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A B S T R A C T

Purpose: Liver transplantation (LTx) is performed in individuals with urea cycle disorders when
medical management (MM) insufficiently prevents the occurrence of hyperammonemic events.
However, there is a paucity of systematic analyses on the effects of LTx on health-related
outcome parameters compared to individuals with comparable severity who are medically
managed.
Methods: We investigated the effects of LTx and MM on validated health-related outcome
parameters, including the metabolic disease course, linear growth, and neurocognitive
outcomes. Individuals were stratified into “severe” and “attenuated” categories based on the
genotype-specific and validated in vitro enzyme activity.
Results: LTx enabled metabolic stability by prevention of further hyperammonemic events after
transplantation and was associated with a more favorable growth outcome compared with in-
dividuals remaining under MM. However, neurocognitive outcome in individuals with LTx did
not differ from the medically managed counterparts as reflected by the frequency of motor
abnormality and cognitive standard deviation score at last observation.
Conclusion: Whereas LTx enabled metabolic stability without further need of protein restriction
or nitrogen-scavenging therapy and was associated with a more favorable growth outcome,
LTx—as currently performed—was not associated with improved neurocognitive outcomes
compared with long-term MM in the investigated urea cycle disorders.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations
ASA – argininosuccinic aciduria
ASL – argininosuccinate lyase
ASS1 – argininosuccinate synthetase 1
BCAA(s) – branched-chain amino acid(s)
cSDS – cognitive standard deviation score
CTLN1 – citrullinemia type 1
E-IMD – European registry and network for Intoxication type
Metabolic Diseases
HAE(s) – hyperammonemic event(s)
IQR – interquartile range
LME – linear mixed effect regression models
LTx – liver transplantation
MM – (conservative) medical management
(m)OTC-D – (male) OTC-deficiency
NH4

+
max – initial peak plasma ammonium concentration

OTC – ornithine transcarbamylase
SDS – standard deviation score
UCD(s) – urea cycle disorder(s)
UCDC – Urea Cycle Disorders Consortium
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Introduction

Urea cycle disorders (UCDs) are rare inborn errors of
metabolism with an estimated cumulative incidence of 1 in
35,000 to 52,000, presenting with a broad phenotypic
spectrum ranging from neonatal life-threatening hyper-
ammonemic events (HAEs) to a more variable phenotype
with chronic disease burden, such as recurrent vomiting,
behavioral, or psychiatric abnormalities and cognitive
impairment, with or without HAEs, any time after the
neonatal period.1-3 The principles of long-term (conserva-
tive) medical management (MM) consist of a protein-
restricted diet—supplemented with essential and/or
selective amino acids, such as L-arginine and/or
L-citrulline—and alternative pathway medications for
nitrogen-scavenging, such as sodium benzoate, sodium
phenylbutyrate, and glycerol phenylbutyrate.4,5 Liver
transplantation (LTx) is mainly performed when MM fails
to ensure metabolic stability by preventing recurrent
hyperammonemic decompensations.4 Intervention-related
outcome parameters in individuals that have undergone
LTx have significantly improved with an overall 5-year
patient survival rate of over 90% and a 5-year graft sur-
vival rate of over 85%.6,7 Moreover, clinical experiences
demonstrate the clear impact of LTx on metabolic stability,
prevention of recurrent HAEs, and liberalization of protein
intake.4,8-10

Currently, there are limited data on the effects of LTx on
other health-related outcomes in UCDs, including growth
and neurocognitive outcomes. Whereas some data suggest
that LTx should be considered for individuals with both a
severe and mild (neonatal) phenotype for neuroprotective
reasons,7,11-14 others have not shown a conclusive positive
impact of LTx on the neurodevelopmental outcomes.15,16

