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Neurocognitive dysfunction commonly occurs after solid organ transplantation and affects 15-30% of liver
transplant recipients. The aim of this study was to evaluate the neurocognitive changes pre- and post-opera-
tion and the relative factors affecting those changes.

Children with biliary atresia who underwent pediatric living donor-related liver transplantation before the age
of 2 years were given Bayley Scale of Infant Development-Il test (BSID-II), including Mental Development Index
(MDI) and Psychomotor Development Index (PDI) the week before and again half a year after transplantation
to assess the effect of transplantation on neurocognition. According to the test outcome, the children were di-
vided into a normal group and an abnormal group. The association of clinical data with neurocognitive devel-
opment between the 2 groups was analyzed by logistic regression analysis.

There was a certain degree of improvement in neurocognition half a year after surgery compared with preopera-
tive. The BSID-II subscales were significantly lower than expected before and after transplantation. Preoperative
blood ammonia and bilirubin levels were independent risk factors for MDI half a year after transplantation, and
preoperative albumin and bilirubin levels were risk factors for PDI.

Liver transplantation clearly improves children’s neurocognitive function. The postoperative neurocognition is
closely related to pre-operation nutritional development.

Cognition ¢ Liver Transplantation ¢ Pediatrics

Abbreviation: BSID - Bayley Scale of Infant Development; MDI — Mental Development Index; PDI — Psychomotor
Development Index; INR — international normalized ratio; WBC — white blood cell; PELD - pediatric end-
stage liver disease; GVHR — graft versus host reaction; OR — odds ratio; BBB — blood—brain barrier
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Background

The first 1 or 2 years of life are crucial to a child’s brain devel-
opment for the formation of cognitive, social, and emotional
health [1], and neurocognitive function is vulnerable to the
impact of some factors such as severe disease, surgical in-
tervention, anesthesia, and medications [2-4]. Biliary atresia
is the most common cause of end-stage liver disease in chil-
dren, with morbidity as high as 1/8000~18 000 [5]. Children
with end-stage liver diseases are vulnerable to cognitive def-
icits and have been reported to have lower performance in-
telligence quotients (1Qs) compared with age-matched chil-
dren [2]. Susan et al. have indicated that language and motor
skills are degressive in infants with biliary atresia [4]. Since
the 1960s, with the successful development of liver transplan-
tation, it has become an important treatment for end-stage
liver disease, with the postoperative 1-year, 5-year, and 10-year
survival rates of up to 95%, 80%, and 60%, respectively [6,7].
It is undeniable that there are still some serious complications
after liver transplantation in children affecting the liver and
some remote organs such as kidney, heart, and lung [8,9]. It is
worth noting that there can be neurological complications, with
the incidence rate varying from 8% to 46% [10]. Some stud-
ies have found that neurocognition has a certain degree of in-
jury in the preschool period [2,11]. The changes in neurocog-
nitive function before and after liver transplantation and the
effects of liver transplantation on neurocognitive function in
patients with biliary atresia are not clear. We hypothesized that
the neurocognition of children improved after liver transplan-
tation. Therefore, the aim of the current study was to evalu-
ate pediatric neurocognitive function pre- and post-liver trans-
plantation and to analyze the related factors.

Material and Methods

Participants

Approval was obtained from the Ethics Committee of Tianjin
First Center Hospital in China (Approval Number: 2016NO039KY),
and written informed consent was obtained from eligible guard-
ians. This study has been registered in clinical trial (ClinicalTrials.
gov ID: NCT03024840). All processes were ethical.

This trial was carried out in Tianjin First Center Hospital in
China, which has extensive clinical experience in transplanta-
tion. Children (ages ranging from 5 months to 2 years; American
Society of Anesthesiologist physical status Ill or IV; October
2016 to May 2017) who were scheduled to undergo elective
pediatric living related donor liver transplantation were re-
cruited. Exclusion criteria were: children with congenital heart
disease, central nervous system disease, or re-transplantation.
All the living donors were family members (father or mother).
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Every case of transplantation passed the ethical review and
approval process in Tianjin First Center Hospital. The ethical
information was attached in the appendix, which included the
Chinese names of recipients and donors, their ID numbers, their
relationships, and the ethical approval numbers.

