lockdowns, hospital admissions,
and outcome at 28 days.

Additionally, in England, all reported cases were
electronically linked to the UKHSA’s national Unified
Sample Dataset (which captures SARS-CoV-2 results),
the Second Generation Surveillance System (for pathogen
diagnoses), National Immunisation Management Service
(for SARS-CoV-2 vaccinations), Hospital Episode
Statistics (for missing hospital admission data), and the
UKHSA reference laboratory (for samples submitted for
diagnostic or confirmatory testing for viral hepatitis,
including hepatitis E serology).

SARS-CoV-2 PCR test at presentation was defined by a
respiratory sample at the earliest presentation date
(identified through notifications, questionnaires, or
Hospital Episode Statistics) within 2 days either side of
the earliest presentation date. SARS-CoV-2 tests less than
14 days or between 14-90 days of earliest date of acute
hepatitis presentation, were identified in the Unified
Sample Dataset and the Second Generation Surveillance
System. Identification of other pathogens within 2 days
of earliest presentation date was through the Second
Generation Surveillance System, notifications, or
samples submitted to reference laboratories. SARS-CoV-2
serology results were obtained through notifications, the
Second Generation Surveillance System, and testing at
UKHSA laboratories. Nucleocapsid (N) or Spike (S)
antibody positivity was considered indicative of past
infection because cases were highly unlikely to be
vaccinated against SARS-CoV-2, consistent with age-
based recommendations.

For the case-control study, control samples were tested
for adenovirus and, for cases in which it was possible,
human herpesvirus 6 and human herpesvirus 7.
SARS-CoV-2 PCR test results for controls in England
were obtained from the Unified Sample Dataset and the
Second Generation Surveillance System.

Regarding laboratory surveillance, profiles of tests
performed routinely at different hospitals vary and
arrangements for data capture of positive and negative
test results also vary in different UK territories. Data on
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both negative and positive results are available for all
Welsh NHS laboratories; however, only positive results
are reported in England, Scotland, and Northern Ireland.
Laboratories report confirmation of both notifiable and
non-notifiable organisms to their relevant public
health agency; voluntary reporting arrangements for
non-notifiable organisms, such as adenovirus, vary.
Adenovirus testing can be discretionary as part of
multiplex PCR testing of respiratory or faecal specimens.
Children admitted to hospital in Wales with respiratory
symptoms usually have a full respiratory screen that
includes adenovirus. Within these differentarrangements,
routine laboratory data across all four UK nations were
reviewed for trends and exceedances, including pathogens
associated with acute hepatitis, identified in any sample
type, and for adenovirus, also in faecal and respiratory
samples separately.

To investigate previous SARS-CoV-2 infection, serum
submitted to UKHSA laboratories from some cases with
acute hepatitis, and unlinked, anonymous, age-matched
control samples from the UKHSA Seroepidemiology
Unit were tested at UKHSA laboratories for SARS-Co-V-2
N and S antibodies (Roche diagnostics, IN, USA).

Statistical analysis

All summary statistics for data were presented as
follows: categorical data were presented as absolute
values with percentages and continuous data (eg, age)
were presented as medians, IQR, and range. In
regression analyses, odds ratios (ORs) were presented
with 95% Cls. Among the cases, characteristics between
adenovirus-positive and adenovirus-negative cases were
compared by y2 or Fisher’s exact test for proportions
and the Mann-Whitney test for medians. Proportions
were presented where data were reported (ie, with
missing data excluded).

The case-control study was designed to test the primary
hypothesis that adenovirus infection, particularly
viraemia, was associated with non A-E hepatitis in the
current outbreak. Secondarily we explored associations
with current (during hospitalisation or up to 14 days
prior) or past (14 to 90 days previously) PCR-confirmed
SARS-CoV-2 infection, or human herpesvirus 6 and
human herpesvirus 7 infection. Characteristics of
included cases were compared with the main case cohort
and with controls using x2 or Fisher’s exact tests for
proportions and the Mann-Whitney test for medians.
Primary analysis was on adenovirus testing on whole
blood samples only.

Sensitivity analysis included cases with adenovirus
tested in any sample type (whole blood, plasma, and
serum) and serum controls. We also did a sensitivity
analysis restricted to data from England, for which
ethnicity data were available, but were not available for
other UK countries.

Due to small case numbers, the study size was based
on the minimum detectable odds ratios (ORs) for
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80% power, 5% significance level, and percentage of
controls being exposed between 5-15%. Assuming a
control-to-case ratio of 3:1, 33-69 cases would be needed
to detect an OR of 4 or more. To address potential
insufficient or missing blood samples in selected
controls, 4:1 sampling was used. Unconditional
multivariable Firth penalised logistic regression was
done with demographic variables used in the frequency
matching included as predictor variables to account for
any residual confounding. The Firth penalised logistic
regression model adjusted for sex, age, month of
presentation, region, and adenovirus DNA result, all
categorical variables. The biases from ignoring the
frequency-matched design in the analysis are relatively
small and similar in magnitude to those seen on
conditional analyses.” Firth penalisation handles both
sparse data biases and possible separation affecting OR
estimation in case-control studies with small numbers.”
Interactions were investigated between adenovirus and
age, human herpesvirus 6, human herpesvirus 7, and
SARS-CoV-2, which were not found to be significant.
Effect modification with SARS-CoV-2, human
herpesvirus 6, and human herpesvirus 7 was explored by
including interactions into models, noting the study was
not powered to detect effect modification. A conditional
logistic regression sensitivity analysis was performed
using the frequency-matched sets.