Thus far, conducting a systematic analysis on the impact
of LTx on health-related outcome parameters in UCDs
compared with individuals who undergo MM has been
hampered by (1) ethical issues in conducting a randomized
controlled trial, (2) an inability to propensity-match be-
tween LTx and MM groups because individuals who un-
dergo transplantation might have more severe disease, (3)
the lack of available validated methods that can be used to
appropriately categorize severity in individuals with UCDs,
thus allowing a comparison between individuals with
comparable disease severity, (4) use of categorical instead
of numerical clinical covariates, which biases intra-
individual reassessment, (5) limited numbers of in-
dividuals available for comparison given the rarity of
UCDs, and (6) variability introduced by varying age ranges
of the investigated participants.7,11-14,16 To overcome some
of these challenges, we had previously developed a novel
severity-adjusted classification system based on in vitro
residual enzymatic activities for the 3 most prevalent
UCDs, ie, ornithine transcarbamylase-deficiency (OTC-D),
citrullinemia type 1 (CTLN1), and argininosuccinic
aciduria (ASA).17-19 Altogether OTC-D, CTLN1, and ASA
account for approximately 80% of LTx in UCDs6,7

reflecting the overall prevalence of those 3 disorders in
the untransplanted population.20 By use of this novel
severity-adjusted classification system, we evaluated the
impact of LTx on health-related outcome parameters in a
pediatric cohort from the United States, Canada, and
Europe, which has been longitudinally followed for
approximately 2 decades.
Material and Methods

Eligibility criteria and study sample

Recently, the characterization of the combined cohort of
individuals with UCDs prospectively followed by the
Urea Cycle Disorders Consortium (UCDC) and the Eu-
ropean registry and network for Intoxication type Meta-
bolic Diseases (E-IMD) has been published,14,21 with a
particular focus on the 3 most prevalent UCDs, ie, OTC-
D, CTLN1, and ASA.17-19 The study design and data
models of both registries have previously been
described.14,21-23 For analyses presented here, only in-
dividuals from the UCDC and E-IMD databases with
confirmed diagnosis of male OTC-D (mOTC-D), CTLN1,
and ASA on whom information on initial peak plasma
ammonium concentration (NH4

+
max) was available for the

first HAE were included. Data were retrieved from the
UCDC and E-IMD electronic databases as previously
described.24 A combined and comparative data analysis of
both databases was performed according to the 3 princi-
ples of Interoperability, Representativeness, and Severity-
adjustment.25



Figure 1 Post-hoc statistical posterior simulation based on the published regression functions between residual enzymatic activity
and NH4

+
max for the respective UCD subtypes. Predicted NH4

+
max (50th centile; in μmol/L) correspond to the disease-specific threshold

values of residual enzymatic activities differentiating individuals with a severe or attenuated phenotype with mOTC-D, CTLN1, and ASA.
NH4

+
max ≥ 564 μmol/L (mOTC-D), or ≥ 303 μmol/L (CTLN1), or ≥ 131 μmol/L (ASA) are defined as cutoff values corresponding to

residual enzymatic acitivity of ≤ 4.3% (mOTC-D), or ≤ 8.1% (CTLN1), or ≤ 7.9% (ASA) and therefore as severe phenotypes. Data are
shown as median (black thick line) corresponding to the cutoff value for the surrogate parameter NH4

+
max, length of the box corresponds to

interquartile range (IQR), upper and lower whiskers correspond to max. 1.5 × IQR, each point represents a simulated outlier. ASL, argi-
ninosuccinate lyase; ASS1, argininosuccinate synthetase 1; OTC, ornithine transcarbamylase.
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Stratification of individuals with mOTC-D, CTLN1,
and ASA according to their underlying phenotypic
severity

Individuals with mOTC-D, CTLN1, and ASA were stratified
into 2 groups according to previously described models
reliably predicting individual disease severity based on the
underlying pathogenic variant(s) in OTC, ASS1, or ASL.17-19

The phenotypic severity of individuals with residual enzy-
matic OTC, ASS1, and ASL activities as assessed by our
novel, genotype-specific in vitro system below or equal to the
threshold values of 4.3% (for mOTC-D), 8.1% (for CTLN1),
and 7.9% (for ASA), respectively, were classified as “se-
vere,” whereas individuals with residual enzymatic activities
above these cutoff values were classified as having an
“attenuated” disease course. Given the strong correlation of
NH4

+
max with the underlying residual enzymatic activities,17-

19 a post-hoc posterior simulation was used by applying the
mathematical correlation functions of NH4

