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ABSTRACT
Background and Aims: Since described in 2015, NBAS- associated disease has emerged as an important cause of acute liver 
failure (ALF) in children. We analysed the variable expression, genotype–phenotype association, outcome and prognostic factors 
of the hepatic involvement.
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Methods: Individuals with biallelic pathogenic NBAS variants were recruited within an international observational study, in-
cluding new and previously published patients.
Results: We studied 230 individuals, including 13 previously unreported patients. The liver was the most frequently affected 
organ (63.4%), with 41.3% experiencing at least one ALF. The median age at onset was 0.9 years, the median age at last ALF 
5 years, the latest ALF occurred at 24 years. Liver crises were triggered by febrile infections and presented with highly increased 
hepatic transaminases. Liver involvement varied significantly between the subgroups: 91.7% of patients with infantile liver fail-
ure syndrome type 2 and 88.9% of patients from the combined subgroup (variants affecting β- propeller domain) presented with 
ALF, whereas SOPH (stature, optic atrophy, Pelger–Huët anomaly) patients mostly had either no liver involvement (66.4%) or 
persistently elevated transaminases without ALF (28%). The rate of native liver survival was 83.9%; 16 individuals underwent 
liver transplantation and 24 died.
Conclusion: Liver abnormalities are common and the leading cause of death in NBAS- associated disease. There is a clear gen-
otype–phenotype association regarding the hepatic involvement. Liver crises occur primarily during infancy; however, early 
medical attention in case of febrile infections is necessary at all ages. Liver transplantation prevents ALF, but its risks must be 
weighed against the frequency and severity of liver crises decreasing with age.

1   |   Introduction

Liver disease encompasses a wide range of conditions and is 
an important cause of morbidity and mortality in children 
worldwide [1]. While environmental factors such as viral 
hepatitis and intoxication are well- established contributors 
to acute liver disease, genetic disorders also play a major role 
in liver disease, especially in children. New diagnostic meth-
ods, in particular next- generation sequencing, have signifi-
cantly improved the diagnostic yield for liver disease [2, 3] 
and enabled the identification of previously unknown genetic 
causes. A novel important group is disorders of intracellular 
trafficking, with neuroblastoma amplified sequence (NBAS)- 
associated disease being the most prominent member [4]. It 
has been identified as a relatively frequent cause of liver dys-
function and, in particular, recurrent acute liver failure (ALF) 
[5–7]. A specific homozygous variant in NBAS was first de-
scribed in 2010 in the Yakut population as the cause of short 
stature, skeletal abnormalities, optic atrophy and Pelger–Huët 
anomaly (SOPH syndrome; MIM: 614800) [8]. In 2015, bial-
lelic variants in NBAS were associated with recurrent ALF, 
termed infantile liver failure syndrome type 2 (ILFS2; MIM: 
616483) [5]. Since then, more than 200 affected individuals 
have been reported, confirming that NBAS- associated dis-
ease is a multisystem disorder [7, 9, 10]. Besides liver, skele-
ton and growth, the immune, nervous and endocrine systems 
are frequently affected. In 2020, three phenotypic subgroups 
were defined based on the affected region of the NBAS protein 
[7]. Patients with variants affecting the Sec39 domain show a 
predominantly hepatic phenotype with recurrent ALF (ILFS2 
subgroup). Patients with alterations in the C- terminal protein 
segment present with a multisystemic phenotype with skele-
tal, facial, immunological, ophthalmological, neurological, 
and mild hepatic involvement (SOPH syndrome subgroup). 
Variants affecting the β- propeller domain cause a severe com-
bined phenotype with ALF as well as multisystem involve-
ment (combined subgroup).

In this study, we systematically and quantitatively analyse 
the multifaceted presentation, clinical course, outcome, and 
predictive factors of liver involvement in NBAS- associated 
disease.

2   |   Patients and Methods

Individuals were recruited within an international, observa-
tional study. Inclusion criteria were biallelic variants in NBAS 
(NM_015909.3) classified as pathogenic or likely pathogenic ac-
cording to American College of Medical Genetics (ACMG/AMP) 
criteria [11]. Patients were excluded from the quantitative anal-
ysis if they fulfilled one of the following criteria: [1] presence of 
severe comorbidities unrelated to NBAS variants, [2] presymp-
tomatic genetic diagnosis, and [3] lack of data about the hepatic 
phenotype.

