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Liver transplantation (LT) for children with urea cycle disorders (UCDs) is capable of correcting the enzymatic defect and 
preventing progressive neurologic injury. We describe the characteristics and outcomes of pediatric LT recipients with UCDs. 
We identified all pediatric (<18 years) LT candidates with UCDs in the United Network for Organ Sharing (UNOS) database 
(February 2002 to September 2020). Multivariable Cox and logistic regression were used to determine risk factors for graft 
loss and cognitive delay, respectively. Of 424 patients, 1.9% (8/424) experienced waitlist mortality and 95.0% underwent LT 
(403/424). The most frequently encountered UCDs in our cohort were ornithine transcarbamylase deficiency (46.2%), citrul-
linemia (20.3%), and argininosuccinic aciduria (ASA; 12.9%). The 1- , 3- , and 5- year graft survival rates were 90.4%, 86.3%, 
and 85.2%, respectively. Multivariable analysis showed a decreased risk of graft loss with increasing weight at LT (adjusted 
hazard ratio [aHR], 0.96; 95% confidence interval [CI], 0.94- 0.99; P =  0.02), male sex (aHR, 0.49; 95% CI, 0.28- 0.85; 
P = 0.01), and ASA diagnosis (aHR, 0.29; 95% CI, 0.09- 0.98; P = 0.047), when adjusting for location (intensive care/hospi-
tal/home) and graft type (both P ≥ 0.65). In multivariable logistic regression, waitlist time (adjusted odds ratio [aOR], 1.10; 
95% CI, 1.02- 1.17; P = 0.009) and male sex (aOR, 1.71; 95% CI, 1.02- 2.88; P = 0.04) were associated with increased odds of 
long- term cognitive delay. Waitlist duration is associated with a long- term risk of cognitive delay. Given excellent long- term 
outcomes, early LT evaluation should be considered in all children with UCDs to prevent progressive neurologic injury and 
optimize cognitive outcomes.
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The urea cycle is the primary biochemical pathway for 
the detoxification of nitrogenous waste and the synthe-
sis of arginine. Urea cycle disorders (UCDs) arise from 
defects in enzymes or transporters in this pathway and 
can present with life- threatening metabolic decom-
pensation manifesting as cerebral edema, seizures, or 
multiorgan failure.(1) UCDs include deficiencies of 

the enzymes carbamoyl phosphate synthetase (CPS), 
ornithine transcarbamylase (OTC), argininosucci-
nate synthetase (ASS; also known as citrullinemia), 
argininosuccinate lyase (also known as argininosuc-
cinic aciduria [ASA]), and arginase (ARG), as well 
as deficiencies of N- acetylglutamate synthase and 
the mitochondrial ornithine/citrulline antiporter, 
causing the hyperornithinemia- hyperammonemia- 
homocitrullinuria syndrome.(1) The typical presen-
tation is in early infancy with increased ammonia 
levels and encephalopathy, the severity of which ranges 
from minor symptomatology to fatal neonatal hyper-
ammonemia.(2) The goal of medical management in 
patients with UCDs is to normalize ammonia levels 
by reducing protein intake, using alternate pathway 
ammonia scavenging therapies, and providing dialysis 
for refractory cases to minimize the risk of irreversible 

ZiOgas et al.

Abbreviations: aHR, adjusted hazard ratio; aOR, adjusted odds 
ratio; ARG, arginase; ASA, argininosuccinic aciduria; ASS, 
argininosuccinate synthetase; CI, confidence interval; CPS, carbamoyl 
phosphate synthetase; HR, hazard ratio; IQR, interquartile range; LT, 
liver transplantation; MELD, Model for End- Stage Liver Disease; 
NA, not applicable; OPTN, Organ Procurement and Transplantation 
Network; OR, odds ratio; OTC, ornithine transcarbamylase; PELD, 
Pediatric End- Stage Liver Disease; UCD, urea cycle disorder; UNOS, 
United Network for Organ Sharing.

https://orcid.org/0000-0002-6742-6909
mailto:


ZiOgas et al. liver transplantatiOn,  December 2021

1800 | Original article

neurologic injury.(3) Liver transplantation (LT) can 
effectively replace the deficient enzyme and has 
emerged as the only potential cure.

The primary indication for LT in patients with 
UCDs is to prevent neurocognitive impairment result-
ing from hyperammonemia. The limited number of 
LTs performed by any single center for UCDs has lim-
ited the opportunity to examine factors associated with 
post- LT survival and neurologic injury using a large 
contemporary sample. Thus, we aimed to describe the 
clinical characteristics, waitlist and post- LT survival, 
and developmental outcomes in children with UCDs 
using national transplant registry data.

Patients and Methods
Data sOUrce, patient 
iDentiFicatiOn, Data 
encODing
The United Network for Organ Sharing (UNOS) 
database administers the Organ Procurement and 
Transplantation Network (OPTN) under contract 

with the US Department of Health and Human 
Services. This database contains data on all transplant 
candidates undergoing listing for solid organ trans-
plantation in the United States since October 1987.

Patient pretransplant, transplant, and follow- up data 
were obtained from the UNOS Standard Transplant 
Analysis and Research data file (released on September 
4, 2020). In this retrospective cohort study, we included 
all pediatric (<18 years) patients with UCDs listed for 
a first isolated LT (not multiorgan) between February 
27, 2002, and September 4, 2020 in the United States. 
To avoid bias by intrapatient correlation, when patients 
had multiple listings, only the most recent listing of 
each patient for a first isolated LT within the study 
period was used in the analysis. The diagnosis of any 
UCD was determined via free text searches in the free 
text diagnosis field of UNOS, looking for any of the 
following word fragments to avoid missing patients due 
to typographical errors: “ucd”, “urea”, “cycle”, “ornith”, 
“ornithine”, “ornithine transcarbamylase deficiency”, 
“omithine transcarbamylase deficiency”, “transcarb”, 
“otc”, “oct”, “cps”, “csp”, “carbamyl”, “carabamyl”, “car-
bamoyl”, “carabamoyl”, “citr”, “cirt”, “asa”, “asl”, “als”, 
“acet”, “arg”, and “agr”. In addition, we examined the 
free text diagnosis field of UNOS for each patient with 
a code of “4315 –  LI: METDIS: OTHER SPECIFY” 
to identify potentially missed children with a UCD 
diagnosis.