In England, for children aged 10 years or younger,
temporal correlations between weekly acute hepatitis
case counts and circulating viruses were investigated.
Circulating  viruses included were adenovirus,
SARS-CoV-2, enterovirus, rhinovirus, hMPV, and
respiratory syncytial virus in any sample type (mostly
faecal or respiratory), and for adenovirus by any sample
type, and presented by faecal and respiratory samples
separately. Cross-correlations with a range within 4-week
leads or lags were plotted, and time-series analysis were
done using linear regression models fitted using the
week with the strongest correlation.

In Wales, age-stratified (<5, 5-9, 10-24 years)
adenovirus positivity in patients with a full respiratory
viral screen was compared for the January—May period
between 2017-19 and 2022 by a two-proportion Z-test.

A ¥2 test was used to compare SARS-CoV-2 N and
S antibody proportions between acute hepatitis cases and
residual control samples collected by the UKHSA
seroepidemiology unit. Data were analysed with STATA
software (version 15).

Role of the funding source
There was no funding source for this study.

Results

Between Jan 1 and July 4, 2022, 274 children younger
than age 16 years fulfilled the case definition, with
261 (95%) aged 10 years or younger (table 1); 195 (71%)
resided in England, 36 (13%) in Scotland, 19 (7%) in

Wales, and 24 (9%) in Northern Ireland. 131 (48%)
participants were male, 142 (52%) were female, and one
(<1%) had sex data unknown. Among cases in England
and Scotland the median age was 3 years (IQR 2-5). For
cases in which ethnicity was reported, 224 (91%) of
246 were White. Jaundice (195 [83%)] of 235) and
gastrointestinal symptoms (diarrhoea, vomiting, or
abdominal pain; 202 [91%] of 222) were the most
common presentations. Overall, 246 (97%) of 253 were
admitted to hospital, 15 (5%) required liver
transplantation, and none died. Four (1%) children had
received COVID-19 vaccination. No clear food,
environmental, or toxin exposures were identified.”
Among cases born in 2017-19 (aged 2-5 years), of the
67 with data, 16 (24%) attended nursery before
March, 2020, and 12 (18%) attended nursery between
March, 2020, and February, 2021, including five new
attenders.

Adenovirus was the most common pathogen identified
at admission, regardless of sample type, identified in
172 (68%) of 252 participants (table 1). Adenovirus was
identified in 137 (63%) of 218 blood samples, in 33 (27%)
of 124 faecal samples, and in 26 (23%) of 115 respiratory
samples. 30 (31%) of 98 blood samples were positive for
human herpesvirus 6 and 33 (38%) of 88 blood samples
were positive for human herpesvirus 7, while 22 (9%) of
237 throat or respiratory samples were SARS-CoV-2 PCR-
positive. SARS-CoV-2 antibodies were presented in 65
(61%) of 106 cases. 13 (87%) of 15 children who received a
liver transplant were adenovirus-positive by any sample
type. Among the cases, a higher proportion of adenovirus-
positive children than adenovirus-negative children were
aged 5 years or younger and required transplantation
(appendix p 7). Median peak transaminase (ALT/AST)
and bilirubin concentrations were higher in adenovirus-
positive than adenovirus-negative cases (p<0-0001;
appendix p 7). There was no difference in proportions
with abnormal clotting (international normalised ratio >2
or prothrombin time >14 seconds) between the two
groups (appendix p 7).

Adenovirus peak viral load in blood samples was
reported for 73 cases in England (median 9590 copies
per mL [IQR 3240-27407; range 10-318200]) and was
7-0 times higher in those who underwent liver transplant
than those who did not (56426 copies per mL vs
8050 copies per mL; p=0-0090).

Among adenovirus-positive samples from participants
who resided in England that were successfully subtyped,
58 (81%) of 72 were 41F (51 from whole blood, one from
serum, five from unspecified blood, and one from an
unknown sample type). Other subtypes included
adenovirus types 1, 2, and 5. Adenovirus 41F was not
detected in faecal samples, even when detected in blood;
occasionally other adenoviral subtypes were detected in
faecal or respiratory material (table 1). In transplanted
cases, subtyping (whole blood) found six cases of
subtype 41F with one typing failure.
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All cases identified
through active case
finding (n=274)

Cases included in
case-control study
primary analysis

All cases identified  Casesincluded in
through active case case-control study
finding (n=274) primary analysis

Before the lockdown in
March, 2020

16/67 (24%)

Nursery or school attendance in cases born 2017-19+1

11/36 (31%)t

(Table 1 continues in next column)

www.thelancet.com/child-adolescent Vol 7 November 2023

(n=73) (n=73)

Sex (Continued from previous column)
Male 131/273 (48%) 34 (47%) Pathogens at time of presentation or admission
Female 142/273 (52%) 39 (53%) AdV DNA (any sample) 172/252 (68%) 64/73 (88%)
Unknown 1 detected
Age group, years Detected in blood or 137/218 (63%)
<5 2UPBT8%)  66/73(90%) e
6-10 471273 (17%) 7173 (10%) Detected {nfaec#s 33/124 (27%)
11-15 12273 (4%) Ij;:;iid in respiratory 26/115 (23%)
Median (IQR; range)” 3(2-5;0-15) 33419 SARS-CoV-2 RNA 22/237 (9%) 5/59 (8%)
i Gl e Z Human herpesvirus 6 DNA  30/98 (31%) 16/34 (47%)
January-February 43/266 (16%) 18/73 (25%) Human herpesvirus7 DNA  33/88 (38%) 8/19 (42%)
March-April 154/266(58%) 49173 (67%) SARS-Cov-2antibodiesl  65/106 (61%)
May-june 69/266 (26%) 6173 (8%) AdV subtype 41Ft 58/72 (81%)|| 28/29 (97%)
ouniiolliedion Detected in whole 57/571] (100%)
England 195/274 (71%) 57 (78%) blood*t