Patient data was collected via a case report form or retrieved 
from publications. For the identification of previously published 
patients, a comprehensive literature search was performed with 
PubMed and Google Scholar using the terms ‘NBAS AND/OR 
SOPH’ and ‘NBAS AND/OR ILFS2’ on June 14, 2024. Data 
from the case report forms and literature search are stored in 
a disease- specific database located at the University Hospital 
Heidelberg. The database was established in 2018 and is regu-
larly updated. Some data have already been included in other 
publications [7, 12, 13]. Identification by ID number (‘NBAS- ID’) 
has been continued from previous publications. Patients were 
assigned to three genetic subgroups based on the type and lo-
calisation of the NBAS variants as proposed previously [7]. ALF 
was defined according to the inclusion criteria of the PALF 
study group [14].

All procedures followed were in accordance with the ethi-
cal standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki 
Declaration of 1975, as revised in 2013. Informed consent was 
obtained from all patients or their parents or caregivers in the 
case of minor patients, except for cases where patient data were 
retrieved from publications. The study was approved by the ethi-
cal committee of the Medical Faculty Heidelberg (study number: 
S- 035_2014).

Statistical analysis was performed using GraphPad Prism ver-
sion 10 and ‘R’ version 4.0.4 (R: A language and environment for 
statistical computing. R foundation for Statistical Computing, 
Vienna, Austria). Continuous variables were described using 
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median and range. Categorical variables were described using 
frequencies and percentages. The number n indicates the num-
ber of individuals for whom the respective information was 
available. Due to the variable phenotype between family mem-
bers, all single individuals were included in the analysis and not 
reduced to family cases. Chi- square statistics were used to test 
for differences in percentages of categorical variables. Wilcoxon 
rank sum/Mann Whitney test and Kruskal–Wallis test were 
used to compare ordinal scaled data between different groups. 
Dunn's Bonferroni tests were used for multiple comparisons. 
Kaplan–Meier estimates and log- rank test were applied to right- 
censored data. p- values less than 0.05 were considered statisti-
cally significant.

3   |   Results

3.1   |   Study Population

The overall cohort includes a total of 244 patients with bi-
allelic (likely) pathogenic NBAS variants. Literature search 
identified 59 publications and 5 conference abstracts with a 
total of 231 patients, published between February 2008 and 
May 2024 [3, 5, 6, 8–10, 12, 13, 15–70]. Data on 13 patients 
were not previously published. For 70 patients, who have al-
ready been reported in previous publications, unpublished 
data on the hepatic phenotype was included. After evaluation 
for exclusion criteria, 230 patients were included in the quan-
titative analysis.

Five patients were excluded due to additional comorbidities 
unrelated to the NBAS variants (see Supporting Information, 
methods for more details).

One patient (NBAS 71; last visit at the age of 5 years) was di-
agnosed by family screening and, under early antipyretic ther-
apy, showed no NBAS- associated symptoms other than the 
Pelger- Huët anomaly [34]. For six patients from the literature 
search, no information on the hepatic phenotype was avail-
able, and the patients were therefore excluded (NBAS 125, 
[68]; NBAS 143 [71], NBAS 126–128 [3], NBAS 162; 163 [72] 
and NBAS 49 [69]).

Patients originate from all continents and 30 different coun-
tries, with Russia (95 patients) and China (29 patients) being 
the most represented countries. Yet, 91 of the Russian patients 
live isolated in Yakutia in north- eastern Siberia. The high 

prevalence of a specific NBAS variant (c.5741G>A; p.(Ar-
g1914His)) in the Yakut population has been attributed to a 
founder effect [73].

The study cohort includes 130 female and 100 male patients from 
205 families. Age at last visit ranges from 4 months to 53 years, 
with a median age of 9 years. Taken together, a total of 2681 pa-
tient years have been studied. Dunn's Multiple Comparison Test 
showed that age at last visit differed significantly between SOPH 
subgroup (median 14 years, range 0.4–53 years) and ILFS2 sub-
group (median 5.3 years, range 0.33–45 years). The median age 
at last visit in the combined subgroup was 9 years (range 1.5–
23 years) (Table 1).