Cognitive and motor delay/impairment are coded 
based on follow- up questionnaires as (1) definite, (2) 
probable, (3) questionable, and (4) no delay in UNOS 
(Supporting Information). We determined the cogni-
tive and motor delay/impairment status of each patient 
at initial and last posttransplant follow- up according 
to the availability of data. Patients were considered to 
have a deteriorated versus same or improved cognitive 
or motor development status according to the change 
between initial and last posttransplant follow- up.

statistical analYsis
Continuous variables were presented as medians with 
interquartile ranges (IQRs) and categorical variables 
as frequencies and percentages. Between- group dif-
ferences were determined using the Mann- Whitney 
U or Kruskal- Wallis test for continuous variables and 
the chi- square or Fisher’s exact test for categorical 
variables, as appropriate. For the waitlist outcomes 
analysis, there are 2 competing risks/outcomes: (1) 
death/delisting due to being too sick, which was 
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defined as waitlist mortality and was the main risk/
outcome of interest; (2) LT, which was the compet-
ing risk/outcome. Patients who were removed from 
the waiting list for other reasons or who were still 
on the waiting list by the date of the last follow- up 
were censored. Survival was measured from the date 
of listing for LT until the date of removal from the 
waiting list for any reason or until the date of the last 
follow- up.(4) Posttransplant patient and graft survival 
were defined as the duration from the date of LT to 
the date of last patient contact or patient death/graft 
loss, respectively. The Kaplan- Meier method was 
used to determine the 1- , 3- , and 5- year patient and 
graft survival rates. The log- rank test was used to as-
sess differences in posttransplant patient/graft sur-
vival. Age groups (<1, ≥1- 5, ≥5- 12, and ≥12 years) 
and weight groups (<10, ≥10- 20, and ≥20 kg) were 
generated with cutoffs based on clinical practice for 
univariable comparisons of patient/graft survival. 
Retransplantation rate was defined as the number of 
retransplants divided by the number of graft losses. 
Cox proportional hazards regression models were 
also fitted to estimate the hazard ratio (HR) and 95% 
confidence interval (CI) and to identify risk factors of 
patient mortality and graft loss. Multivariable logis-
tic regression models were also fitted to identify risk 
factors of definite cognitive and motor impairment 
at the last posttransplant follow- up. The variables 
incorporated in the multivariable models were pre-
specified to avoid the inferential limitations around 
selecting covariates for multivariable analysis based 
on stepwise procedures or univariable comparisons.(5) 
Cohort development and statistical analyses were 
performed using Stata/IC (version 16.0; StataCorp., 
College Station, TX).

Results
Waitlist cOHOrt
A total of 424 patients with UCDs listed for a first 
LT were identified. The crude waitlist mortality rate 
was 1.9% (8/424). The majority of children underwent 
LT (403/424, 95.0%) after a median waitlist time of 
71 (IQR, 36- 152.5) days. The median age was less 
than 1 (IQR, 0- 4) years, and the median laboratory 
Model for End- Stage Liver Disease/Pediatric End- 
Stage Liver Disease (MELD/PELD) score was −3.5 
(IQR, −6 to 1). The majority of children were male 
(64.2%), and the most common diagnosis was OTC 

(46.5%), followed by ASS/citrullinemia (20.1%). No 
patient underwent LT for N- acetylglutamate syn-
thase or for hyperornithinemia- hyperammonemia- 
homocitrullinuria syndrome. Encephalopathy was 
present in 20.0%, and preoperative mechanical assis-
tance was required in 2.6%. All characteristics for the 
waitlisted patients are presented in Table 1.

transplant cOHOrt
Between February 27, 2002, and September 4, 2020, 
8384 isolated first LTs (not multiorgan) were per-
formed in children (age < 18  years) in the United 
States, of which 403 (4.8%) were performed for UCDs. 
The median age at LT was 1 (IQR, 0- 4) year. Children 
with OTC, CPS, ASS, or UCD not otherwise speci-
fied were transplanted at a younger age compared with 
those with ASA or ARG (P < 0.001). A greater pro-
portion of patients transplanted for OTC and ARG 
were male, while the proportion of males to females 
was similar for other UCDs (P < 0.001). The median 
laboratory MELD/PELD score at LT was −2 (IQR, 
−6 to 3) without any statistically significant between- 
group differences. Status 1 exception was assigned to 
35 (8.7%) and Status 1b exception to 250 (62.0%) re-
cipients. All characteristics of the transplanted patients 
are presented in Table 2.

pOsttransplant OUtcOMes
The 1- , 3- , and 5- year benchmark point estimates 
of unadjusted cumulative patient and graft survival 
after LT for all 403 children with UCDs were 97.3%, 
95.9%, 94.7%, and 90.4%, 86.3%, 85.2%, respectively 
(Table  3). No difference in unadjusted patient and 
graft survival was identified between the 4 age groups 
(no deaths for children aged ≥ 5  years; Fig.  1A,B). 
Children in the highest weight group demonstrated 
superior patient and graft survival compared with 
those in the lower weight groups (no deaths for chil-
dren weighing ≥20 kg; Fig. 1C,D). A total of 64 of the 
403 LT recipients experienced graft loss, resulting in 
24 deaths and 40 retransplants. No differences between 
weight groups were identified in terms of retransplan-
tation rates (<10 kg: 21/35 [60.0%] versus ≥10- 20 kg: 
12/22 [54.5%] versus ≥20 kg: 7/7 [100.0%]; P = 0.08). 
Univariable and multivariable Cox regression analy-
ses of risk factors for patient mortality and graft loss 
are presented in Table 4. Age was not included in the 
multivariable models due to collinearity with weight. 
In multivariable analysis, increasing weight at LT was 
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taBle 1. characteristics of the Waitlisted patients