+
max with the re-

sidual enzymatic activities (ie, OTC, ASS1, and ASL) to
determine estimated NH4

+
max values corresponding to the

respective enzymatic cutoff values for phenotype differenti-
ation. For this purpose, 200 predicted NH4

+
max values from

fitted generalized additive models were drawn. The following
NH4

+
max values were identified (50th centile): 564 μmol/L
for OTC-D (corresponding to residual enzymatic OTC ac-
tivity of 4.3%), 303 μmol/L for CTLN1 (corresponding to
residual enzymatic ASS1 activity of 8.1%), and 131 μmol/L
for ASA (corresponding to residual ASL activity of 7.9%;
Figure 1). NH4

+
max values corresponding to the 75th centile

were as follows: 1204 μmol/L for OTC-D, 571 μmol/L for
CTLN1, and 228 μmol/L for ASA.

Subsequently, NH4
+
max as surrogate marker for residual

enzymatic OTC, ASS1, or ASL activity was used for group
assignment of probands to their underlying phenotypic
severity (ie, severe or attenuated) in order to increase the
number of included individuals in these analyses. Moreover,
post-hoc statistical analyses excluded additional subgroups
within both phenotypic severity groups with regard to HAEs
for each UCD subtype.

Biochemical and clinical variables used for data
analysis

The following numerical biochemical and clinical variables
were included in data analyses: (1) Peak plasma ammonium
concentration at initial hyperammonemic decompensation
(NH4

+
max) and (2) number of HAEs (NH4

+
max > 100 μmol/

L) per year during the observation period (ie, time between
the date of birth and the last study visit). Anthropometric
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data of European probands were compared with growth
charts from the United Kingdom, because the ethnic back-
ground of the European cohort corresponds well to that of
individuals in the United Kingdom.1,26 For North American
probands growth charts from the Center for Disease Control
and Prevention (https://www.cdc.gov/growthcharts/cdc_
charts.htm) were used. Z-scores for height and weight
were calculated at baseline and each scheduled longitudinal
research follow-up visit. Preterm infants (< 37th pregnancy
week) and z-scores< -3 or> 3 were excluded from data
analysis. Motor abnormality was used as superordinate
dichotomous variable (yes/no), including several motor
variables (dystonia, chorea, ataxia, spasticity, abnormal
gross or fine motor function, delayed milestones, and
muscular hypotonia or hypertonia) similar to a previously
published work.20 Neurocognitive outcome was assessed
using cognitive standard deviation scores (SDS) at the most
recent study visit. Cognitive SDS (cSDS) was calculated
using full-scale IQ values from Wechsler Abbreviated Scale
of Intelligence, Wechsler Intelligence Scale for Children,
Wechsler Preschool and Primary Scale of Intelligence,
implementing results of the mental developmental index,
cognitive scale from the Bayley Scales of Infant Develop-
ment, and the general adaptive composite from the Adaptive
Behavior Assessment System as previously described.17-19

Comparative analysis of LTx on evidence-based and
validated health-related outcome parameters

The effect of LTx vs MM was systematically assessed
within each severe and attenuated phenotypic group. The
following validated and previously published outcome pa-
rameters were used: (1) metabolic disease course,17-19,24 (2)
linear growth,27 (3) neurological outcome,20 and (4)
cognitive function.14,17-19

Statistical analysis

All statistical analyses were performed using “R,” a language
for statistical computing and graphics, Version 4.3.1 (Core
Team, R: A language and environment for statistical
computing. 2024. The R Foundation). For descriptive statistics,
mean, standard deviation, median, interquartile range, and
range were calculated, until otherwise stated. Count data were
analyzed with a χ2-test. Group means were compared with
paired t test or unpaired t test with Welch correction, and
Holm’s alpha error adjustment was applied when needed.
Linear mixed effect regression models (LME) were used to
compare an outcome (eg, results from full-scale IQ-tests
[cSDS]) among 2 groups (eg, severe and attenuated phenotype)
at different points in time (eg, before and after LTx). Post-hoc
contrasts in LME were computed with estimated marginal
means using Kenward-Roger estimation of degrees of freedom
andHolm's alpha error adjustment method.We used R package
“lme4” version 1.1-35.1 and package “emmeans” version 1.8.6
to compute LME and post-hoc contrasts.
Results