Clinical and biochemical data collection

The clinical and laboratory information were collected by a ded-
icated experienced research nurse as the part of the stan-
dard care in our hospital. The preoperative variables included
the most recent tests of ammonia, total bilirubin, creatinine,
pediatric end-stage liver disease model (PELD), international
normalized ratio (INR), albumin, and white blood cell (WBC)
count before the liver transplantation surgery. Intraoperative
data included anhepatic time, operation time, anesthesia du-
ration, infusion volume, and urinary volume. Postoperative
data included age, gender, weight, height, and levels of am-
monia, total bilirubin, and creatinine half a year after opera-
tion as well as complications, such as reoperation, biliary com-
plications without surgeries, and acute pneumonia (defined
as lasting up to the first month after transplantation), during
the 6-month period after the surgery.

The PELD score was calculated as follows: PELD Score=0.436
(age <1 year)-0.687-loge albumin (g/dL)+0.480-loge total bil-
irubin (mg/dL)+1.875-loge INR+0.667 (growth failure height
or weight >2 standard deviations below age- and sex-ad-
justed means).

Psychometric measures

General anesthesia was administered to all the children.
The surgeons and anesthesiologist’s were the same for all
patients. Test measures were administered by 2 trained at-
tending physicians. The neurocognitive conditions were evalu-
ated within 1 week before the operation and half a year after
the operation using the Bayley Scale of Infant Development-I|
(BSID-I1), which is expressed as mental development index
(MDI) and psychomotor development index (PDI) [12]. BSID-II
is a standardized tool to assess toddler and infant develop-
ment, and it was conducted in a quiet room by trained exam-
iners over the course of 30-45 minutes per child. All children
were hospitalized at least a week in advance of the surgery.
The children came to the hospital or clinic for re-examina-
tion every 2 weeks for the first 2 months after discharge, and
then were rechecked every month for the first year after trans-
plantation. The MDI was used to assess memory, habituation,
problem-solving, early number concepts, classification, vocal-
izations, early verbal communication, and early abstract think-
ing ability, and the PDI was used to assess body control such
as gross- and fine-motor skills. Each index could be standard-
ized with a mean of 100 and a standard deviation of 15, with
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Figure 1. Patient population: From October
2016 to May 2017, 72 pediatric
patients underwent living-donor
liver transplantation. Of the 60

Liver transplantation patients
2016.10 to 2017.05
n=72
Congenital heart disease n=2
Excluded Other surgical history (except kasai) n=3
—

Hepatic coma n=2
Non-cooperation n=5

patients with Bayley Scale of
Infant Development-II (BSID-II)
tests before transplantation in our

Patients meeting the inclusion
criteria before operation
(BSID-Il measurement)
n=60

Retransplantation n=1
Died n=2 <
Non-cooperation n=3

Patients meeting the inclusion
criteria half year after operation
(BSID-II measurement)
n=54
I

¥

Abnormal group
(MDI <85, PDI <85)

Normalgroup
(MDI =85, PDI >85)

a composite score that compared the child’s developmental
performance with the norms for typically developing children
of the same age. Valid MDI and PDI scores ranged between
50 and 150. A standard score of <85, which was 1 standard
deviation below the mean, was considered abnormal [12,13].
The association of neurocognitive development with contrib-
uting factors between groups were compared and analyzed.

Statistical analysis

Statistical analyses were performed using SPSS 23.0 software
package for Windows (SPSS, Inc., Chicago, IL, USA). Continuous
variables were described as the mean + standard deviation.
Development index changes were analyzed by paired-sam-
ple t-tests and signed-rank sum tests. Independent sample
t-tests and Wilcoxon rank test were used to analyze the dif-
ference between groups. Categorical data were described by
frequency, and chi-square tests and Fisher’s exact tests were
used for the categorical variables. Logistic regression models
were used to identify the risk factors associated with cogni-
tive function half a year after transplantation and to determine
the impact of post-transplant complications using clinical vari-
ables. Data were reported as odds ratios (ORs) with correspond-
ing 95% confidence intervals (Cl). The results were evaluated
within the 95% reliability index, with P<0.05 being significant.
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initial cohort, 12 were excluded
because of congenital heart disease,
other operations (except Kasai),
re-transplantation, or incoordination

in the test. Sixty patients were initially
studied in this experiment, and all
were tested within a week before their
operation. Half a year later, 2 cases
were dead, with 1 patient dying from
graft-versus-host reaction (GVHR) and
1 patient dying from multiple organ
failure. One patient was excluded
because of re-transplantation due

to graft failure, and 3 patients had

no re-examination half a year after
transplantation. In total, 54 cases were
included in the trial half a year after
transplantation.