Variable* n
Censored 
(n = 13)

Death/Delisting 
for Being Too Sick 

(n = 8)

Liver 
Transplantation 

(n = 403) Total (n = 424) P Value

Age, years 424 4.0 (1.0- 15.0) 0.0 (0.0- 1.0) 0.0 (0.0- 4.0) 0.0 (0.0- 4.0) 0.03

Waitlist time, days 424 378.0 (77.0- 625.0) 225.0 (124.0- 390.0) 68.0 (36.0- 137.0) 71.0 (36.0- 152.5) <0.001

Sex 424 0.10

Female 5 (38.5) 0 (0.0) 147 (36.5) 152 (35.9)

Male 8 (61.5) 8 (100.0) 256 (63.5) 272 (64.2)

Diagnosis 424 0.02

OTC 9 (69.2) 2 (25.0) 186 (46.2) 197 (46.5)

CPS 0 (0.0) 3 (37.5) 36 (8.9) 39 (9.2)

ASS/citrullinemia 3 (23.1) 0 (0.0) 82 (20.4) 85 (20.1)

ASA 0 (0.0) 0 (0.0) 52 (12.9) 52 (12.3)

ARG 1 (7.7) 0 (0.0) 8 (2.0) 9 (2.1)

Not otherwise specified 0 (0.0) 3 (37.5) 39 (9.7) 42 (9.9)

Ethnicity 424 0.10

White 7 (53.9) 2 (25.0) 247 (61.3) 256 (60.4)

Black 1 (7.7) 4 (50.0) 40 (9.9) 45 (10.6)

Hispanic 3 (23.1) 2 (25.0) 75 (18.6) 80 (18.9)

Asian 1 (7.7) 0 (0.0) 32 (7.9) 33 (7.8)

American Indian/Alaska Native 0 (0.0) 0 (0.0) 1 (0.3) 1 (0.2)

Native Hawaiian/Other Pacific 
Islander

0 (0.0) 0 (0.0) 2 (0.5) 2 (0.5)

Multiracial 1 (7.7) 0 (0.0) 6 (1.5) 7 (1.7)

Blood group 424 0.66

A 2 (15.4) 3 (37.5) 143 (35.5) 148 (34.9)

AB 0 (0.0) 0 (0.0) 17 (4.2) 17 (4.0)

B 1 (7.7) 1 (12.5) 50 (12.4) 52 (12.3)

O 10 (76.9) 4 (50.0) 193 (47.9) 207 (48.8)

Height, cm 424 102.6 (75.4- 152.5) 70.2 (60.0- 79.2) 73.1 (61.0- 99.1) 73.6 (61.0- 99.6) 0.04

Weight, kg 424 16.4 (11.3- 45.0) 7.7 (6.4- 9.3) 9.7 (6.4- 17.0) 9.7 (6.5- 17.1) 0.01

Body mass index, kg/m2 423 19.0 (16.5- 20.6) 17.3 (14.9- 19.5) 17.6 (16.0- 19.5) 17.6 (16.0- 19.5) 0.41

Laboratory MELD/PELD score 424 6.0 (−5.0 to 10.0) −3.0 (−4.0 to −1.5) −4.0 (−6.0 to 1.0) −3.5 (−6.0 to 1.0) 0.24

Albumin, g/dL 424 3.9 (3.7- 4.0) 3.2 (2.9- 3.8) 3.6 (3.1- 4.0) 3.6 (3.1- 4.0) 0.17

Total bilirubin, mg/dL 424 0.3 (0.2- 0.4) 0.3 (0.2- 0.3) 0.3 (0.2- 0.5) 0.3 (0.2- 0.5) 0.76

International normalized ratio 424 1.0 (1.0- 1.2) 1.0 (0.9- 1.1) 1.1 (1.0- 1.2) 1.1 (1.0- 1.2) 0.25

Serum creatinine, mg/dL 394 0.3 (0.2- 0.5) 0.2 (0.2- 0.3) 0.3 (0.2- 0.4) 0.3 (0.2- 0.4) 0.40

Serum sodium, mEq/L 377 140.0 (138.5- 141.5) 137.5 (136.0- 143.0) 140.0 (138.0- 141.0) 140.0 (138.0- 141.0) 0.65

Ascites 265 0.40

No 11 (91.7) 4 (100.0) 242 (97.2) 257 (97.0)

Yes 1 (8.3) 0 (0.0) 7 (2.8) 8 (3.0)

Encephalopathy 265 0.03

No 9 (75.0) 1 (25.0) 202 (81.1) 212 (80.0)

Yes 3 (25.0) 3 (75.0) 47 (18.9) 53 (20.0)

Portal vein thrombosis 417 0.14

No 12 (92.3) 8 (100.0) 394 (99.5) 414 (99.3)

Yes 1 (7.7) 0 (0.0) 2 (0.5) 3 (0.7)

Dialysis within prior week 387 >0.99

No 13 (100.0) 8 (100.0) 361 (98.6) 382 (98.7)

Yes 0 (0.0) 0 (0.0) 5 (1.4) 5 (1.3)
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associated with a decreased risk of patient mortality (ad-
justed HR [aHR], 0.90; 95% CI, 0.81- 0.99; P = 0.03) 
when adjusting for sex, UCD diagnosis, location at LT, 
and graft type (all P ≥ 0.06). Increasing weight at LT 
(aHR, 0.96; 95% CI, 0.94- 0.99; P = 0.02), male sex 
(aHR, 0.49; 95% CI, 0.28- 0.85; P = 0.01), and ASA 
diagnosis (aHR, 0.29; 95% CI, 0.09- 0.98; P = 0.047) 
were associated with a decreased risk of graft loss when 
adjusting for hospitalization at the time of LT and 
graft type (both P ≥ 0.65). Repeat analyses including 
age instead of weight in the multivariable models led to 
similar results and conclusions.