Description of the study cohort

Overall, 356 individuals with mOTC-D, CTLN1, and ASA
were included in this analysis with 231 individuals (64.9%)
categorized as severe phenotype and 125 individuals
(35.1%) categorized as having an attenuated phenotype.
Within the severe phenotype category, 72 individuals
(31.1%) had undergone LTx. In the attenuated phenotype
category, 10 individuals (8.0%) had undergone LTx.
Detailed descriptive characteristics of subsequent analyses
are depicted in Supplemental Tables 1 and 2.

LTx is associated with long-term metabolic stability

To investigate whether LTx is an effective intervention to
alter the metabolic disease course, we studied the number of
HAEs per year of observation in both severe and attenuated
severity categories. Although both individuals with a severe
and attenuated phenotype who underwent LTx during their
disease course suffer more often from HAEs before LTx
compared with their medically managed counterparts (se-
vere phenotype before LTx: n = 56, mean HAEs: 3.06 vs
severe phenotype MM group: n = 99, mean HAEs: 0.57;
attenuated phenotype before LTx: n = 9, mean HAEs: 2.30
vs attenuated phenotype MM group: n = 63, mean HAEs:
0.33; each P < .05; Welch Two Sample t test), LTx was
associated with long-term metabolic stability after the
intervention (severe phenotype after LTx: n = 56, mean
HAEs: 0.00 vs severe phenotype MM group: n = 99, mean
HAEs: 0.57; attenuated phenotype after LTx: n = 9, mean
HAEs: 0.00 vs attenuated phenotype MM group: n = 63,
mean HAEs: 0.33; each P < .001; Welch Two Sample t
test). To study whether this effect also holds true for a
balanced observation period between both groups (LTx vs
MM), we calculated the mean age at LTx (severe pheno-
typic category: 3.1 years, attenuated phenotypic category:
4.8 years) and divided the MM cohort into a group before
and another group after the corresponding mean age at LTx.
Intriguingly, analyses revealed that for both severe and
attenuated phenotypic categories the number of HAEs
before LTx is higher in the LTx group than in the respective
MM group. Moreover, LTx was associated with sufficient
prevention of metabolic decompensations without any sub-
sequent HAEs after transplantation (Figure 2).
LTx is associated with a more favorable growth
outcome compared with individuals who received
MM

Recently, we have shown that individuals with UCDs are at
risk of progressive growth impairment that is directly
associated with phenotypic severity and could even be
independent from the degree of therapeutic protein

https://www.cdc.gov/growthcharts/cdc_charts.htm
https://www.cdc.gov/growthcharts/cdc_charts.htm


Figure 2 LTx is associated with a sustained metabolic stability without any HAEs after transplantation. A. Boxplot illustrating
number of HAEs for individuals with a severe phenotype receiving LTx (n = 56) or MM before (n = 35) and after (n = 64) the respective
mean age at transplantation. Data are shown as median (black thick line) and mean (triangle), length of the box corresponds to the inter-
quartile range (IQR), upper and lower whiskers correspond to max. 1.5 × IQR, each point represents an outlier. Welch Two Sample t test,
each P < .001. B. Boxplot illustrating number of HAEs for individuals with an attenuated phenotype receiving LTx (n = 9) or MM before
(n = 3) and after (n = 60) the respective mean age at transplantation. Data are shown in analogy to Figure 2A. Welch Two Sample t test, P =
.058 (for LTx vs MM before the respective mean age at transplantation), P < .001 (for LTx vs MM after the respective mean age at
transplantation). LTx, liver transplantation; MM, medical management; HAE(s), hyperammonemic event(s). For descriptive characteristics
see Supplemental Table 2.
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restriction.27 Thus, we assessed linear growth as reflected by
height z-scores in individuals who had undergone LTx
compared with MM in a severity-adjusted manner. In the
severe phenotype category, individuals under MM before
receiving a liver graft and those remaining under MM
exhibited comparable height z-scores at first observation
(mean height SDS: -0.68 LTx vs −0.74 MM; Figure 3).
However, although individuals under MM showed a decline
of linear growth until the end of the observation period
(mean height SDS: −1.31), LTx was associated with a trend
toward improved height SDS compared with the MM group
at the end of the observation period (mean height
SDS: −0.48 LTx vs −1.31 MM; P = .052; Welch Two
Sample t test; Figure 3). Interestingly, weight remained
unaffected and in a normal range independent from the
therapeutic intervention throughout the whole observation
period (Supplemental Figure 1). Comparative analysis of the
attenuated phenotype was not possible because of low data
density for this cohort.
LTx is not associated with reduced frequency of
motor abnormality compared with MM