Results

Changes in neurocognition before and after liver
transplantation

From October 2016 to May 2017, 72 pediatric patients un-
derwent living-donor liver transplantation. Of the 60 patients
with BSID-II tests before transplantation in our initial cohort,
12 were excluded because of congenital heart disease, other
operations, re-transplantation, and incoordination in the test.
Sixty patients (32 males, and 28 females) were included in
this study, and all were tested within a week before operation
at a mean age of 8.6+2.0 months, with an average weight of
7.4+1.1 kg and an average height of 62.9+5.8 cm. Half a year
later, 2 cases were dead, with 1 patient died from graft-versus-
host reaction (GVHR), and 1 patient died from multiple organ
failure. One patient was excluded because of re-transplanta-
tion due to graft failure, and 3 patients had no re-examina-
tion half a year after transplantation. In total, 54 cases were
included in this trial half a year after transplantation (Figure 1).

Preoperative neurocognitive development was at a low level
with both MDI and PDI below 1 standard deviation (MDI:
83.89+8.36, PDI: 81.23+8.32). Compared with the preopera-
tive index scores, the development index increased significantly
half a year after surgery with an MDI of 90.11+7.65 and a PDI
of 86.09+6.83. The BSID-II subscales were significantly lower
than normal range for the groups of children before and after
liver transplantation (Table 1). This showed that although the
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Table 1. Comparisons in BSID Il subscales with normative group pre- and post-operation.

Pre-MDI 83.89
Pre-PDI 81.23
Post-MDI 90.11
Post-PDI 86.09

* Compared with BSID age-based norms.

neurocognition after the operation improved, patients had not
yet reached the age-based expected level.

Predisposing factors for abnormal neurocognitive
development after liver transplantation

According to the BSID classification, we defined the neurode-
velopmental outcomes as a normal group (MDI >85, PDI >85)
and an abnormal group (MDI <85, PDI <8 5). Half a year af-
ter transplantation, 16 patients (29.6%) were in the abnormal
MDI group and 38 patients (70.4%) were in the normal group.
Height, pre-albumin level, preoperative ammonia, total biliru-
bin, and creatinine levels, PELD, INR, and incidence of severe
pneumonia after transplantation were predictors of abnor-
mal MDI in the univariate analysis (P<0.05) (Table 2). To iden-
tify the major independent factors for abnormal MDI after
transplantation, multivariate logistic regression models were
used (factors with the P value <0.05 in the univariate anal-
ysis were included) and they revealed that the preoperative
blood ammonia [OR=1.226 (1.012, 1.485), P=0.037] and biliru-
bin [OR=1.114 (1.003, 1.238), P=0.043] levels were risk factors
predicting lower post-operative MDI (Table 3). Half a year after
transplantation, 26 patients (48.1%) were in the abnormal PDI
group and 28 patients (51.9%) in the normal PDI group. In the
abnormal group, the levels of preoperative ammonia, total bili-
rubin, creatinine, PELD, and INR were higher than those in the
normal group. (P<0.05) (Table 4). Higher preoperative albumin
[OR=0.795 (0.654, 0.967), P=0.022] and pre-bilirubin [OR=1.019
(1.001, 1.038), P=0.039] levels were independent risk factors
forecasting lower PDI (factors with the P value <0.05 in the
univariate analysis were included) (Table 5).

Discussion

This pilot study accessing the mental and psychomotor devel-
opment of patients who underwent liver transplantation dem-
onstrated that those who suffered end-stage liver diseases had
a higher prevalence of neurocognitive deficit and challenges
affecting motor skills, communication, and executive function-
ing skills before and after liver transplantation. Liver transplan-
tation clearly improved the children’s neurocognitive function.
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7.26 <0.01
8.49 <0.01
4.32 <0.01
6.21 <0.01

Preoperative blood ammonia and bilirubin levels were the in-
dependent risk factors for low MDI half a year after transplan-
tation, and preoperative albumin and bilirubin levels were the
risk factors for low PDI. Preoperative intervention and liver
transplantation were essential to the neurocognitive develop-
ment of children with end-stage liver disease.

