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Abstract

Objective—To explore linear growth, puberty, and predictors of linear growth impairment
among pubertal liver transplant recipients.

Study desigh—Review of data collected prospectively through the Studies of Pediatric Liver
Transplantation registry. Thirty-one variables were tested as risk factors for linear growth
impairment, and factors significant at P < .1 were included in a logistic regression model. Risk
factor analysis was limited to 512 patients who had complete demographic and medical data.

Results—A total of 892 patients surviving their first liver transplant by >1 year, with =21 height
recorded, who were between 8 and 18 years old between the years 2005 and 2009 were included.
Median follow-up was 70.2 + 38.6 months, mean age was 12.9 £ 3.3 years, and mean height z-
score (zH) was —0.5 £1.4 SD. Twenty percent had linear growth impairment at last follow-up. Of
353 subjects with Tanner stage data, 39% of girls and 42% of boys ages 16-18 years were not yet
Tanner 5. Growth impairment rates were higher among boys than girls (30% vs 7%, P < .05) at
Tanner stage 4, and occurred in 8/72 (11 %) of Tanner 5 subjects. Among patients with parental
height data, zH were lower than calculated mid-parental zH (P< .005). Independent predictors of
growth impairment included linear growth impairment at transplant (OR 11.53, P <.0001), re-
transplantation (OR 4.37, P = .001), non-white race (P = .0026), and primary diagnosis other than
biliary atresia (P = .0105).

Conclusions—Linear growth impairment and delayed puberty are common in pubertal liver
transplant recipients, with pre-transplant growth impairment identified as a potentially modifiable
risk factor. Catch-up growth by the end of puberty may be incomplete.
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Physical growth is an important indicator of overall health in children with chronic disease
states, including those with liver disease who require transplantation. Prior to transplant,
factors that contribute to linear growth impairment include increased resting energy
expenditure, decreased intake, nutrient malabsorption, abnormal nitrogen balance, and
alterations of the growth hormone axis.13 Linear growth is expected to improve after
replacement of a diseased liver as growth hormone and insulin-like growth factor 1 levels
return to normal and nutritional status improves.# The beneficial effects of restored hepatic
function, however, may be offset by immunosuppressive medication, particularly high dose
glucocorticoids.>® Previous studies have demonstrated that catch-up growth following
transplant occurs but may be incomplete, and puberty is often delayed.”-8

In an analysis of prepubertal children after liver transplant (n = 1143), risk factors for poor
linear growth were identified as prolonged steroid exposure, lower weight percentiles at time
of transplant, linear growth impairment prior to transplant, and metabolic disease as the
primary diagnoses.® Analyses of factors impacting linear growth after transplant in the
pubertal age group are limited by relatively small sample sizes and a wide distribution of age
at transplant, primary disease, and outcome status. The aims of this study were to describe
the linear growth and pubertal trends of older children included in the Studies of Pediatric
Liver Transplantation (SPLIT) registry and identify potentially modifiable predictors of
linear growth impairment in this large, prospective, multi-center cohort.

Initiated in 1995, the SPLIT registry is a multi-center data repository for pediatric liver
transplant candidates and recipients and has included 44 centers in Canada and the US. All
SPLIT centers have individual institutional review board approval, and individual informed
consent is obtained from the parents or guardians prior to patient enroliment. Coded
information is submitted to the SPLIT data coordinating center via a standardized Web-
based data entry system beginning at the time of listing for transplantation. Data collection
includes detailed information regarding clinical status, laboratory values, medical and
operative therapies, and patient complications and outcomes.

The patient sample used in this analysis included children with data entered in the registry
between ages 8 and 18 years who had undergone first liver transplantation while included in
the registry, survived at least 1 year post-transplant, and had at least 1 recorded height
between August 1, 2005 and May 31, 2009. The lower age limit of 8 years was selected to
improve capture of all subjects who might undergo puberty in the study period. We chose
August 2005 as the start date because that marked the introduction of Tanner staging as an
element of SPLIT data collection.

Data Collection and Analysis

Linear growth data were obtained by wall-mounted stadiometer for ambulatory children.
Heights were measured prior to transplant, at time of transplant, at 6, 12, 18, and 24 months
following transplant, and annually thereafter. Some patients may have had multiple
measurements over sequential years included if they continued to meet inclusion criteria
(range 1-4 measurements per subject). Parental heights were self-reported for the majority of
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patients for whom data were collected, with 3 centers contributing 82% of the results.
Height SD scores (height z-score [zH]) for patients and mid-parental height targets (MPH)
were calculated using age-and sex-specific references for the general population provided by
the Centers for Disease Control and Prevention growth charts.19 Seven patients received
recombinant human growth hormone (rhGH) therapy and were excluded from the study.
Tanner stage (pubic hair for boys and breast development for girls) was assessed by the
attending gastroenterologist during the course of the physical examination for 63% of
patients and by self-report for the remainder, using a validated self-report form.1112 For the
purpose of this analysis, linear growth impairment was defined as a zH below -1.64 (5th
percentile for age and sex). Factors analyzed as possible predictors of linear growth
impairment included 5 demographic and 26 medical variables routinely collected by SPLIT
(Table I; available at www.jpeds.com). These were hypothesized to either have a direct
impact on linear growth or to be markers for acuity of illness at the time of transplant.

Statistical Analyses

Results

Data were summarized using means and SE for continuous factors and proportions for
categorical factors. Risk factors for linear growth impairment were identified using logistic
regression. Univariate analyses were performed using Kruskal-Wallis test for continuous
factors and x2 test for categorical factors on 31 variables (Table 1). Factors significant at the
0.10 level in the univariate analyses were included in the multivariate model, which was
derived using stepwise backward elimination procedure. Model simplification continued
until the reduced model yielded a significant worsening of fit according to the likelihood
ratio criterion (P < .05). All statistical analyses were performed using SAS for Windows, v.
9.1 (SAS Institute Inc, Cary, North Carolina).