Given the fact, that the neurological long-term outcome in
individuals with UCDs depends on the underlying disease
severity,20 we next investigated the effect of LTx in com-
parison with MM on the frequency of motor abnormalities.
Interestingly, the proportion with motor abnormalities did
not differ between individuals having undergone LTx and
those remaining under MM for both severe (P = .86; χ2-test)
and attenuated phenotypes (P = .31; χ2-test). Whereas
46.9% (n = 23/49) of individuals with a severe phenotype in
the LTx cohort exhibited motor abnormalities at last
observation, motor abnormality was present in 48.8% (n =
20/41) of individuals receiving MM. Comparable results
were obtained for the attenuated phenotype with presence of
motor abnormalities in 28.6% (n = 2/7) in the LTx and
13.7% (n = 7/51) in the MM cohort (Figure 4).
LTx—as currently performed—and long-term MM do
not differ with regard to the cognitive outcome

A previous analysis from the UCDC and E-IMD Consortia
Study Group suggested that timely LTx might improve
cognitive outcomes in individuals with UCDs. However,
those preliminary data were neither age-adjusted nor subject
to a severity-adjusted classification.14 We compared age-
and severity-adjusted individuals at last observation (severe
phenotypic category: LTx vs MM: P = .34 for age, Welch
Two Sample t test; attenuated phenotypic category: LTx vs
MM: P = .58 for age, Welch Two Sample t test) and found
that the cognitive outcome did not differ between LTx and
long-term MM neither in the severe phenotypic category
(mean cSDS for the LTx group: −2.2, mean cSDS for the
MM group: −2.2, P = 1.00, Welch Two Sample t test) nor
in the attenuated phenotypic category (mean cSDS for
the LTx group: −1.1, mean cSDS for the MM group: −0.5,
P = .61, Welch Two Sample t test). Overall, individuals



Figure 4 Motor abnormality is independent from the therapeutic in
Boxplot illustrating the presence and absence of motor abnormality for
shading corresponds to the presence, dark shading corresponds to the abs
n = 23/49; MM: n = 20/41; P = .86, χ2-test) and attenuated (LTx: n = 2/7
therapeutic intervention with regard to the presence of motor abnorma
descriptive characteristics see Supplemental Table 2.

Figure 3 LTx is associated with a more favorable growth
outcome when compared with individuals receiving MM.
Boxplot illustrating height SDS for individuals with a severe
phenotype at first observation (for liver-transplanted [n = 26] and
medically managed [n = 24] individuals), before LTx (for liver-
transplanted individuals [n = 26]) and at last observation (for
liver-transplanted [n = 26] and medically managed [n = 24] in-
dividuals). Mean observation periods between first and last
observation correspond to 6.71 years for liver-transplanted and
7.45 years for medically managed individuals. Whereas at first
observation, height SDS does not differ between the LTx and MM
group (P = .86), LTx is associated with a trend toward improved
height SDS at last observation when compared with the MM group
(P = .052). Data are shown as median (black thick line) and mean
(triangle), length of the box corresponds to the interquartile range
(IQR), upper and lower whiskers correspond to max. 1.5 × IQR,
and each point represents an outlier. LTx, liver transplantation;
MM, medical management. For descriptive characteristics see
Supplemental Table 2.
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with a severe phenotype suffer in mean from intellectual
disability, whereas those with an attenuated phenotype have
in mean normal cognitive function or learning disabilities
(Figure 5). Disease-specific analyses revealed analogous
results (Supplemental Figures 2-4).