3.2   |   Genetics and Subgroups

A total of 158 different NBAS variants were identified; variants 
are distributed over the whole gene with a higher density in the β- 
propeller and Sec39 domain as in the C- terminal region (Figure S1). 
Thirteen variants have not been reported before (Table S1 provides 
genetic and clinical details on previously unpublished patients; 
Table S2 provides the genotype of all included individuals). Based 
on the type and localisation of the NBAS variants, 48 patients were 
assigned to the ILFS2 subgroup, 125 patients to the SOPH subgroup 
and 18 patients to the combined phenotype. Thirty- nine patients 
could not be assigned to any of the three subgroups. Of these, 19 
cases carried missense or in- frame variants affecting two different 
protein segments. Ten patients presented variants affecting unclas-
sified protein segments: namely, the N- terminal segment (amino 
acid 1–85) and the segment between the β- propeller and the sec39 
domain (amino acid 447–721). In addition, ten patients had splice 
site variants or intronic variants.

3.3   |   Hepatic Phenotype

Of all 230 patients, the liver was the most frequently affected organ 
system (63.5%), followed by the nervous system (52.2%), skeleton 
(43.9%), immune system (37%), integument (33%) and endocrine 
system (7.8%). All patients in the ILFS2 and combined subgroups 
presented with hepatic abnormalities, while only a minority had 
liver abnormalities (33.6%) in the SOPH subgroup. Notably, the 
SOPH subgroup is dominated by the ethnic group of Yakuts shar-
ing the same homozygous NBAS variant p.(Arg1914His), where 
liver abnormalities were reported to be a rare finding (11%).

In 41.3% of all patients, ALF criteria were met at least during 
a single episode of liver decompensation; however, the fre-
quency of ALF differed between the subgroups: most patients 
in the combined (88.9%) and ILFS2 (91.7%) subgroups expe-
rienced at least one episode of ALF, and transaminases com-
monly normalised after the crises (combined: 14/17; ILFS2: 
34/37). In contrast, 5.6% of patients in the SOPH group pre-
sented with ALF, and more than half of the SOPH patients 
with liver involvement (15/26) had continuously elevated 
transaminases. Furthermore, in the SOPH subgroup, chronic 
liver involvement is also reflected by permanent hepatomeg-
aly (11/15 cases), whereas in the other subgroups, hepatomeg-
aly is usually restricted to episodes of liver crises (combined 
subgroup: 9/14 cases; ILFS2 subgroup: 20/22 cases).

Summary

• NBAS- associated disease is a multisystemic disor-
der, with liver abnormalities being the most prevalent 
symptom and the primary cause of mortality.

• Liver crises mainly occur within the first decade of 
life; however, awareness and early medical attention 
in case of febrile infections are necessary across all 
ages.

• Liver transplantation effectively prevents liver failure 
but carries significant risks of morbidity and mortality.
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3.4   |   Characterisation of Liver Crises

The first liver crisis (ALF or elevation of liver transaminases 
(ELT) not meeting the ALF criteria) occurred at a median age of 
0.9 years, with an age range between 2 days and 11 years. 88.8% 
of patients experienced their first liver crisis within the first 
3 years of life, 97.2% before the age of five. Age at onset of liver 
crises differed between SOPH and ILFS subgroups (Figure S2A).

The most severe liver crisis occurred at a median age of 2.2 years, 
ranging from the 2 days to 12 years of age. 62.4% suffered their 
most severe liver crisis before the age of three, 88.2% before the 
age of five. However, there were no significant differences in age 
of most severe ELT/ALF between the subgroups (Figure S2B).

In the analysis on age at last ALF, only patients who did not 
present with liver crises for 5 years or longer were included 
(n = 27). The median age at last ALF episode was 5 years. At the 
age of 10 years, 90% of the patients had suffered their last ALF 
(Figure 1). There was no significant difference between the sub-
groups in terms of age at last crisis (p = 0.73; log- rank test; no 
data are available for SOPH patients without crises for at least 
5 years). Regarding number of crises, an average of three epi-
sodes was reported (range 1–12 episodes, n = 83).