cOgnitive anD MOtOr DelaY/
iMpairMent
At a median initial post- LT follow- up of 6.2 (IQR, 
5.6- 7.5) months, 27.8% (70/252) of children had defi-
nite cognitive delay, while at last post- LT follow- up 
(median, 83.7; IQR, 40.1- 132.6  months) 39.3% 
(125/318) of children had cognitive delay (Fig. 2A). A 
total of 233 children had available cognitive develop-
ment data at both initial and last post- LT follow- up 
(median interval, 56.2; IQR, 22.0- 95.4 months). The 
post- LT cognitive status deteriorated over time in 60 
(25.8%) children, whereas it remained the same or 
improved in 173 (74.2%) (Fig.  2A). Children whose 
cognitive status deteriorated were younger at the time 
of LT compared with those whose cognitive status re-
mained the same or improved (median, 1 year [IQR, 
0- 2] versus 1 year [IQR, 0- 5]; P = 0.006).

At a median initial post- LT follow- up of 6.2 (IQR, 
5.6- 7.4) months, 22.5% (58/258) of children had defi-
nite motor delay, whereas at last post- LT follow- up 
(median, 83.2; IQR, 40.1- 130.8  months), 20.4% 
(65/318) of children had motor delay (Fig.  2B). A 
total of 235 children had available motor development 
data at both initial and last post- LT follow- up (median 
interval, 56.2; IQR, 21.2- 95.4  months). The motor 

status deteriorated in 32 (13.6%) children, whereas 
it remained the same or improved in 203 (86.4%; 
Fig.  2B). Children whose motor status deteriorated 
were transplanted younger than those whose motor sta-
tus remained the same or improved (median, 0.5 year 
[IQR, 0- 1.5] versus 1 year [IQR, 0- 5]; P = 0.049).

In multivariable logistic regression for cognitive 
delay (Table 5), increasing waitlist time (adjusted odds 
ratio [aOR], 1.10; 95% CI, 1.02- 1.17; P = 0.009) and 
male sex (aOR, 1.71; 95% CI, 1.02- 2.88; P  =  0.04) 
were associated with increased odds of having cogni-
tive delay at last post- LT follow- up. Recipient weight, 
UCD diagnosis, location at LT, and post- LT length 
of hospital stay were not independently associated 
with cognitive delay at last post- LT follow- up (all 
P ≥ 0.20). In multivariable logistic regression for motor 
delay (Table 5), none of the parameters included in the 
model were independently associated with motor delay 
at last post- LT follow- up (all P ≥ 0.11).

Discussion
LT for UCDs constitutes <5% of all pediatric LTs 
performed in the United States. In this population, 
the goal of LT is to minimize the risks of recurrent 
hyperammonemic crises and progressive neurologic 
injury. Although LT can correct the hepatic enzyme 
defect and prevent post- LT hyperammonemia,(6) the 
historical morbidity and mortality risks associated with 
LT and long- term immunosuppression have often led 
to a preference for medical management.(7) However, 
improvements in both surgical technique and immu-
nosuppression management have resulted in excellent 
long- term survival after pediatric LT,(8) thus raising the 
question of whether LT should be considered earlier 
in the treatment of patients with UCDs. In this study, 
we examined waitlist mortality and post- LT survival 
and neurologic development in children with different 

Variable* n
Censored 
(n = 13)

Death/Delisting 
for Being Too Sick 

(n = 8)

Liver 
Transplantation 

(n = 403) Total (n = 424) P Value

Mechanically assisted 424 >0.99

No 13 (100.0) 8 (100.0) 392 (97.3) 413 (97.4)
Yes 0 (0.0) 0 (0.0) 11 (2.7) 11 (2.6)

*All variables refer to values at the time of listing for liver transplantation. Presented as median (IQR) for continuous variables and fre-
quency (percentage) for categorical variables.

taBle 1. Continued



ZiOgas et al. liver transplantatiOn,  December 2021

1804 | Original article

ta
B

le
 2

. 
c

ha
ra

ct
er

ist
ic

s f
or

 th
e 

tr
an

sp
la

nt
ed

 p
at

ie
nt

s

Va
ria

bl
e*

n
OT

C 
(n

 =
 1

86
)

CP
S 

(n
 =

 3
6)

AS
S/

ci
tru

lli
ne

m
ia

 
(n

 =
 8

2)
AS

A 
(n

 =
 5

2)
AR

G
 (n

 =
 8

)
No

t o
th

er
w

is
e 

sp
ec

ifi
ed

 (n
 =

 3
9)

Al
l U

CD
 (n

 =
 4

03
)

P 
Va

lu
e

Ag
e,

 ye
ar

s
40

3
0.

0 
(0

.0
- 4

.0
)

0.
0 

(0
.0

- 1
.0

)
1.

0 
(0

.0
- 4

.0
)

2.
0 

(1
.0

- 6
.0

)
5.

0 
(1

.5
- 1

3.
0)

1.
0 

(0
.0

- 4
.0

)
1.

0 
(0

.0
- 4

.0
)

<
0.

00
1

W
ai

tli
st

 ti
m

e,
 d

ay
s

40
3

67
.0

 (3
6.

0-
 12

1.
0)

65
.5

 (3
2.

5-
 16

1.
0)

81
.5

 (3
5.

0-
 15

7.
0)

79
.5

 (3
7.

5-
 17

3.
0)

75
.5

 (3
1.

5-
 11

2.
0)

69
.0

 (3
2.

0-
 15

1.
0)

68
.0

 (3
6.

0-
 13

7.
0)

0.
95

Se
x

40
3

<
0.

00
1

Fe
m

al
e

44
 (2

3.
7)

17
 (4

7.
2)

41
 (5

0.
0)

26
 (5

0.
0)

2 
(2

5.
0)

17
 (4

3.
6)

14
7 

(3
6.

5)

M
al

e
14

2 
(7

6.
3)

19
 (5

2.
8)

41
 (5

0.
0)

26
 (5

0.
0)

6 
(7

5.
0)

22
 (5

6.
4)

25
6 

(6
3.