Pediatric liver transplantation is an important part of clinical
liver transplantation [14]. Liver transplantation can improve
cholestasis symptoms in children with the long-term survival
rate exceeding 90% [6]. Currently, the main cause of liver trans-
plantation in children is biliary atresia, which influences the
growth and development of children [15]. Pediatric liver trans-
plantation clinical guidelines recommend to reasonably assess
and correct malnutrition and the neurocognitive development
of children before and after transplantation [16]. Children with
biliary atresia before liver transplantation have poor nutrition,
which seriously affects their growth and development and can
even affect their neurocognitive function [17]. Growth param-
eters, such as height and weight, have been indicated to lead
to nearly 37% of cognitive function at early age [4,18,19]. Our
study also found that patients in the normal MDI group had
higher height. This experiment proved that before liver trans-
plantation, young children with biliary atresia demonstrated
a distinct series of weakness of neurocognitive function that
were remarkable for both gross and fine motor ability, language
expression, communication development, and problem-solving.
The score for the total groups was below a standard deviation
of 100 (MDI: 83.89+8.36, PDI: 81.23+8.32) before transplanta-
tion. After liver transplantation, the bilirubin level decreased
significantly to a normal level within 1 week in children with
liver disease, and mental reaction improved, according to pa-
rental input. While the mean intelligence scores did not reach
the mean of the normative population of 100, the score for the
total group was within a standard deviation of 100, suggest-
ing no clinically significant difference from population norms
(MDI: 90.11+7.65, PDI: 86.09+6.83).

Children are vulnerable to stimuli during stages of growth and
development. The trauma, long time, and complicated proce-
dure combined with intraoperative ischemia and reperfusion
injury during liver transplantation may cause severe stroke
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Table 2. The recipient variables predictive of MDI half a year after operation by univariate analysis.

Variables Normal group (n=38) Abnormal group (n=16)

Age (month) 14.26+3.84 14.50+4.86

Postoperative biliary complications [no/yes, (n)]

All P values for the variables presented as “n” were obtained with the chi-square test. The variables presented as mean +SD were
obtained with the Student t test. * P<0.05.

Table 3. Multivariate analysis of variables predictive of postoperative MDI.

B S.E. Wald Sig. Exp(B) OR 95% C.I

Pre-ammonia 0.204 0.098 4.353 0.037 1.226 (1.012, 1.485)
Prebilrubin 0108 0054 a0 0043 11e 1003,1238)
Constant - 65786 0816 asst 0033 o000

Factors were included according to the results of univariate analysis with the P value <0.05 (preoperative ammonia, total bilirubin,
creatinine, albumin, PELD, INR, acute pneumonia after transplantation, and present height). * P<0.05.

in children after surgery [20-22]. Some complications within assessment was carried out 6 months after surgery. On the
1 month after operation, such as severe pneumonia, leakage of ~ other hand, many studies have found that long-term neuro-
bile, and obstruction of the portal vein, may affect the recovery cognitive development in children after liver transplantation is
and growth of children after operation in the short-term [8,23]. not ideal, with lower preschool IQ scores [2,24]. The behavioral
In the postoperative liver recovery period of an infant, part of  scoring, such as verbal writing, Wechsler intelligence scores,
the content of the BSID scale, especially the motor scale, were and even adaptability to society, are not satisfactory [25]. In the
not suitable for children in the short-term. Therefore, the new  same way, anesthetic drugs may influence neurocognitive
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Table 4. The recipient variables predictive of MDI half year after operation by univariate analysis.

Variables

Age (month)

Postoperative biliary complications [no/yes, (n)]

Normal group (n=28) Abnormal group (n=26)
14.04+4.34 13.443.45

""""""" 16/12 w2
 9.09:092 © oomo7t
6939475  erestas2
"""" 323.39469.60 4032246010
""""" 13.595.81 178245140
""""" 17.0123.57 s4217r
""""" 32.28+3.26 28021438
~ 2001x458 23054752
713241784 o ez
© 149:035 135:020°
60641843 62198543
"""" 474.64156.80 4553846598
8894123 © osos139
""""" 10371138 © 100s137
"""" 780.36+83 51 8069247979
56741233  e212:1135
""""" 12.36£5.22  1a1s543
""""" 35.00+22.80 - as0:016
""""""" 2612 s
""""""" 2711 w3
""""""" 23/5 s

All P values for the variables presented as “n” were obtained with the chi-square test. The variables presented as mean +SD were

obtained with the Student t test. * P<0.05.

Table 5. Multivariate analysis of variables predictive of postoperative PDI.

B S.E. Wald

Pre-ammonia -0.29 0.100 5.276
Prebilrubin 0019 0009 4255
Constant 2857 4331 043

sig. Exp(B) OR 95% C.I
0.022 0.795 (0.654, 0.967)
"""""""" 0039 1019 (10011038
"""""""" 0s00 17414

Factors were included according to the results of univariate analysis of PDI with the P value <0.05 (preoperative ammonia, total

bilirubin, creatinine, PELD, INR). * P<0.05.

function in children due to long operation time [26]. It was
a weakness of our study that we could not define the respec-
tive effects between the liver transplantation surgery and the
long-term anesthesia, for both could affect the neurodevelop-
ment of children after the operation. Previous studies did not
consider the neurocognitive development before transplanta-
tion. In this study, we fortunately found that half a year after

This work is licensed under Creative Common Attribution-
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transplantation, both the MDI and PDI were higher than be-
fore, which demonstrated that liver transplantation may effec-
tively alleviate the poor pre-neurocognitive status.