Patients in the ILFS2 subgroup had significantly higher levels 
of transaminase activities, bilirubin, INR, and ammonia as well 
as lower albumin concentrations compared to the SOPH sub-
group (Figure  2). When comparing the SOPH and combined 

FIGURE 1    |    Cumulative incidence of patients who experienced ALF beeing without ALF for at least 5 years. Age relates to the last reported ALF. 
At the age of 10 years, 90% of the patients (n = 27) suffered their last ALF. ALF, acute liver failure.

FIGURE 2    |    Maximum derangement of hepatic biomarkers by subgroup. Bold dots in the violin plots indicate the mean and bars the standard 
deviation. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001 Wilcoxon rank sum test. ALT, alanine transferase; AST, aspartate transferase; ILFS2, in-
fantile liver failure syndrome type 2; INR, international normalised ratio; SOPH, short stature, optic atrophy and Pelger–Huët anomaly.
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subgroups, it was found that only hepatic transaminases and 
INR were significantly higher in the combined subgroup. There 
was no significant difference in any of the laboratory parame-
ters between the ILFS2 and combined subgroups.

Febrile infections were reported as a trigger of liver crises in 
all but one affected patient. In addition to febrile infections, 
reported triggers were postnatal catabolic period, fever post- 
vaccination, chemotherapy, surgery, difficult intravenous sam-
pling or catheterization, cold or hot temperatures, long- distance 
travel, and the end of interferon therapy. All those triggers were 
reported in single episodes only (max. n = 2).

Recurrent vomiting during liver crisis was reported in 43.8% and 
HE in 45.2% of patients with liver involvement. HE also differed 
between subgroups: While only 2.8% of patients in the SOPH sub-
group developed HE, this was observed in 89.7% of ILFS2 patients. 
The median grade of HE in the ILFS2 subgroup was III (n = 22).

3.5   |   Liver Biopsies

Histological data from liver biopsies were available for 64 pa-
tients (Table S3). The median age at liver biopsy was 1.9 years 
(range 0.08–14.83, n = 47). Fibrosis was found in 41.7% of all 
biopsies (n = 48) but without apparent difference between the 
three subgroups as well as in patients with (37.8%, n = 37) 
and without normalisation of transaminases (44.4%, n = 9) 
between crises. Age at biopsy did not have an effect on the 
fibrotic grade when comparing biopsies taken before and after 
2 years of age. Steatosis was reported in 85% of cases (n = 52) 
and necrosis in 54% (n = 37) while disturbances of liver archi-
tecture and cirrhosis were not found. In one SOPH patient, 
cirrhosis was initially suspected because of increased liver 
stiffness in elastography, but this suspect was not confirmed 
by biopsy (NBAS 96, [44]).

3.6   |   Survival and Liver Transplantation

Twenty- four (10.4%) of the observed patients with NBAS- 
associated disease died during the study interval. The median 
age at death was 2.2 years (n = 24), ranging from 4 months 
to 24 years. The mortality rate was higher in the combined 
subgroup (22.2%) compared to the SOPH subgroup (4.8%; 
Figure 3A). Among those who died, ALF was the main cause 
of death (66.7%). Except for one patient who died during liver 
transplantation, ALF was the only cause of death in the com-
bined and ILFS2 subgroups, while two of six patients in the 
SOPH subgroup died because of ALF and the remaining four 
because of epileptic state (n = 1), severe infection after liver 
transplantation (n = 1), and unknown cause of death (n = 2). One 
patient without subgroup assignment died of septic shock due to 
central line infection.

The rate of native liver survival (NLS) in the overall cohort was 
83.9%. While the rate in the SOPH subgroup was 95.2%, only 
about two- thirds of patients in the ILFS2 (66.7%) and com-
bined (61.1%) subgroups survived with their native liver (chi- 
square test: p < 0.0001; standardised Pearson residuals (> |1.96|)) 
(Figure 3B).