5)

Et
hn

ic
ity

40
3

0.
00

1

W
hi

te
10

6 
(5

7.
0)

20
 (5

5.
6)

54
 (6

5.
9)

40
 (7

6.
9)

2 
(2

5.
0)

25
 (6

4.
1)

24
7 

(6
1.

3)

Bl
ac

k
22

 (1
1.

8)
4 

(1
1.

1)
6 

(7
.3

)
1 

(1
.9

)
0 

(0
.0

)
7 

(1
8.

0)
40

 (9
.9

)

Hi
sp

an
ic

44
 (2

3.
7)

6 
(1

6.
7)

11
 (1

3.
4)

3 
(5

.8
)

6 
(7

5.
0)

5 
(1

2.
8)

75
 (1

8.
6)

As
ia

n
10

 (5
.4

)
4 

(1
1.

1)
9 

(1
1.

0)
7 

(1
3.

5)
0 

(0
.0

)
2 

(5
.1

)
32

 (7
.9

)

Am
er

ic
an

 In
di

an
/

Al
as

ka
 N

at
ive

0 
(0

.0
)

1 
(2

.8
)

0 
(0

.0
)

0 
(0

.0
)

0 
(0

.0
)

0 
(0

.0
)

1 
(0

.3
)

Na
tiv

e 
Ha

w
ai

ia
n/

O
th

er
 P

ac
ifi

c 
Is

la
nd

er

0 
(0

.0
)

1 
(2

.8
)

1 
(1

.2
)

0 
(0

.0
)

0 
(0

.0
)

0 
(0

.0
)

2 
(0

.5
)

M
ul

tir
ac

ia
l

4 
(2

.2
)

0 
(0

.0
)

1 
(1

.2
)

1 
(1

.9
)

0 
(0

.0
)

0 
(0

.0
)

6 
(1

.5
)

Bl
oo

d 
gr

ou
p

40
3

0.
61

A
65

 (3
5.

0)
12

 (3
3.

3)
28

 (3
4.

2)
24

 (4
6.

2)
2 

(2
5.

0)
12

 (3
0.

8)
14

3 
(3

5.
5)

AB
4 

(2
.2

)
1 

(2
.8

)
6 

(7
.3

)
3 

(5
.8

)
1 

(1
2.

5)
2 

(5
.1

)
17

 (4
.2

)

B
24

 (1
2.

9)
7 

(1
9.

4)
9 

(1
1.

0)
4 

(7
.7

)
0 

(0
.0

)
6 

(1
5.

4)
50

 (1
2.

4)

O
93

 (5
0.

0)
16

 (4
4.

4)
39

 (4
7.

6)
21

 (4
0.

4)
5 

(6
2.

5)
19

 (4
8.

7)
19

3  
(4

7.
9)

He
ig

ht
, c

m
40

3
73

.6
 (6

7.
0-

 97
.0

)
71

.5
 (6

3.
3-

 82
.3

)
78

.0
 (6

8.
5-

 99
.0

)
89

.8
 (8

1.
1-

 10
5.

2)
10

5.
5 

(8
1.

7-
 14

8.
8)

80
.0

 (6
6.

5-
 10

1.
0)

78
.0

 (6
7.

5-
 10

1.
0)

0.
00

1

W
ei

gh
t, 

kg
40

3
10

.4
 (8

.2
- 1

6.
8)

9.
9 

(7
.1

- 1
3.

2)
10

.7
 (8

.2
- 1

7.
8)

14
.6

 (1
1.

3-
 20

.6
)

21
.8

 (1
2.

4-
 42

.5
)

11
.8

 (8
.2

- 1
7.

4)
11

.3
 (8

.4
- 1

7.
5)

0.
00

1

Bo
dy

 m
as

s i
nd

ex
, 

kg
/ m

2
40

3
18

.3
 (1

6.
6-

 20
.7

)
18

.8
 (1

6.
7-

 20
.4

)
17

.9
 (1

6.
4-

 20
.0

)
18

.2
 (1

7.
0-

 19
.3

)
18

.9
 (1

7.
2-

 20
.8

)
17

.8
 (1

6.
8-

 20
.3

)
18

.2
 (1

6.
7-

 20
.3

)
0.

76

La
bo

ra
to

ry
 M

EL
D/

PE
LD

 
sc

or
e

40
3

−2
.0

 (−
5.

0 
to

 3
.0

)
−1

.5
 (−

5.
0 

to
 6

.0
)

−2
.0

 (−
5.

0 
to

 3
.0

)
−3

.0
 (−

6.
5 

to
 5

.0
)

−5
.0

 (−
8.

5 
to

 4
.5

)
−3

.0
 (−

6.
0 

to
 2

.0
)

−2
.0

 (−
6.

0 
to

 3
.0

)
0.

86

Al
lo

ca
tio

n 
M

EL
D/

PE
LD

 
sc

or
e

11
8

30
.0

 (3
0.

0-
 30

.0
)

30
.0

 (3
0.

0-
 30

.0
)

30
.0

 (2
9.

0-
 30

.0
)

30
.0

 (2
7.

0-
 30

.0
)

30
.0

 (3
0.

0-
 30

.0
)

30
.0

 (2
9.

5-
 30

.0
)

30
.0

 (3
0.

0-
 30

.0
)

0.
72

St
at

us
 1

35
17

 (9
.1

)
5 

(1
3.

9)
10

 (1
2.

2)
2 

(3
.9

)
0 

(0
.0

)
1 

(2
.6

)
35

 (8
.7

)
0.

35

St
at

us
 1

B
25

0
11

6 
(6

2.
4)

22
 (6

1.
1)

52
 (6

3.
4)

28
 (5

3.
9)

6 
(7

5.
0)

26
 (6

6.
7)

25
0 

(6
2.

0)

Al
bu

m
in

, g
/d

L
40

3
3.

7 
(3

.3
- 4

.2
)

3.
7 

(3
.3

- 4
.4

)
3.