Importantly, repetition of above depicted analyses with
NH4

+
max cutoff values corresponding to 75th centile (see

Materials and Methods) could confirm all presented results
with exception of the trend toward improved height SDS
associated with LTx in comparison with the MM group at
the end of the observation period.
Discussion

Based on a recently established genotype-specific severity
classification system for UCDs, we were able to stratify
individuals with mOTC-D, CTLN1, and ASA according
to the underlying functional disease burden and thus to
perform a comparative analysis of the effect of LTx
compared with MM on metabolic stability, growth, and
neurocognitive outcomes. The present analysis reveals 4
main results: (1) LTx enables sustained metabolic stability
with efficient prevention of any subsequent HAEs after
transplantation. (2) LTx is associated with a more favor-
able growth outcome compared with individuals remain-
ing under MM. However, (3) LTx is not associated with
reduced frequency of motor abnormality, (4) nor is it
associated with an altered cognitive long-term outcome
when compared with MM.
tervention but is determined by the underlying disease severity.
individuals with a severe (A) or attenuated (B) phenotype. Bright
ence of motor abnormalities at last observation. Both severe (LTx:
; MM: n = 7/51; P = .31, χ2-test) phenotypes are unaffected by the
lities. LTx, liver transplantation; MM, medical management. For



Figure 5 LTx and long-term MM do not differ with regard to the cognitive outcome. A. Boxplot depicting cognitive SDS at last
follow-up testing for age-adjusted individuals with a severe phenotype receiving LTx (n = 37) or MM (n = 34). Data are shown as median
(black thick line) and mean (triangle), length of the box corresponds to the interquartile range (IQR), upper and lower whiskers correspond to
max. 1.5 × IQR, and each point represents an outlier. Welch Two Sample t test, P = 1.00. B. Boxplot depicting cognitive SDS at last follow-
up testing for age-adjusted individuals with an attenuated phenotype receiving LTx (n = 3) or MM (n = 53). Data are shown in analogy to
Figure 5A. Welch Two Sample t test, P = .61. LTx, liver transplantation; MM, medical management. For descriptive characteristics see
Supplemental Table 2.
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Quality of data analysis strategy

Previous analyses aiming to evaluate the impact of LTx on
the health-related outcomes in individuals with UCDs often
faced the challenge of using categorical instead of numerical
(cognitive) variables, and limitations both in sample size and
intra-individual reassessment. Moreover, methodological
challenges regarding age and especially severity adjust-
ment—recently carried out by arbitrary clinical, biochem-
ical, or mathematical classification systems—resulted in the
unavailability of a long-term medically managed group
of comparable severity for systematic comparative ana-
lyses.12-14,16 By establishment of 3 disease prediction
models based on the genotypes for mOTC-D, CTLN1, and
ASA and by identifying cutoff values for severe and
attenuated phenotypes,17-19 we were able to establish a
novel severity-adjusted classification system reflecting the
intrinsic disease burden that served as pivotal tool for the
establishment of a validated severity-adjusted control group
that was medically managed and comparable to individuals
who received a liver graft. Furthermore, longitudinal data
from the UCDC and E-IMD Consortia Study Group enabled
analysis of a relevant number of age-adjusted individuals
with numerical (cognitive) outcome parameters, longitudi-
nally and individually reassessed, if possible. This research
strategy allowed to reliably assess the health-related
outcome parameters.
From bench to bedside and back—clues for disease
modifiers with regard to number of HAEs alongside
the disease course