Liver transplants were performed in 16 patients (ILFS2: 10 pa-
tients, combined: 3 patients; SOPH: 1 patient, no subgroup: 2 
patients). All patients were transplanted because of ALF; there 
were no transplants because of chronic liver dysfunction or cir-
rhosis. The median age at liver transplantation (first transplan-
tation in patients with repeated liver transplantation; n = 2) was 
2.15 years (range 0.08–5 years, n = 16). The median follow- up 
after liver transplantation is 5 years (range 0–14 years, n = 16). 
The five- year survival rate was 70% (n = 10). Five patients from 
the ILFS2 subgroup and two patients from the combined sub-
group had no more bouts of liver dysfunction after transplanta-
tion, that is 54%.

Post- transplant complications of varying severity occurred in 
nine patients: One patient from the ILFS2 subgroup and one 
patient without subgroup assignment showed intermittent epi-
sodes of slightly elevated transaminases in the context of febrile 
illnesses, but no recurrence of ALF. Another ILFS2 patient had 
normalised liver function but experienced repeated episodes of 
acute renal failure associated with an overdose of tacrolimus. 
Two ILFS2 patients had an increase in transaminases after trans-
plantation, suspected to be a transplant rejection or drug- induced 
liver injury. Liver function normalised, but one patient retained 
neurological impairments (intellectual disability, movement dis-
order, epilepsy), presumably not as a result of the liver transplant 
but of the severe liver failure he suffered at the time of transplan-
tation. Two patients required a subsequent liver transplant. Two 
patients died shortly after the first transplant due to multi- organ 
failure (no subgroup assignment) and severe infection (SOPH 
subgroup). These patients both had immunological abnormal-
ities (hypogammaglobulinemia in both patients, reduced NK 
cells in the patient without subgroup assignment, NK cells not 
tested in the SOPH patient). Overall, however, immunological 
abnormalities were found with almost the same frequency in 
patients with an uneventful course (3/7) as in those with com-
plications (4/9).

3.7   |   Prognostic Biomarkers

Next, we investigated whether subgroup assignment, laboratory 
parameters, and involvement of different organ systems were 
associated with significantly higher or lower rates of NLS and 
hence could serve as a prognostic biomarker (Table 2).

Assignment to ILFS2 or combined subgroup is associated with a 
significantly lower rate of NLS compared to the SOPH subgroup 
(chi- square test: p < 0.0001).

Regarding laboratory results, a statistically significant differ-
ence was found for maximum INR, total bilirubin, ammonia, 
PELD (paediatric end- stage liver disease) score and minimum 
albumin. The mean value of the maximum AST and ALT was 
higher in the non- native liver survival (NNLS) group, but not 
statistically significant.

The presence of ALF is significantly associated with a lower rate 
of NLS (p < 0.0001) (Figure S3).

Skeletal abnormalities and short stature are significantly asso-
ciated with a better outcome regarding mortality, reflecting the 
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better prognosis in SOPH patients with a multisystem phenotype 
and significantly fewer cases of liver failure. In the sub- cohort of 
patients with ALF, there was no significant difference in organ 
involvement in the NLS and NNLS groups (data not shown).

3.8   |   Clinical Management

The use of a patient specific emergency protocol was reported in 
63 patients. However, 75 patients received antipyretics. Anabolic 
infusions with glucose were used in 77 patients and lipids in 40 
patients. The use of vitamin K is reported in 39 patients and 
fresh frozen plasma in 20 patients. N- acetylcysteine (NAC) was 
used in 13 patients.

4   |   Discussion

Our study offers a comprehensive and detailed insight into the 
hepatic phenotype in NBAS- associated disease, analysing data 
from 230 NBAS patients.

4.1   |   An Important and Global Cause 
of Paediatric ALF

Since the identification of NBAS- associated disease as a cause of 
ALF in 2015 [5], the number of patients diagnosed with biallelic 
pathogenic NBAS variants has increased substantially. Two recent 
studies performing genetic analysis in paediatric patients with ALF 
of undetermined aetiology identified NBAS- associated disease as 
the most frequent diagnosis [2, 3]. Together with the large number 
of published cases, this indicates that pathogenic NBAS variants 
are a relatively common cause of ALF in children that remain with-
out a diagnosis before the introduction of next generation sequenc-
ing. NBAS- associated disease occurs worldwide and has a relatively 
high genetic heterogeneity with 158 known pathogenic variants.