6 
(3

.0
- 3

.9
)

3.
9 

(3
.6

- 4
.2

)
3.

8 
(3

.6
- 4

.1
)

3.
8 

(3
.4

- 4
.2

)
3.

7 
(3

.3
- 4

.1
)

0.
11

To
ta

l b
ili

ru
bi

n,
 m

g/
dL

40
3

0.
3 

(0
.2

- 0
.5

)
0.

3 
(0

.2
- 0

.6
)

0.
3 

(0
.2

- 0
.5

)
0.

5 
(0

.3
- 0

.7
)

0.
4 

(0
.4

- 0
.5

)
0.

4 
(0

.2
- 0

.6
)

0.
3 

(0
.2

- 0
.5

)
0.

00
3

In
te

rn
at

io
na

l 
 no

rm
al

iz
ed

 ra
tio

40
3

1.
1 

(1
.0

- 1
.2

)
1.

1 
(1

.0
- 1

.3
)

1.
1 

(1
.0

- 1
.3

)
1.

2 
(1

.1
- 1

.3
)

1.
1 

(1
.0

- 1
.4

)
1.

1 
(1

.0
- 1

.2
)

1.
1 

(1
.0

- 1
.2

)
0.

00
6

Se
ru

m
 c

re
at

in
in

e,
 

m
g/

dL
38

9
0.

3 
(0

.2
- 0

.4
)

0.
2 

(0
.2

- 0
.3

)
0.

3 
(0

.2
- 0

.4
)

0.
3 

(0
.2

- 0
.4

)
0.

4 
(0

.3
- 0

.8
)

0.
3 

(0
.2

- 0
.3

)
0.

3 
(0

.2
- 0

.4
)

0.
00

3



liver transplantatiOn, vol. 27, no. 12, 2021 ZiOgas et al.

Original article | 1805

Va
ria

bl
e*

n
OT

C 
(n

 =
 1

86
)

CP
S 

(n
 =

 3
6)

AS
S/

ci
tru

lli
ne

m
ia

 
(n

 =
 8

2)
AS

A 
(n

 =
 5

2)
AR

G
 (n

 =
 8

)
No

t o
th

er
w

is
e 

sp
ec

ifi
ed

 (n
 =

 3
9)

Al
l U

CD
 (n

 =
 4

03
)

P 
Va

lu
e

Se
ru

m
 so

di
um

, m
Eq

/L
36

4
13

9.
0 

(1
38

.0
- 1

42
.0

)
14

0.
0 

(1
38

.0
- 1

43
.0

)
14

1.
0 

(1
39

.0
- 1

43
.0

)
14

0.
0 

(1
38

.0
- 1

43
.0

)
14

0.
0 

(1
38

.0
- 1

41
.0

)
13

9.
0 

(1
38

.0
- 1

41
.0

)
14

0.
0 

(1
38

.0
- 1

42
.0

)
0.

03

As
ci

te
s

26
4

0.
66

No
11

0 
(9

4.
0)

19
 (9

0.
5)

57
 (9

8.
3)

36
 (9

4.
7)

7 
(1

00
.0

)
22

 (9
5.

7)
25

1 
(9

5.
1)

Ye
s

7 
(6

.0
)

2 
(9

.5
)

1 
(1

.7
)

2 
(5

.3
)

0 
(0

.0
)

1 
(4

.4
)

13
 (4

.9
)

En
ce

ph
al

op
at

hy
26

8
0.

18

No
89

 (7
4.

2)
15

 (6
8.

2)
48

 (8
2.

8)
34

 (8
9.

5)
4 

(5
7.

1)
17

 (7
3.

9)
20

7 
(7

7.
2)

Ye
s

31
 (2

5.
8)

7 
(3

1.
8)

10
 (1

7.
2)

4 
(1

0.
5)

3 
(4

2.
9)

6 
(2

6.
1)

61
 (2

2.
8)

Po
rta

l v
ei

n 
th

ro
m

bo
si

s
39

5
0.

78

No
18

1 
(9

8.
9)

35
 (1

00
.0

)
80

 (9
7.

6)
51

 (9
8.

1)
7 

(1
00

.0
)

36
 (1

00
.0

)
39

0 
(9

8.
7)

Ye
s

2 
(1

.1
)

0 
(0

.0
)

2 
(2

.4
)

1 
(1

.9
)

0 
(0

.0
)

0 
(0

.0
)

5 
(1

.3
)

Di
al

ys
is

 w
ith

in
 p

rio
r 

w
ee

k
38

9
0.

37

No
17

3 
(9

8.
9)

36
 (1

00
.0

)
79

 (9
8.

8)
52

 (1
00

.0
)

8 
(1

00
.0

)
36

 (9
4.

7)
38

4 
(9

8.
7)

Ye
s

2 
(1

.1
)

0 
(0

.0
)

1 
(1

.3
)

0 
(0

.0
)

0 
(0

.0
)

2 
(5

.3
)

5 
(1

.3
)

M
ec

ha
ni

ca
lly

 a
ss

is
te

d
39

9
0.

24

No
18

0 
(9

8.
4)

35
 (9

7.
2)

81
 (9

8.
8)

50
 (9

6.
2)

7 
(1

00
.0

)
36

 (9
2.

3)
38

9 
(9

7.
5)

Ye
s

3 
(1

.6
)

1 
(2

.8
)

1 
(1

.2
)

2 
(3

.9
)

0 
(0

.0
)

3 
(7

.7
)

10
 (2

.5
)

Lo
ca

tio
n

39
9

0.
00

2

In
te

ns
ive

 c
ar

e 
un

it
16

 (8
.7

)
1 

(2
.8

)
4 

(4
.9

)
3 

(5
.8

)
0 

(0
.0

)
8 

(2
0.