East Midlands 18/190 (9%) 3/57 (5%) Other adenovirus 19/72** (26%)

East of England 21/190 (11%) 5/57 (9%) subtypes detectedt

London 18/190 (9%) 2/57 (4%) COVID-19 vaccination

North East 17/190 (9%) 5/57 (9%) One or more doses 41274 (1%)

North West 26/190 (14%) 7157 (12%) Data are n (%) or n/N (%), unless otherwise specified. AdV=adenovirus. NA=not

South East 29/190 (15%) 9/57 (16%) available. Ethnicity was reported by paediatricians or parents (based on their

South West 20/190 (11%) 10/57 (18%) responses to the questionnaire), orthrough Iink‘{ng to hospital reco.rds *E.ngland

and Scotland only. tEngland only. $Vomiting, diarrhoea, or abdominal pain.

West Midlands 21/190 (11%) 9/57 (16%) SNausea, loss of appetite, conjunctivitis, rash, bloody stool, lethargy, or malaise.

Yorkshire and the 20/190 (11%) 7/57 (12%) flEngland and Northern Ireland. [Includes cases with co-infection of Ad41F in

Humber blood and another subtype in a different sample: two cases with Ad2C in faeces,
Wales 19(7%) 13 (18%) one casiwith Ad2Cin faelces and Ad2Cin Fhroat swab, and one case with Ad1Cin

faeces. **Other subtypes included adenovirus types 1, 2, and 5.
Northern Ireland 24 (9%) NA
Scotland 36 (13%) 3(4%) Table 1: Characteristics of UK cases from active case-finding and the
- case-control study, January-June, 2022

Ethnicity
White 224/246 (91%) 68/72 (94%)
Non-White 22/246 (9%) 4172 (6%) For the case-control study, of the 110 cases aged
Unknown 28 ! 1-10 years and 326 controls, 37 cases and 82 controls
Reported symptoms (including Northern Ireland samples) were excluded
Jaundice 195/235 (83%) 50/55T (91%) from the primary analysis as they did not have whole
Pale stool or dark urine 115/136 (85%) 42/487 (88%) blood samples; a further 72 controls were excluded due to
Gastrointestinalt 202/222 (91%) 52/541(96%) insufficient samples. Thus, 73 cases, representing 27% of
Fever 60/182 (33%) 15/497 (31%) the incident cohort, and 172 controls (ratio 1:2-4) were
Respiratory 53/195 (27%) 16/507 (32%) analysed. Included controls had similar demographic
Other§ 172/214 (80%) 43/507 (86%) characteristics to those with insufficient samples. Cases
Highest level of care had a higher proportion of participants who were
Not admitted to hospital 71253 (3%) 1/57 (2%) younger than age 5 years, presentation in January and
Admitted to hospital 246/253 (97%) 56/571 (60%) February, transplantations, and adenovirus and human
Paediatricintensive care  68/246 (28%) 16/56T (29%) herpesvirus 6 or human herpesvirus 7 positivity than did
unit the active case-finding cohort, but were similar for other
Received a transplant 15/274 (5%) 6/571 (11%)

characteristics (table 1).

There were no important differences in demographics
between cases and controls (table 2). Adenovirus
positivity was higher in cases than controls (88% [64 0f 73]
vs 15% [25 of 172]; p<0-0001; table 2). SARS-CoV-2
positivity in cases at admission was similar to positivity
in controls (8% (five of 59) vs 12% [eight of 69], p=0-56),
and among cases in participants who resided in England
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study. tEngland only.

Cases (n=73) Controls (n=172) p value
Sex
Male 34 (47%) 94 (55%) 0-25
Female 39 (53%) 78 (45%)
Age group, years
1-5 66 (90%) 149 (87%) 0-41
6-10 7 (10%) 23 (13%)
Median age (IQR; range) 3(3-4;1-9) 3(2-5;1-10)
Month of presentation
January-February 18 (25%) 54 (31%) 0-001
March-April 49 (67%) 117 (68%)
May-June 6 (8%) 0
Region
North England 19 (26%) 52 (30%) 041
Midlands (England) 12 (16%) 22 (13%)
South England 26 (36%) 45 (26%)
Wales 13 (18%) 45 (26%)
Northern Ireland*
Scotland 3(4%) 8 (5%)
Deprivation index decile (with 1 being the most deprived)
Median (IQR; range) 4(2-7;1-10) 4(2-7;1-10)
Ethnicity
White 68/72 (94%) 96/116 (83%) 0-24
Non-White 4172 (6%) 20/116 (17%)
SARS-CoV-2
Vaccination 1(1%) 1(<1%) 0-53
Adenovirus DNA whole blood
Detected 64 (88%) 25 (15%) <0-0001
Not detected 9 (12%) 147 (85%)
SARS-CoV-2 RNA at admission
Detected 5/59 (8%) 8/69 (12%) 056
Not detected 54/59 (92%) 61/69 (88%)
SARS-CoV-2 RNA within 14 days of admissiont
Detected 5/54 (9%) 8/79 (10%) 0-87
Not detected 49/54 (91%) 71179 (90%)
SARS-CoV-2 RNA between 14 and 90 days of admissiont
Detected 3/12 (25%) 18/35 (51%) 011
Not detected 9/12 (75%) 17/35 (49%)
Human herpesvirus 6 DNA
Detected 16/34 (47%) 63/144 (44%) 073
Not detected 18/34 (53%) 81/144 (56%)
Human herpesvirus 7 DNA
Detected 8/19 (42%) 49/119 (41%) 094
Not detected 11/19 (58%) 70/199 (59%)
SARS-CoV-2 antibodiest
Detected 21/33 (64%)
Not detected 12/33 (36%)