4.2   |   Hepatic Phenotype Ranging From Recurrent 
ALF to Chronic Liver Affection

NBAS- associated disease can affect multiple organ systems, 
with the liver being the most frequently affected organ. Hepatic 

FIGURE 3    |    Survival and native liver survival by subgroups. ILFS2, infantile liver failure syndrome type 2; SOPH, short stature, optic atrophy and 
Pelger–Huët anomaly. p values by log rank test.
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involvement is heterogeneous and differs significantly between 
the three subgroups proposed by Staufner et al. [7]: Recurrent 
ALF affects the majority of patients in the ILFS2 and combined 
subgroups. In the SOPH subgroup, liver involvement is reported 
in only one third of cases and in most patients, hepatic transam-
inases are constantly increased with a further increase during 
febrile infections, whereas liver function is usually not signifi-
cantly impaired.

4.3   |   Genotype–Phenotype Association: 
Limitations and Open Questions

Although the phenotypic spectrum of the delineated subgroups 
differed, individual exceptions from the characteristic pheno-
types can be found in all subgroups. A recent study showed 
that the genotype–phenotype correlation is strong in individu-
als with the same genotype [12], suggesting subsegments with 

different functions within the three protein domains. However, 
even in one family, siblings may present with different pheno-
types (e.g., experiencing ALF or not). Incomplete penetrance, 
variable expressivity, genetic factors other than NBAS variants, 
epigenetic or environmental factors are possible explanations for 
the variable clinical presentation.

A major limitation of the genotype–phenotype association is 
that a significant proportion of patients (n = 39; 17%) cannot be 
unambiguously assigned to any subgroup. These patients pres-
ent a rather inhomogeneous phenotype. Of particular interest 
is the previously unclassified and relatively large protein seg-
ment between the β- propeller and the sec39 domain. All eight 
patients with at least one missense variant in this protein region 
presented with liver involvement and all but one developed ALF. 
However, with regard to extrahepatic symptoms, the phenotype 
is inconsistent, indicating that variants in this region of the pro-
tein have different functional consequences.

TABLE 2    |    Prognostic biomarkers in NBAS- associated disease. Statistical significance was tested using the Mann–Whitney test for laboratory 
parameters and the chi- square test for affected organ systems.

NLS n = 196 NNLS n = 34 p

Subgroups

Combined 61% 39%

ILFS2 67% 33% < 0.0001

SOPH 97% 3%

Mean ± SD Median Mean ± SD Median

Laboratory parameters

Max. AST 9353 ± 944.5 7642 n = 74 12 125 ± 1386 11 500 n = 28 0.1178

Max. ALT 7027 ± 557.5 7174 n = 80 9141 ± 912.7 8815 n = 28 0.0543

Max. INR 4.84 ± 0.484 3.62 n = 58 10.25 ± 1.508 7.10 n = 20 < 0.0001

Max. total bilirubin 78.87 ± 8.661 67.0 n = 63 128.4 ± 20.44 86.5 n = 22 0.0107

Min. albumin 35.21 ± 1.051 36.7 n = 40 29.35 ± 2.288 31.0 n = 15 0.0105

Max. ammonia 154.3 ± 16.76 129 n = 55 256.9 ± 36.41 227 n = 21 0.0047

Max. PELD score 67.09 ± 10.44 15.1 n = 33 172.5 ± 26.50 38.6 n = 12 < 0.0001

Affected organ systems

Liver 57% n = 195 100% n = 34 < 0.0001

Acute liver failure 34% n = 191 91% n = 33 < 0.0001

Nervous system 65% n = 164 45% n = 29 0.06

Skeletal system 72% n = 123 45% n = 29 0.0086

Immune system 60% n = 122 43% n = 28 0.1384

Low IgG 54% n = 74 41% n = 22 0.3355

NK cell deficiency 77% n = 44 75% n = 8 1

Integument 45% n = 151 32% n = 22 0.2612

Endocrine system 14% n = 127 0% n = 21 0.0767

Short stature 84% n = 165 41% n = 27 < 0.0001

Note: Bold was used for the p values when statistical significance was reached.
Abbreviations: ALT, alanine transferase; AST, aspartate transferase; IgG, immunoglobulin G; INR, international normalised ratio; NK cell natural killer cell; NLS, 
native liver survival; NNLS, non- native liver survival; PELD, score paediatric end- stage liver disease score.
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4.4   |   Liver Crises Occur Mainly in the First Years 
of Life, but Awareness Is Necessary at All Ages