The effect of LTx on the metabolic disease course has been
extensively investigated in individuals with UCDs with
unequivocal and conclusive results showing that LTx leads
to sustained metabolic stability with efficient prevention of
recurrent hyperammonemic decompensations without need
of further protein restriction or nitrogen-scavenger therapy
after transplantation.4,8-10,13,16 This study confirms those
results. However, equal observation periods applying the
mean age at transplantation for dividing the MM group in
respective cohorts before and after transplantation revealed
that individuals receiving a liver graft during the disease
course exhibited a higher number of HAEs before trans-
plantation in comparison with individuals remaining under
long-term MM independent from the underlying phenotypic
severity. Given the fact, that individuals within a severity
group (severe or attenuated) in general are confronted with
an equal number of HAEs as shown by post-hoc analysis,
the present results imply that in a specific subset of in-
dividuals (ie, receiving a liver graft) the number of HAEs is
not associated with the degree of enzymatic dysfunction
but is rather determined by additional modifying patho-
mechanistic factors making those individuals prone to
metabolic decompensations (eg, during catabolism).



8 R. Posset et al.
Future research is needed to identify those (potentially
genetic) disease modifiers, eg, by exome, transcriptome,
or proteome analyses, in order to evaluate whether those
can be therapeutically addressed at all (before a potential
transplantation).

LTx is associated with a more favorable growth
outcome when compared with individuals who
underwent long-term MM

Recently, it was shown that individuals with UCDs under
medical long-term therapy suffer from relevant postnatal
linear growth retardation, which was independent from the
degree of therapeutic protein restriction but was associated
with the underlying phenotypic severity.27 Moreover,
reduced to borderline-low plasma branched-chain amino
acid (BCAA) concentrations were observed in those in-
dividuals that are prone to postnatal growth impairment.27

Reduced BCAA concentrations are a biochemical hall-
mark in acute and/or chronic hyperammonemic conditions
and maintaining stable plasma BCAA concentrations is
crucial to stimulate growth.28,29 Furthermore, therapy with
sodium phenylbutyrate is also associated with decreased
plasma BCAA concentrations.30 Previous data suggest that
LTx appears to have a beneficial effect on growth and is
associated with normal plasma BCAA concentrations by
prevention of recurrent or chronic hyperammonemic con-
ditions after transplantation.24 However, the effect of LTx
on postnatal growth was not yet compared with a medically
managed and severity-adjusted control cohort. The current
analysis reveals that LTx is associated with a more favorable
postnatal growth compared with individuals otherwise
receiving MM, which was already evident after an obser-
vation period of only 7 years. This positive effect of LTx on
postnatal linear growth might be (partially) explained by the
normalization of BCAA concentrations after LTx24 because
normalization of plasma ammonium concentration (after
LTx) stops enhanced consumption of BCAAs via increased
propionate oxidation to supply the tricarboxylic acid cycle
with carbon backbones otherwise present under acute and
chronic hyperammonemic conditions.31-35 Moreover,
cessation of nitrogen scavenging therapy (ie, especially so-
dium phenylbutyrate) after LTx might add on the normali-
zation of BCAA concentrations. Importantly, LTx is not
only associated with cessation of postnatal linear growth
impairment but is also associated with the maintenance of
growth parameters within the normal range.

LTx—as currently performed—and long-term MM do
not differ with regard to the neurocognitive
outcome as reflected by cSDS

This study reveals that LTx (currently performed at a mean
age of 3.1 year for the severe phenotypic category and 4.8
years for the attenuated phenotypic category) was not
associated with better neurocognitive outcomes in compar-
ison with MM as reflected by the unaltered frequency of
motor abnormality and cognitive SDS at last observation.
These results are consistent with recently reported data from
a questionnaire-based nationwide study from Japan, which
could not find a difference in cognitive outcome in in-
dividuals with UCDs affected by a severe neonatal disease
manifestation, and with a Patient-Centered Outcome
Research Institute study from the US.15,16 However, previ-
ous analyses implied a positive effect of LTx on the
cognitive outcome, but data were neither appropriately
severity- nor age-adjusted and relied on categorical vari-
ables, which might have introduced bias into those in-
vestigations.7,11-14

The observation of unaltered cognitive outcome might be
caused by the long-term deleterious impact of hyper-
ammonemic encephalopathy at initial disease manifestation,
which usually is the most severe hyperammonemic
decompensation during the disease course. Neurocognitive
impairment might therefore be a long-term sequelae of
NH4