Data are n (%) or n/N (%), unless otherwise indicated. Only whole blood samples were included in the primary analysis.
Ethnicity was reported by paediatricians or parents or through linking to hospital records. P values represent whether
there is a significant difference between cases and controls by the dichotomous or categorical variables. *Northern
Ireland samples were not whole blood and therefore were not included in the primary analysis of the case-control

Table 2: Demographic characteristics of UK cases and controls in case-control study, January-June, 2022
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in the 14-90 days before hospital admission (25%
[three of 12] vs 51% [18 of 35]; p=0-11; table 2). Although
testing was incomplete, there was no difference in
human herpesvirus 6 (47% [16 of 34] vs 44% [63 of 144];
p=0-73) and human herpesvirus 7 (42% [eight of 19] vs
41% [49 of 119]; p=0-94) positivity between cases and
controls (table 2). SARS-CoV-2 antibody positivity
was 64% (21 of 33) for cases but it was not possible to test
control samples for SARS-CoV-2 antibodies.

In multivariable analyses, adjusting for all other
factors, adenovirus positivity in the blood remained an
independent factor associated with acute hepatitis
(adjusted OR 37-4[95% CI 15-5-90- 3]; table 3). Although
human herpesvirus 6 and human herpesvirus 7 were not
associated with acute hepatitis in the univariable analysis,
their inclusion increased the strength of association
between acute hepatitis cases and adenovirus, but not
sufficiently enough to suggest confounding. Stratifying
by human herpesvirus 6, there was some evidence of
effect modification with the estimated OR for adenovirus
in those testing positive (adjusted OR 47-4 [95% CI
6-1-367-9]) and negative (adjusted OR 15-5 [95% CI
4-0-60-5]) for human herpesvirus 6 (test of interaction
p=0-53), indicating this might be due to chance and
therefore human herpesvirus 6 was not included in the
multivariable model (appendix pp 9-10). There was no
evidence of effect modification for human herpesvirus 7
(adjusted OR 71-0 [95% CI 2-7-1843-28] vs adjusted OR
28-7 [3-1-261-6]; test of interaction p=0-61). There was
no interaction between adenovirus and age at diagnosis
(p=0-42); however, there was some evidence of increasing
risk of acute hepatitis with increasing age, limited by
sparse data in older age groups (appendix p 11).

In the sensitivity analysis restricted to England data,
which included ethnicity data and whole blood samples
for cases (n=57) and controls (n=119), adenovirus
remained a significant independent factor (adjusted
OR 36-7 [95% CI 13-4-100-8); ethnicity was not
significant (appendix p 12).

A sensitivity analysis using conditional (fixed-effects)
logistic regression found a similar increased odds of
adenovirus detection among cases compared with
controls (OR 43-0 [95% CI 16-0-115-4]; appendix p 13).
Results were similar when expanding analysis to include
non-whole blood samples (plasma and serum; OR 25-9
[95% CI 12-8-52-5]), albeit with lower odds than the
primary analysis restricted to whole blood (appendix
p 14).

In laboratory surveillance, an increase in adenovirus
detections in respiratory and faecal samples was
observed in the UK from December, 2021
(figure; appendix p 3). There was a positive correlation
between adenovirus faecal sample surveillance
detections and hepatitis cases with a 4-week lag
(correlation coefficient 0-48; figure) but not for
COVID-19, hMPV, respiratory syncytial virus, rhinovirus,
rotavirus, or enterovirus, for which increases in those
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age 10 years or younger have been noted since
December, 2021 (appendix pp 3-5). Linear regression
time series analysis showed that adenovirus detections
in faecal samples 4-weeks previously significantly
predicted acute hepatitis cases (8 0-06 [95% CI
0-02-0-11]; R2=0-30; p=0-01; for about every 20 faecal
adenovirus notifications there was one additional acute
hepatitis case (appendix pp 4-5). In Wales, in addition to
increases in testing and adenovirus detection in children,
respiratory adenovirus positivity in those younger than
5yearwas higherin 2022 thanin 2017-19 (18- 9% vs11-7%;
p<0-0001), but not in older age groups (appendix p 8).

For the SARS-CoV-2 seropositivity comparison between
cases and age-matched, contemporaneous, controls,
serum seropositivity was 60% (26 of 43) from those aged
1-4 years and 67% (12 of 18) from those aged 5-10 years,
compared with 47% (101 of 215) and 70% (289 of 412), in
age-matched controls (not statistically significant;
appendix p 2).