5)
32

 (8
.0

)

Ho
sp

ita
liz

ed
, n

ot
 in

 
in

te
ns

ive
 c

ar
e 

un
it

23
 (1

2.
6)

10
 (2

7.
8)

8 
(9

.8
)

1 
(1

.9
)

0 
(0

.0
)

4 
(1

0.
3)

46
 (1

1.
5)

No
t h

os
pi

ta
liz

ed
14

4 
(7

8.
7)

25
 (6

9.
4)

70
 (8

5.
4)

48
 (9

2.
3)

7 
(1

00
.0

)
27

 (6
9.

2)
32

1 
(8

0.
5)

G
ra

ft 
ty

pe
40

3
0.

96

De
ce

as
ed

 d
on

or
 

w
ho

le
 g

ra
ft

12
0 

(6
4.

5)
24

 (6
6.

7)
55

 (6
7.

1)
34

 (6
5.

4)
6 

(7
5.

0)
22

 (5
6.

4)
26

1 
(6

4.
8)

De
ce

as
ed

 d
on

or
 

pa
rti

al
/s

pl
it 

gr
af

t
60

 (3
2.

3)
10

 (2
7.

8)
24

 (2
9.

3)
16

 (3
0.

8)
2 

(2
5.

0)
14

 (3
5.

9)
12

6 
(3

1.
3)

Li
vin

g 
do

no
r g

ra
ft

6 
(3

.2
)

2 
(5

.6
)

3 
(3

.7
)

2 
(3

.9
)

0 
(0

.0
)

3 
(7

.7
)

16
 (4

.0
)

Le
ng

th
 o

f h
os

pi
ta

l s
ta

y, 
da

ys
39

2
17

.0
 (1

1.
0-

 30
.0

)
22

.5
 (1

3.
0-

 33
.5

)
17

.0
 (1

2.
0-

 26
.0

)
14

.0
 (1

0.
0-

 23
.0

)
8.

0 
(6

.0
- 1

3.
0)

17
.0

 (1
4.

0-
 27

.0
)

17
.0

 (1
1.

0-
 18

.0
)

0.
04

*A
ll 

va
ria

bl
es

 re
fe

r t
o 

va
lu

es
 at

 th
e t

im
e o

f l
iv

er
 tr

an
sp

lan
ta

tio
n.

 P
re

se
nt

ed
 as

 m
ed

ia
n 

(I
Q

R
) f

or
 co

nt
in

uo
us

 va
ria

bl
es

 an
d 

fre
qu

en
cy

 (p
er

ce
nt

ag
e)

 fo
r c

at
eg

or
ica

l v
ar

ia
bl

es
.

ta
B

le
 2

. C
on

tin
ue

d



ZiOgas et al. liver transplantatiOn,  December 2021

1806 | Original article

types of UCDs (proximal or distal pathway blocks) and 
of different age and weight groups.

Waitlist mortality was extremely rare for patients 
with UCDs listed for LT. Post- LT survival was uni-
formly excellent across UCD diagnoses, with increas-
ing recipient weight being associated with modestly 
improved patient and graft survival on multivariable 
analysis. We specifically chose to utilize recipient 
weight rather than age in our analyses to objectively 
assess the effect of patient size on outcomes. Smaller 
recipients have a decreased pool of size- appropriate 
donors resulting in both the more frequent use of 
technical variant allografts and increased LT operative 
complexity. Recipients weighing <10 kg have higher 
complication and mortality rates compared with larger 
recipients.(9,10) In our study, 41% of recipients weighed 
<10 kg with a 94.6% 3- year patient survival, 38% of 
recipients weighed ≥10- 20  kg with a 94.9% 3- year 
patient survival, and 21% weighed ≥20 kg with a 100% 
3- year patient survival.

Similar to prior reports, we found that nearly 40% 
of the children undergoing LT for UCDs had defi-
nite cognitive delay post- LT.(6,11) This high incidence 
of neurologic injury is related to the exposure to high 
pre- LT ammonia concentrations that normalize fol-
lowing LT and prevent further neurologic injury.(6,12) 
Although our study cannot account for either the dura-
tion or the severity of metabolic decompensation prior 
to LT due to registry limitations, we utilized time on 
the waiting list as a surrogate indicator for the dura-
tion of ongoing neurologic injury secondary to hyper-
ammonemia. When controlling for other factors, 
we found that every month spent on the waiting list 
increased a child’s adjusted odds of long- term cogni-
tive delay at last post- LT follow- up by 10% (95% CI, 
2%- 17%). Recipient male sex was also independently 
associated with an increased risk of definite cognitive 
delay, which may result from sex- related differences in 
the incidence of OTC. The location of the OTC gene 
on the X chromosome results in the increased inci-
dence of OTC disease in hemizygous males.(13,14) In 
comparison to heterozygous females, significant loss of 
function mutations in the OTC gene result in severe 
neonatal hyperammonemia and increased neurologi-
cal injury in males.(15) Controlling hyperammonemia 
is especially challenging in neonatal UCDs such as 
OTC, where amino acid catabolism for the purpose of 
gluconeogenesis must be minimized while meeting the 
child’s daily nutritional requirement of amino acids. 
These children often sustain significant neurological 

ta
B

le
 3

. 
B

en
ch

m
ar

k 
po

in
t e

st
im

at
es

 o
f U

na
dj

us
te

d 
c

um
ul

at
iv

e 
pa

tie
nt

 a
nd

 g
ra

ft 
su

rv
iv

al
 a

fte
r l

iv
er

 t
ra

ns
pl

an
ta

tio
n

Be
nc

hm
ar

k 
Po

st
tra

ns
pl

an
t T

im
e 

Po
in

t
OT

C 
(n

 =
 1

86
)

CP
S 

(n
 =

 3
6)

AS
S/

ci
tru

lli
ne

m
ia

 
(n

 =
 8

2)
AS

A 
(n

 =
 5

2)
AR

G
 (n

 =
 8

)
No

t o
th

er
w

is
e 

sp
ec

ifi
ed

 
(n

 =
 3

9)
Al

l U
CD

 (n
 =

 4
03

)

Pa
tie

nt
 S

ur
viv

al

1 
ye

ar
97

.7
 (1

.2
)

96
.9

 (3
.1

)
96

.0
 (2

.3
)

10
0.