+
max and/or subsequent metabolic decompensations that

might not be sufficiently altered by any of the currently
applicable therapeutic strategies. Moreover, cytosolic UCDs
(ie, CTLN1 and ASA) are characterized by a neurodegen-
erative disease course with progressive cognitive decline in
a subset of individuals. In this regard, it was recently shown
that individuals with CTLN1 and ASA may exhibit cogni-
tive impairment independent from the initial NH4

+
max,

14

implying additional pathomechanisms underlying cognitive
dysfunction, such as neurotoxicity of argininosuccinic acid
and guanidinosuccinic acid in ASA.36,37 Recently, ASL was
shown to be expressed in the locus coeruleus and dopami-
nergic neurons of the substantia nigra of the mammalian
CNS with key functions in the regulation of catecholamine
synthesis.38,39 Tissue-specific ASL deficiency in the locus
coeruleus is associated with reduced tyrosine hydroxylase
activity with consecutively diminished catecholamine syn-
thesis causing increased seizure reactivity.38 Moreover, loss
of ASL in ALDH1A1+ neurons of the substantia nigra, a
subpopulation that is pivotal for the pathogenesis of Par-
kinson disease, resulted in the formation of tyrosine aggre-
gates and elevated alpha-synuclein levels.39 Intriguingly,
ASS1, the deficient enzyme in CTLN1, has been identified
to exert RNA-binding properties involved in post-
transcriptional gene regulation; thus, pathogenic variants
in the ASS1 gene could potentially interfere with RNA
metabolism.40 Those cerebral ammonia-independent patho-
mechanisms contributing to the neurodegenerative disease
course in cytosolic UCDs are likely not addressed by LTx,
which might provide an additional explanation for the un-
altered neurocognitive outcome despite prevention of sub-
sequent hyperammonemic episodes after transplantation.

Whether LTx at the earliest (technically) possible time
point might improve the neurocognitive outcome by
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prevention of neurological sequelae of recurrent hyper-
ammonemic decompensations during the most vulnerable
phase in brain development needs to be elucidated in future
research.

Limitations and directions for future research

This study has some inherent limitations. First, the effect of
LTx on mortality rates in mOTC-D, CTLN1, and ASA
could not be investigated because of the low number of
deceased individuals in the study sample. Moreover,
because of the lack of appropriate disease prediction models,
further UCD subtypes could not yet be included in this
analysis. Second, systematic longitudinal studies involving
cerebral MRI are indispensable to assess the long-term ef-
fect of LTx on further outcome parameters, such as
morphological signs of brain damage or spectroscopic al-
terations in vivo. Furthermore, the lack of important cova-
riates, such as availability of medical care, varying
medication protocols, or adherence to dietary management,
which could not be assessed in this study might have had an
impact on overall outcomes. Importantly, it was not the aim
of this study to evaluate intervention-related outcome (sur-
vival rates relating to the transplantation intervention, fre-
quency of graft failure, complications, etc.) or quality of life.
Moreover, important covariates such as presence, duration,
and severity of coma during metabolic decompensation(s),
as well as epilepsy, could not be included in this study
because of low data density and quality of entered data el-
ements in both registries. Their potential association with
the underlying phenotypic severity and effect on the
cognitive outcome remain a subject of future research
optimally performed in the context of prospective clinical
trials. In perspective, future analyses will be able to replace
NH4

+
max as surrogate parameter for residual enzymatic ac-

tivity once genetic testing is carried out for all individuals
with UCDs followed by determination of residual enzymatic
activity.

Conclusion

This age- and severity-adjusted comparative evaluation of
LTx vs MM for the 3 most prevalent UCDs, ie, mOTC-D,
CTLN1, and ASA, shows that LTx is associated with sus-
tained metabolic stability without occurrence of any meta-
bolic decompensations after transplantation. Interestingly,
results imply additional disease modifiers leading to a higher
number of HAEs for individuals receiving a liver graft
before the intervention when compared with medically
managed counterparts. LTx is associated with a more
favorable growth outcome when compared with individuals
under long-term MM. However, LTx —as currently per-
formed— and long-term MM do not differ with regard to
the neurocognitive outcome.
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