Febrile infections are the main trigger of liver crisis and, as 
such, require immediate medical attention. Severe liver cri-
ses occur mainly in infancy. However, the large age range for 
ALF episodes (2 days–24 years) implies awareness of liver cri-
ses at all ages. Compared to other causes of ALF, NBAS pa-
tients show particularly high hepatic transaminases and INR 
levels [2, 74], which may guide the diagnostic work- up to some 
extent.

Regarding the characteristics of the hepatic phenotype over time, 
our study is limited by the lack of complete data for each ELT/ALF 
episode (e.g., exact biochemical characterisation and age at each 
episode) and hence does not allow us to analyse the clinical course 
over time in relation to age. Further prospective studies are neces-
sary to address this aspect and to enable separate analysis of ELT 
and ALF episodes. Nevertheless, with age of onset, the most severe 
episode, and the last ALF episode, we were able to define the vul-
nerable episode in the life of affected individuals.

4.5   |   A Single Case of Liver Cirrhosis

Continuously elevated transaminases reflect ongoing liver 
cell damage and raise the question of progressive liver dis-
ease. The prevalence of liver remodelling did not differ sig-
nificantly between patients with and without normalisation of 
transaminases. Yet, the median age at liver biopsy in patients 
with continuously elevated transaminases was only 1.7 years, 
and only two patients with continuously elevated transam-
inases were older than 18 years: One SOPH patient is 19 years 
old; transaminases remain slightly elevated, but no liver func-
tion impairment or liver biopsy results were reported [33]. 
Particularly striking is the report of a 34- year- old SOPH patient 
who was diagnosed with liver fibrosis, portal hypertension, and 
oesophageal varices at the age of 20. At the age of 33, he devel-
oped a hepatic hydrothorax, and elastography showed hepatic 
fibrosis [44]. This single report illustrates the risk of chronic and 
progressive liver disease in NBAS patients. In general, the age 
of biopsy did not reflect a progressive liver remodelling, as there 
were no differences in fibrotic grades in biopsies taken in the 
first 2 years of life or after.

4.6   |   Liver Disease Is the Leading Cause of Death, 
but the Rate of Spontaneous Recovery Is Higher 
Than in Other Causes of ALF

The mortality rate of NBAS- associated disease in this cohort 
is 10.4%, the rate of NNLS 16,1%. Although the involvement of 
other organ systems such as the skeletal, immune and nervous 
systems represents significant medical problems for affected 
NBAS patients, all but five fatal courses are attributed to liver 
affection. Focusing on NBAS patients with at least one episode 
of ALF, the mortality rate is 18.9% and the rate of NNLS is 32.6% 
(n = 95). Paediatric ALF studies including all causes of ALF re-
port mortality rates between 30% and 47% and rates of NNLS 
between 48% and 76% [2, 74–76], while survival and need for 
liver transplantation vary widely depending on the underlying 

diagnosis. Hence, compared to other causes of ALF, NBAS- 
associated disease has a promising rate of recovery.

4.7   |   Non- Hepatic Disease Manifestation Is Not 
Associated With a Less Favourable Outcome

The hypothesis that affection of other organ systems, such as 
immunodeficiency, contributes to a more severe liver disease 
course seems reasonable. The fact that mortality is highest in 
the combined subgroup suffering from ALF and extrahepatic 
symptoms supports this hypothesis. However, no extrahepatic 
organ involvement was found to be a predictor of death or liver 
transplantation. Abnormality of the skeletal system and short 
stature are even associated with a higher rate of NLS. Yet a 
protective effect of skeletal and growth abnormalities seems 
unlikely. A more plausible explanation might be the high prev-
alence of these symptoms in the SOPH subgroup, with only a 
small percentage of patients suffering from ALF.