Discussion

In children, the cause of acute hepatitis often remains
unknown. The surge in cases with fulminant liver failure
in early April, 2022, was unexpected and concerning. In
this UK evaluation, having excluded the viral hepatitis
types A-E, additional testing found adenovirus in 68% of
cases, with infrequent identification of human
herpesvirus 6, human herpesvirus 7, and SARS-CoV-2.
Analysis of laboratory surveillance data, case reports and
laboratory investigations, and a case-control study
identified a strong association between adenovirus and
acute hepatitis, but limited evidence for association with
other infections. Adenovirus in cases was mainly
detected in blood, and typing in cases frequently
identified subtype 41F, an enteric adenovirus associated
with gastrointestinal illness.” The high prevalence of
adenoviraemia in hepatitis cases was not found in age-
matched acutely unwell hospital controls.

Scrutiny of laboratory surveillance reports found that
trends in faecal adenovirus detection in children
coincided with subsequent trends in hepatitis cases.
Faecal adenovirus detections were higher than pre-
pandemic levels and were not likely to be due to increased
testing as they preceded hepatitis alerting. Time-series
analysis in England showed a positive correlation
between previous faecal adenovirus laboratory reports
and acute hepatitis cases, which was not seen for other
pathogens. In Wales, increased respiratory adenovirus
positivity was also observed to correspond temporally
with the surge in acute hepatitis cases of unknown
origin, consistent with previous demonstration that
gastrointestinal adenoviral infections are detectable in
respiratory samples.”

Compared with other countries, the UK reported the
highest incidence of acute hepatitis cases, with possible
higher case ascertainment through centralised surveillance
and national clinical referral pathways for specialist
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Univariable Multivariable
Sex
Male 1 (ref) 1 (ref)
Female 1-4(0-8-2-4) 1-1(0-5-2-5)
Age, years
1 1 (ref) 1 (ref)
2 23(0-7-7-8) 1.5(0-3-7-1)
3 4-4(1-5-13°5) 7-8(1-8-333)
4 4-0 (1-3-12:6) 7-6 (1.0-207)
5-10 23(0:7-7-3) 4-0(0:9-17-7)
Month of presentation
January-February 1 (ref) 1 (ref)
March-April 1-2 (0-7-2-3) 0-8(0:3-1.9)
May-June 38:3(2:1-713-2) 6.6 (0-3-157-4)
Region
North England 1 (ref) 1 (ref)
Midlands (England) 1.5(0-6-3-6) 1-1(0-3-3-8)
South England 1.6 (0-8-3-2) 1.6 (0-6-4-3)
Wales 0-8(0-4-1-8) 0-5(0-1-19)
Northern Ireland*
Scotland 1-1(0-3-4-3) 1.7 (0-02-178-8)
Deprivation
Decreasing deprivation decile 1.0 (0-9-1-1) 1.0 (0-9-1-2)F
from 1 (most deprived) to
10 (least deprived)
Adenovirus DNA
Detected 393(17-6-87-4)  37-4(15-5-90-3)
Not detected 1 (ref) 1 (ref)
Human herpesvirus 6 DNA
Detected 13 (0-6-2:7) 12 (0-4-3-3)t
Not detected 1 (ref) 1 (ref)
Human herpesvirus 7 DNA
Detected 1-1(0-4-2-7) 1-4(0-4-5-1)F
Not detected 1 (ref) 1 (ref)
SARS-CoV-2 RNA at presentation
Detected 0-7(0-2-2:3) 1.8 (0-4-9-0)t
Not detected 1 (ref) 1 (ref)

Data are OR (95% Cl). The multivariable model was adjusted for sex, age, month
of presentation, region, and adenovirus DNA result (all categorical variables).
OR=o0dds ratio. *Northern Ireland samples were not whole blood and therefore
were not included in the primary analysis of the case-control study. Variables not
included in the final model as they were no longer significant when adjusting for

other variables.

Table 3: Univariable and multivariable unconditional logistic regression
for case-control analysis in the UK, January-June, 2022

care.”®” In the US hepatitis cases, adenoviraemia detection
was also higher than was SARS-CoV-2 detection, with no
other common exposures identified, and Ad41F was
identified as the most frequent subtype.*** The US cases
had a similar clinical profile to our UK cases—a subset of
which was published recently—with jaundice, diarrhoea,
and vomiting showing as common presentations.”
Additionally, our transplanted cases had more abnormal
liver and clotting profiles, and higher adenovirus viral
loads than did non-transplanted cases.” Although the UK
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with other viruses (eg, varicella, measles, and
hepatitis A). This hypothesis is in keeping with the
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Figure: Adenovirus detections from faecal samples in laboratory surveillance and cases of acute hepatitis
with unknown aetiology, England, from week 26, 2021, to week 26, 2022
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and US case-patients were predominantly healthy children,
adenoviraemia associated with acute hepatitis has been
described mainly in immunocompromised children,” but
this might be because adenovirus testing is not routinely
done for hepatitis. Further investigation is warranted,
including on the pathogenesis of adenovirus-associated
hepatitis, the possible contribution of other co-factors, and
the potential role of human leukocyte antigen (HLA)
mediated susceptibility to a severe hepatitis presentation.”