These data had some similar conclusion with other authors
who have studied pediatrics with end-stage liver disease [4].
It was not surprising to find evidence in other studies of
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cognitive disorders in patients suffering from cholestasis liver
diseases [11,27]. Postoperative neurocognitive development
is closely related to preoperative development in children.
The growth and development of patients with liver disease
often lags behind that of normal children before transplan-
tation. For the abnormal MDI, the levels of preoperative am-
monia, total bilirubin, creatinine, PELD, INR, and the incidence
of severe pneumonia after transplantation were higher than
those in the normal group, as was shorter height and lower
pre-albumin. Especially preoperative ammonia and total bil-
irubin levels were important risk factors. For PDI, the levels
of preoperative ammonia, total bilirubin, and creatinine, and
PELD and INR in the abnormal group were higher than in the
normal group. The result of the multivariate analysis showed
that pre-albumin and pre-bilirubin levels were risk factors im-
pacting postoperative PDI. Given the critical stages and vulner-
abilities of child brain development, it is not hard to imagine
this outcome, that the decline neurocognition could be traced
back to the poor preoperative nutritional status of the whole
body. Children suffering from end-stage liver disease gener-
ally also have severe malnutrition such as hyperbilirubinemia,
hyperammonemia, and hypoproteinemia. Our experience also
showed that preoperative blood ammonia and bilirubin levels
had some influence on neurocognitive development in children.
Hyperammonemia-related neurologic injury ranges among in-
dividuals from lethal cerebral edema to mild or subclinical cog-
nitive impairment [28]. Liver cirrhosis in patients with biliary
atresia before transplantation is accompanied with ascites and
esophageal varicose venous congestion, which increases blood
ammonia by causing the concentrated ammonia to permeate
from the intestinal tract into the blood because of gastroin-
testinal bleeding, intestinal congestion, and intestinal protein
catabolism [29]. During the period of growth in children with
weak blood brain barrier (BBB) function, the increased perme-
ability of the BBB to serum bilirubin may result in bilirubin re-
ducing cell surface tension, leading to toxic effects on brain
capillary endothelial cell walls [30]. Higher blood ammonia and
unconjugated bilirubin easily passing through the BBB into the
brain could damage the balance of nervous system excitatory
amino acid and inhibitory amino acid quantities [31], which
could make the brain mitochondrial oxidative phosphoryla-
tion uncoupling effect the energy metabolism of brain cells,
leading to central nervous system disorders and even severe
central nervous system disease such as hepatic encephalop-
athy and nuclear jaundice [32,33]. Patients in the abnormal
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PDI group had lower serum albumin level before transplanta-
tion which was related to height and weight stunting. Liver is
the important organ to synthesize albumin. The ability of al-
bumin synthesis is decreased in patients with end-stage liver
disease. Hypoproteinemia leads to ascites, edema, and even
effects the growth and development of children. Also, some
previous studies have indicated that compared with albumin,
prealbumin was more sensitive and more representative in
liver diseases because of its shorter half-life and the obvious
changes occurring in earlier liver disease. Therefore, prealbu-
min is also an important basic indicator for the diagnosis of
infant nutritional diseases [34,35].

According to this experiment, liver transplantation may clearly
improve children’s neurocognitive function. Poor nutritional
status in children before operation will directly affect postop-
erative recovery and neurocognitive development. Thus, it is
necessary to evaluate and correct the nutritional status of
children before and after liver transplantation. While we must
admit that on the one hand, since the sample size is small,
there may be errors in the interpretation of effect of postop-
erative complications on the development index. This exper-
iment only investigated the small sample population. On the
other hand, in this study, neurocognitive development was ob-
served only for half a year after surgery rather than for a long
time. It must be acknowledged that longer neurocognitive fol-
low-up after surgery is more meaningful. In addition, only one
neurodevelopmental scale was used in this study, and only
a portion of the indicators were included in this study. Further
studies are needed.

Conclusions

In this study we have provided novel evidence that there is
some neurocognitive impairment in children with biliary atre-
sia before liver transplantation and that liver transplantation
may improve the neurocognitive functions of these children.
The development of postoperative neurocognition is closely
correlated to the preoperative condition.
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