Abnormal excretion and synthesis parameters (ammonia, bili-
rubin, INR, albumin) are associated with a lower rate of NLS. 
The PELD score, calculated from the patients' albumin, biliru-
bin and INR, together with the age and degree of growth failure, 
has been developed to predict outcomes in children with chronic 
liver disease. In line with other studies using the PELD score in 
ALF [74, 77, 78], we found higher PELD scores in NBAS patients 
with poor outcomes.

4.8   |   Early Detection and Treatment 
of Liver Crises

Currently, there is no specific or curative therapy for NBAS- 
associated disease. A recent study showed that knowledge of 
the genetic diagnosis and an emergency management protocol 
cannot prevent ALF, but there was a trend (without statisti-
cal significance) towards a milder course of liver crises [12]. 
Emergency management includes early antipyretic therapy, 
reported to reduce the severity of acute liver crises [6, 17, 34]. 
For antipyretic therapy, we recommend metamizole (8–16 mg/
kg body weight as a single dose orally or parenterally at min-
imum intervals of 6 h, maximum single dose: 1000 mg), con-
sidering the increased risk of bleeding when using ibuprofen 
in the context of impaired liver function and the fact that 
paracetamol toxicity induces reactive oxidative species, which 
might play a role in the pathogenesis of the disease [4]. Other 
therapeutic strategies include the administration of anabolic 
infusions of glucose and lipids [6] and NAC against the pro-
duction of reactive oxidative species [4]. Further studies are 
needed to evaluate the impact of therapeutic options, requir-
ing detailed data on therapies and the course of individual cri-
ses, not assessed in this study.

4.9   |   No Recurrence of ALF After Liver 
Transplantation, but Risks and Consequences 
of Transplantation Must Be Considered

After transplantation, seven out of 16 patients showed normal-
isation of liver function and normal psychomotor development. 
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Transplantation may even have an effect on other symptoms of 
NBAS- associated disease: normalisation of growth after liver 
transplantation was reported in one patient. However, the un-
derlying cause of short stature in NBAS patients is not yet un-
derstood. Nine transplanted patients suffered complications, but 
there was no recurrence of ALF. At 18.8%, the mortality rate in 
the group of transplant patients is almost twice as high as in the 
overall cohort. However, a particularly severe course can be as-
sumed for patients who were transplanted. The 5- year survival 
rate of 70% (n = 10) was low compared to liver transplantation 
in children in general [79]. Reasons remain to be elucidated 
and might be found in the multisystem involvement in NBAS- 
associated disease. In summary, the decision regarding liver 
transplantation remains complex and should be made for each 
case individually.

4.10   |   Limitations Due to Variable Data 
Availability and Wide Age Range

There are several factors that limit the reliability of the data and 
results. Most importantly, data availability is relatively low for 
some parameters, for example, liver biopsy results. Furthermore, 
it can be assumed that laboratory results such as transaminases 
are more likely to be reported in publications if they are par-
ticularly high, and thus the calculated median may be overes-
timated. In addition, significant differences in age at last visit 
limit comparability, especially with regard to survival, the num-
ber of crises, or symptoms that develop with increasing age.

5   |   Conclusion

In conclusion, liver disease is the most prevalent organ affec-
tion in NBAS- associated disease and by far the most important 
cause of death. This study highlights the variability and geno-
type–phenotype (subgroup) association of liver involvement, 
ranging from recurrent ALF in the ILFS2 and combined sub-
groups to chronic liver affection without ALF in SOPH patients. 
Differences within the subgroups and unclassified genotypes 
require further investigation. Liver crises are nearly always 
triggered by febrile infections and occur mainly during infancy; 
nevertheless, awareness of liver crises is important at all ages. 
NBAS- related ALF has a higher rate of spontaneous recov-
ery than other causes of ALF, although there is an important 
proportion of liver transplantation or death. With no reported 
recurrence of ALF, liver transplantation may be an option, es-
pecially in severe cases, although the 5- year survival rate after 
liver transplant is relatively low at 70%. Current therapeutic 
strategies for liver crises focus on early antipyretic therapy, an-
abolic infusions with glucose and lipids, and the use of NAC. 
These recommendations are based on individual experiences 
and pathomechanistic considerations, with a need for system-
atic evaluation in the future.
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