Our investigations provide evidence that adenovirus
41F infection is likely to be implicated in the cause of
acute hepatitis, corresponding to Bradford Hill’s criteria
for causality* for effect size, consistency,’ specificity, and
temporality. However, it remains unclear why this surge
in cases happened recently and why some children
developed such fulminant liver failure. A novel strain of
Ad41F is unlikely as sequencing of Ad41F detected in
cases indicates similarity with background strains in
circulation." An alternative hypothesis is that the UK
experienced an exceptionally large wave of adenovirus
infections, as evidenced by the surveillance data, causing
avery rare or under-recognised complication to manifest.
It is plausible that the pandemic lockdowns reduced
mixing in nursery-type settings delaying first exposure
to adenovirus and potentially other co-circulating
hepatotropic viruses. Our cohort might also have had
lower nursery attendance pre-pandemic (potentially
delaying exposure further): 24% of relevant-age cases
compared with 64% in a 2019 England survey.” Even
fewer relevant-age cases attended or started nursery
during the pandemic (no 2020 national comparator
available). Enteric adenovirus most commonly affects
those younger than 2 years and is rare in those older
than 4 years.” Later exposure could lead to dysregulated
immune responses and more severe presentations of a
common infection in susceptible children, as is observed

distribution of ages in our hepatitis case-cohort and the
association with increasing age observed in our case-
control study.

Adeno-associated virus 2 (AAV2), which is usually
acquired in early childhood, has been detected via
metagenomics in blood and explanted livers of some
cases, and AAV2 reactivation or co-infection with
adenovirus might lead to more severe hepatitis.”” AAV2
replication requires helper viruses (eg, adenovirus,
herpes simplex virus) and is known to be upregulated
during liver damage;” however, assessing causality
requires further research. Human herpesvirus 6 and
human herpesvirus 7 primary infection occurs in the
first 2 years of life,® and positivity in hepatitis cases
might reflect persistent infection or nucleic acid detection
rather than acute infection, although our findings do not
exclude a role in some case-patients, consistent with
background rates. Further genomic investigations of
cases within the UK, including individuals in the case-
control study, identified high concentrations of AAV2 in
liver, blood, plasma, and stool samples and very low
concentrations of adenovirus DNA, whereas little or no
AAV2 were found in comparison groups.”” Similar
findings have also been reported in the USA.” Ho and
colleagues® discuss an association between AAV2 and
the II HLA allele DRB1*04:01, for which the varied
distribution of the HLA allele between ethnicities and
geographical areas could inform the differences in where
incidents were reported, and the higher proportion of
cases of White ethnicity compared with the underlying
distribution among children in the UK of the same age.”

SARS-CoV-2 infection can be associated with elevated
liver enzymes and rarely, acute liver failure,”* but acute
SARS-CoV-2 infection was uncommon in our cohort and
other acute hepatitis cohorts.® Additionally, SARS-CoV-2
infection rates in our cases were similar to community
infection rates in similar age groups, and SARS-CoV-2
PCR positivity in our cases was similar to an age-matched
random control sample of children presenting to
emergency departments between January and June, 2022.*
Alternatively, a post-infectious, immune-mediated
inflammatory syndrome affecting the liver, akin to
multisystem inflammatory syndrome in children,* has
also been hypothesised because of high SARS-CoV-2
Omicron case numbers in young children in the UK in
early 2022. However, SARS-CoV-2 antibody positivity—a
marker of prior infection—in our cases was similar to
seroprevalence in an age-matched comparison group.

Our findings are limited by the use of mainly
observational real-world data. Differential propensity of
clinicians to report cases might have affected case
ascertainment, and some cases might have been missed if
they did not fulfil inclusion criteria. Variation in testing
assays, algorithms, and sample type might contribute to
differences in adenovirus detection between UK nations.
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Time-series analysis had an R2 of 0-30, which suggests
considerable unexplained variability remains. Inconsistent
testing for adenovirus and the lower sensitivity of non-
whole blood specimens® could have underestimated
adenovirus positivity among our cases. SARS-CoV-2
positivity included PCR confirmation through electronic
record linkage so bias could be introduced if there was
differential reporting of test results by cases and controls;
however, all children presenting to hospital were routinely
PCR-tested for SARS-CoV-2 and should be captured by
laboratory systems. Adenoviraemia as a cause of non-
hepatic acute illness and hospital admission in controls
might underestimate the hepatitis association, if also
driven by a surge in adenovirus. Finally, while we
frequency-matched on key variables, residual confounding
could still have occurred.

In conclusion, we found a strong association between
adenovirus (41F) viraemia and cases of acute hepatitis of
unknown aetiology in the UK outbreak in 2022. Further
research is needed on the mechanism of injury and
whether adenovirus acts as a trigger with co-factors, such
as other viruses and genetic susceptibility, which might
interact to contribute to severe disease.

Contributors

SM, CHW, MER, AC, MD, RS, MZ, CW, RBi, AD, and MC contributed
to the conception and design of the work. CHa, CHo, CHu, TG, SA, JH,
CK, IU-L, AP, GI, DTB, MCO’L, EMD, THD, DH, PB, KR, TR, HC,
CG, RBo, AG, SR, and DAK contributed to acquisition of data. RS, GI,
CW, CN, MCO'’L, CS, FR, SA, AP, NM, CM, LG, EAD, THD, DH, KL,
PB, 10, DL, LC, FR, TT, CHa, MG, JC, KH, ER, PS, and CT contributed
to processing and analysis (including laboratory) of data. RS, GI, CW,
CN, MCO’L, CS, FR, SA, AP, NM, CM, LG, EAD, THD, DH, KL, PB, IO,
DL, LC, FR, TT, CHa, CHo, CHu, JC, KH, ER, PS, CT, MZ, SM, CHW,
MD, KEB, IU-L, MC, KR, LG, CW, CC, NM, PS, CT, DTB, TR, HC, CG,
SR, and DAK had access to the raw data. SM, CHW, AC, MD, RS, KEB,
MER, and DL interpreted the data. SM, RS, AC, SNL, MD, and CHW
drafted the initial versions of the manuscript. RS, AP, GI, CHW, SM,
and AC accessed and verified the underlying data. All authors critically
reviewed and edited the manuscript and accept responsibility for the
decision to submit for publication.