0 
(N

A)
10

0.
0 

(N
A)

94
.1

 (4
.0

)
97

.3
 (0

.9
)

3 
ye

ar
s

96
.1

 (1
.6

)
96

.9
 (3

.1
)

96
.0

 (2
.3

)
10

0.
0 

(N
A)

10
0.

0 
(N

A)
88

.2
 (5

.5
)

95
.9

 (1
.1

)

5 
ye

ar
s

93
.4

 (2
.2

)
96

.9
 (3

.1
)

96
.0

 (2
.3

)
10

0.
0 

(N
A)

10
0.

0 
(N

A)
88

.2
 (5

.5
)

94
.7

 (1
.3

)

G
ra

ft 
Su

rv
iva

l

1 
ye

ar
92

.3
 (2

.0
)

83
.3

 (6
.2

)
88

.7
 (3

.6
)

98
.1

 (1
.9

)
72

.9
 (1

6.
5)

84
.5

 (5
.8

)
90

.4
 (1

.5
)

3 
ye

ar
s

87
.4

 (2
.6

)
79

.4
 (7

.1
)

85
.8

 (4
.0

)
95

.6
 (3

.1
)

72
.9

 (1
6.

5)
79

.2
 (6

.6
)

86
.3

 (1
.8

)
5 

ye
ar

s
84

.9
 (2

.9
)

79
.4

 (7
.1

)
85

.8
 (4

.0
)

95
.6

 (3
.1

)
72

.9
 (1

6.
5)

79
.2

 (6
.6

)
85

.2
 (1

.9
)

N
O

T
E

: T
ab

le 
en

tri
es

 ar
e e

sti
m

at
es

 o
f c

um
ul

at
iv

e p
at

ie
nt

 an
d 

gr
af

t s
ur

vi
va

l p
er

ce
nt

ag
es

 (s
ta

nd
ar

d 
er

ro
rs

).



liver transplantatiOn, vol. 27, no. 12, 2021 ZiOgas et al.

Original article | 1807

injury and are referred for early LT,(6,12) thus explain-
ing our finding that children with post- LT cognitive 
deterioration were younger at the time of LT. In our 
study, 35% of all LT recipients were male with a diag-
nosis of OTC.

There are certain limitations to this study. Because 
of its retrospective nature, the present study imparts 
a degree of bias in patient selection and manage-
ment that we cannot account for. The registry does 
not include specific diagnosis codes for each UCD, 
so the groups were identified using a search strategy 
formulated by the authors to best capture all UCD 
diagnoses in the free text entry field. Missed patients 
could have resulted from diagnoses that were simply 
not entered or entered with misspellings that we had 
not included in the search strategy. Moreover, there is 
a lack of reporting for parameters that may influence 

outcomes (eg, ammonia levels, tools or scales used 
to assess cognitive and motor development, neuro-
logic status at the time of listing, other neurologic or 
developmental manifestations). The method by which 
cognitive or motor delay was captured in the registry 
does not represent measures from a standardized and 
validated assessment tool; thus, we cannot exclude the 
presence of intercenter and interpatient variability in 
the use of cognitive and motor assessment instruments. 
In addition, the cognitive and motor delay variables in 
the UNOS database are fully populated for only 58% 
of patients transplanted for UCDs, which introduces 
potential observer and reporting bias. Future studies 
should include granular and longitudinal data to cap-
ture long- term cognitive and motor development out-
comes using validated and uniform tools across centers, 
while taking into account the presence of competing 

Fig. 1. Kaplan- Meier curves demonstrating (A) patient and (B) graft survival by age group and patient (C) and graft (D) survival by 
weight group.
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risks (ie, death from transplanting too early versus pro-
gressive neurologic injury).

In conclusion, excellent long- term outcomes are 
achievable for patients with UCDs undergoing LT. 

The marginal improvement in survival that may result 
from waiting for a recipient to achieve a weight >10 kg 
should be carefully balanced against the risk of ongoing 
neurological injury. Our finding that waitlist duration 

Fig. 2. (A) Cognitive and (B) motor developmental status at initial and last posttransplant follow- up. Months shown in median and 
IQR.

taBle 5. Multivariable logistic regression to identify risk Factors of cognitive and Motor Delay/impairment at last 
posttransplant Follow- up

Variable*

Multivariable Analysis

Cognitive Delay/Impairment (n = 317) Motor Delay/Impairment (n = 317)

OR (95% CI) P Value OR (95% CI) P Value

Weight, kg† 0.99 (0.98- 1.01) 0.56 0.98 (0.95- 1.00) 0.11

Waitlist time, months† 1.10 (1.02- 1.17) 0.009 1.04 (0.96- 1.12) 0.37

Male sex (reference: female sex) 1.71 (1.02- 2.88) 0.04 1.27 (0.66- 2.43) 0.47

Diagnosis (reference: OTC) — — — — 

CPS 0.91 (0.38- 2.19) 0.84 0.72 (0.25- 2.09) 0.55

ASS/citrullinemia 0.78 (0.41- 1.50) 0.46 0.63 (0.28- 1.42) 0.27

ASA 1.48 (0.70- 3.11) 0.30 0.70 (0.27- 1.82) 0.47

ARG 0.38 (0.04- 3.63) 0.40 1.04 (0.11- 10.06) 0.98

Not otherwise specified 0.99 (0.44- 2.26) 0.99 1.02 (0.39- 2.64) 0.97

Intensive care unit/hospital (reference: Not hospitalized) 0.76 (0.40- 1.46) 0.41 0.83 (0.39- 1.76) 0.63
Length of hospital stay, days† 1.01 (0.99- 1.02) 0.20 1.01 (0.99- 1.02) 0.15

*All variables refer to values at the time of liver transplantation.
†Continuous variables (representing a trend or change in the factor, not a minimum or maximum value).
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is directly associated with the long- term risk of cog-
nitive delay strongly supports early LT evaluation in 
patients with UCDs irrespective of age.
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