Declaration of interests
We declare no competing interests.

Data sharing

This work is carried out under Regulation 3 of The Health Service
(Control of Patient Information; Secretary of State for Health, 2002)
using patient identification information without individual patient
consent as part of the UK Health Security Agency (UKHSA) legal
requirement for public health surveillance. As such, authors cannot
make the underlying dataset publicly available for ethical and legal
reasons, particularly due to the sensitive information included.
However, all the data used for this analysis are included in the
manuscript tables and appendix so the analysis can be reproduced.
Applications for relevant anonymised data should be submitted to the
UKHSA Office for Data Release.

Acknowledgements

This work was undertaken as part of a national enhanced incident by
UK public health agencies. We thank the parents and guardians of the
children who gave up their valuable time to speak to the public health
investigation teams; without their support we could not have been able
to undertake a thorough investigation. We are grateful to the many
paediatricians and liver specialists who reported cases to us and
responded to follow-up with further information. We also thank

Ezra Linley and Simon Tonge of the UK Health Security Agency
Seroepidemiology Unit for rapidly providing serum samples for

www.thelancet.com/child-adolescent Vol 7 November 2023

testing. We would like to thank the Incident Management Teams of the
UK nations, members of the incident cells, epidemiology, laboratory,
and local Health Protection Teams who supported the investigations, in
particular: Katy Sinka, Mike Gent, Suzanna Howes, Eileen Gallagher,
Selene Corsini, Eleanor Clarke, Rajani Raghu, Kelsey Mowat,

lain Hayden, Matt Hibbert, Skye Firminger, Catriona Angel,

Donna Haskins, Kay Ratcliffe, Hannah Emmett, Alex Elliot,

Helen Hughes, Sarah Deeny, Sarah Garner, Sarah Gerver,

Flora Stevens, Paula Blomquist, Gabriel Gurmail Kauffman,

Kristine Cooper, Hannah Taylor, Giovanni Leonardi,

Michelle Dickinson and Michelle Watson from England;

Kimberly Marsh, Michael Lockhart, David Yirrell, Sandra Currie,

Kate Templeton, Samantha Shepherd, Roisin Ure, Jim McMenamin,
Rachel Tayler, Louisa Pollock, Antonia Ho, Chris Cunningham and
Hayley Peacock from Scotland; and Katie Binley and Meg Wallace from
Northern Ireland.

References

1 Marsh K, Tayler R, Pollock L, et al. Investigation into cases
of hepatitis of unknown aetiology among young children, Scotland,
1 January 2022 to 12 April 2022. Euro Surveill 2022; 27: 2200318.

2 World Health Organisation. Severe acute hepatitis of unknown
aetiology in children—multi-country. 2022. https://www.who.int/
emergencies/disease-outbreak-news/item/2022-DON400 (accessed
July 24, 2022).

3 Braccio S, Irwin A, Riordan A, et al. Acute infectious hepatitis in
hospitalised children: a British Paediatric Surveillance Unit study.
Arch Dis Child 2017; 102: 624-28.

4 Perez A, Cantor A, Rudolph B, et al. Liver involvement in children
with SARS-CoV-2 infection: two distinct clinical phenotypes caused
by the same virus. Liver Int 2021; 41: 2068-75.

S Cantor A, Miller J, Zachariah P, DaSilva B, Margolis K, Martinez M.
Acute hepatitis is a prominent presentation of the multisystem
inflammatory syndrome in children: a single-center report.
Hepatology 2020; 72: 1522-27.

6  Baker JM, Buchfellner M, Britt W, et al. Acute hepatitis and
adenovirus infection among children-Alabama, October 2021
February 2022. Am ] Transplant 2022; 22: 1919-21.

7 Gutierrez Sanchez LH, Shiau H, Baker JM, et al. A case series of
children with acute hepatitis and human adenovirus infection.

N Engl ] Med 2022; 387: 620-30.

8  Cates ], Baker JM, Almendares O, et al. Interim analysis of acute
hepatitis of unknown etiology in children aged <10 Years—United
States, October 2021-June 2022. MMWR Morb Mortal Wkly Rep
2022; 71: 852-58.

9  Heinsbroek E, Ladhani S, Gray S, et al. Added value of PCR-testing
for confirmation of invasive meningococcal disease in England.

J Infect 2013; 67: 385-90.

10 UKHSA. Investigation into acute hepatitis of unknown aetiology in
children in England: technical briefing 3. 2022. https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/1077027/acute-hepatitis-technical-briefing_3.
pdf (accessed July 24, 2022).

11 UKHSA. Is adenovirus infection associated with severe acute
seronegative hepatitis in young children in the UK: protocol for a
frequency matched case-control study. 2022. https://www.khub.net/
web/phe-national/public-library/-/document_library/
v2WsRK3ZIEig/view_file/656646893?_com_liferay_document_
library_web_portlet_DLPortlet_INSTANCE_v2WsRK3ZIEig_
(accessed July 24, 2022).

12 Heim A, Ebnet C, Harste G, Pring-Akerblom P. Rapid and
quantitative detection of human adenovirus DNA by real-time PCR.
J Med Virol 2003; 70: 228-39.

13 van Maarseveen NM, Wessels E, de Brouwer CS, Vossen ACTM,
Claas ECJ. Diagnosis of viral gastroenteritis by simultaneous
detection of Adenovirus group F, Astrovirus, Rotavirus group A,
Norovirus genogroups I and 11, and Sapovirus in two internally
controlled multiplex real-time PCR assays. ] Clinical Virol 2010;

49: 305-10.

14 Kuo CL, Duan Y, Grady J. Unconditional or conditional logistic

regression model for age-matched case-control data?
Front Public Health 2018; 6: 57.

15 Greenland S, Mansournia MA, Altman DG. Sparse data bias:

a problem hiding in plain sight. BMJ 2016; 352: i1981.

protected-data

For more on accessing UKHSA-
protected data see https://
www.gov.uk/government/
publications/accessing-ukhsa-

795


https://www.gov.uk/government/publications/accessing-ukhsa-protected-data
https://www.gov.uk/government/publications/accessing-ukhsa-protected-data
https://www.gov.uk/government/publications/accessing-ukhsa-protected-data
https://www.gov.uk/government/publications/accessing-ukhsa-protected-data
https://www.gov.uk/government/publications/accessing-ukhsa-protected-data

Articles

796

16

17

18

19

20

21

22

23

24

25

UKHSA. Investigation into acute hepatitis of unknown aetiology in
children in England (2022): exposures from food, drink, and water
sources. 2023. https://assets.publishing.service.gov.uk/
government/uploads/system /uploads/attachment_data/
file/1158183 /AHUA-EEL pdf (accessed July 6, 2023).

Lee B, Damon CF, Platts-Mills JA. Pediatric acute gastroenteritis
associated with adenovirus 40/41 in low-income and middle-income
countries. Curr Opin Infect Dis 2020; 33: 398-403.

Kweon OJ, Lim YK, Kim HR, Kim TH, Lee MK. Fecal respiratory
viruses in acute viral respiratory infection and nasopharyngeal
diarrheal viruses in acute viral gastroenteritis: clinical impact of
ectopic viruses is questionable. | Microbiol Biotechnol 2018; 28: 465-72.
van Beek |, Fraaij P, Giaquinto C, et al. Case numbers of acute
hepatitis of unknown aetiology among children in 24 countries up
to 18 April 2022 compared to the previous 5 years. Euro Surveill
2022; 27: 2200370.

Cates |, Baker JM, Almendares O, et al. Paediatric acute hepatitis of
unknown aetiology: a national surveillance investigation in the USA
during 2021 and 2022. Lancet Child Adolesc Health 2023; online

Sept 26. https://doi.org/10.1016/S2352-4642(23)00192-X.

Kelgeri C, Couper M, Gupte GL, et al. Clinical spectrum of children
with acute hepatitis of unknown cause. N Engl | Med 2022;

387: 611-19.

Hierholzer JC. Adenoviruses in the immunocompromised host.
Clin Microbiol Rev 1992; 5: 262-74.

Ho A, Orton R, Tayler R, et al. Adeno-associated virus 2 infection in
children with non-A-E hepatitis. Nature 2023; 617: 555-63.

Hill AB. The Environment and disease: association or causation?
Proc R Soc Med 1965; 58: 295-300.

Huskinson T BC, Mahoney G, Pickering K. Childcare and early
years survey of parents: 2019. 2019. https://www.gov.uk/
government/statistics/childcare-and-early-years-survey-of-
parents-2019 (accessed Sept 11, 2023).

26

27

28

29

30

31

32

33

34

11D Study Team. A report of the study of infectious intestinal
disease in England. Office FSATS, 2000. https://www.food.gov.uk/
sites/default/files/media/document/iid1_study_final_report.pdf
(accessed Sept 11, 2023).

Morfopoulou S, Buddle S, Torres Montaguth OE, et al. Genomic
investigations of unexplained acute hepatitis in children. Nature
2023; 617: 564-73.

Carter BJ. Adeno-associated virus and the development of adeno-
associated virus vectors: a historical perspective. Mol Ther 2004;
10: 981-89.

Atchison RW, Casto BC, Hammon WM. Adenovirus-associated
defective virus particles. Science 1965; 149: 754-56.

Zerr DM, Meier AS, Selke SS, et al. A population-based study of
primary human herpesvirus 6 infection. N Engl | Med 2005;

352: 768-76.

Servellita V, Sotomayor Gonzalez A, Lamson DM, et al.
Adeno-associated virus type 2 in US children with acute severe
hepatitis. Nature 2023; 617: 574-80.

Hundt MA, Deng Y, Ciarleglio MM, Nathanson MH, Lim JK.
Abnormal liver tests in COVID-19: a retrospective observational
cohort study of 1827 patients in a major US hospital network.
Hepatology 2020; 72: 1169-76.

Orandi B, Li G, Dhall D, et al. Acute liver failure in a healthy young
female with COVID-19. JPGN Rep 2021; 2: €108.

UKHSA. Investigation into acute hepatitis of unknown aetiology in
children in England: technical briefing 4. 2022. https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/1094573/acute-hepatitis-technical-briefing-4.
pdf (accessed July 24, 2022).

www.thelancet.com/child-adolescent Vol 7 November 2023



	Paediatric acute hepatitis of unknown aetiology: a national investigation and adenoviraemia case-control study in the UK
	Introduction
	Methods
	Study design and participants
	Procedures and outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgements
	References