A total of 1022 children underwent primary liver transplant during the study period and 892
met the inclusion criteria. The mean age at transplant was 7.0 + 5.1 years, the mean age at
survey was 12.9 + 3.3 years, and mean zH was — 0.5 = 1.4 SD. The mean follow-up for all
subjects was 70.2 + 38.6 months; 43% of patients were transplanted between ages 5 and 12
and 15.8% were transplanted as infants. A complete list of patient demographic and clinical
status is displayed in Table Il (available at www.jpeds.com).

Linear growth impairment defined as a height less than the 5th percentile at last follow-up
was observed in 174 children (19.5%). Figure 1, A displays the percentage of subjects with a
zH below the 5th percentile by sex at 1-year age intervals. Linear growth impairment
exceeded the expected prevalence of the general population (5%) for both sexes at all ages.
A greater proportion of girls displayed growth impairment in the 10-12 age group after
which the proportion of boys increased.

Data on parental height were collected for 137 patients (15.3%); 82% of these data were
collected at 3 centers that collected it on 63% of their overall population. There were no
significant differences between this group and the overall cohort by sex, race, diagnosis, and
re-transplantation rate. At transplant, this group had more infants and fewer children age 1-5
years (P < .005), and a greater proportion had their most recent height measurement within
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the last 24 months (36.2% vs 18.0%) compared with the overall cohort (data not shown).
Although still within the normal range, the mean zH of both males and females were
significantly lower than their calculated MPH z-scores with boys faring worse (P < .005)
(Figure 1, B).

Figure 2, A and B display the height and weight zH at yearly intervals from transplant to 60
months post-transplant for the group and by sex. Mean group standardized height scores
increased from —0.83 at time of transplant to —0.67 at 60 months, with the most rapid growth
occurring in the first 12 months. There were no significant differences between males and
females. Weight zH did not change significantly over the first 60 months. Figure 2, C
stratifies zH by primary diagnosis and demonstrates the poorer outcomes of patients with
Alagille syndrome and those with other cholestatic diseases.

Pre-transplant growth impairment, previously identified in 262/781(33.5%) patients,
resolved in 156/262 (60%) who no longer had growth impairment at last follow-up. Eight
percent (42/519) of patients whose height had been greater than the 5th percentile pre-
transplant subsequently developed linear growth impairment after transplantation.

Tanner stage data were available on 42% of female and 37% of male subjects, two-thirds of
which was collected by six centers. These centers collected data between 43% and 100%
(pooled mean of 70%) of all their transplant recipients; 61% of girls and 58% of boys age
16-18 years were Tanner 5 compared with 100% of a normative population. At all Tanner
stages, a greater proportion of male patients had height impairment compared with their
female counterparts, though the difference reached statistical significance (P < .05) only for
Tanner stage 4 (27% boys vs 7% girls) (Figures 3 and 4; available at www.jpeds.com).
Growth impairment was present in 8/72 (11%) of Tanner 5 subjects.

Modeling Growth Impairment

Race, primary diagnosis, patient status, nutritional intake at listing, height impairment at
transplant, immunosuppression at transplant, requiring special education prior to transplant,
re-transplantation, steroid use at last height measurement, albumin at 12 months (g/dL), Log
(international normalized ratio) at transplant, and gamma glutamyltranspeptidase (GGTP) at
12 months (U/L) were identified as factors predictive of linear growth impairment in
univariate analyses (Tables Il and 1V; Table IV available at www.jpeds.com).

Multivariate analyses included 512 patients with complete data for all variables selected by
the univariate analyses. Characteristics of the included population compared with the overall
group are provided in Table V (available at www.jpeds.com), with only age at transplant
reaching a statistically significant difference. Patients who required re-transplantation and
those with height impairment at time of transplant were the most likely to have linear growth
impairment at last follow-up (Table VI). Patients who had a metabolic disease as their
indication for transplant were twice (OR 2.61) as likely to have linear growth impairment
than children with biliary atresia. The group ‘other cholestatic,” which included 142 patients
(34 with Alagille syndrome), were also more likely to have linear growth impairment (Table
VII; available at www.jpeds.com)
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Discussion

We confirm earlier single center studies indicating that a significant number of children

continue to have linear growth impairment and delayed puberty after transplant.8 These data
advance the understanding of risk factors for linear growth impairment for use in developing
guidelines to improve long-term linear growth and health status outcomes in this population.

Lower zH at transplant was the factor most strongly associated with linear growth
impairment. This is similar to previous findings, wherein prepubertal patients with linear
growth impairment at transplant were at risk for growth impairment up to 5 years post-
transplant.® Granting that children with more severe growth arrest prior to transplant have
the most to recover after a successful liver transplant, they are also less likely to achieve
normal growth percentiles post-transplant, underscoring the importance of appropriate pre-
transplant growth and nutrition. Greater attention towards optimizing nutrition and
preserving muscle mass may have a positive impact on post-transplant growth.13

Children with biliary atresia were less likely to have growth impairment compared with
those with metabolic diseases. Patients receiving steroids at the most recent follow up were
more likely to have growth impairment, which was expected based on previous
reports.8:914.15 Albumin at 12 months and Log(international normalized ratio) at transplant
were protective. GGTP at 12 months following transplant was statistically significant, but
considering the associated OR, it had less clinical impact.

The prevalence of linear growth impairment decreased after liver transplant (19.5% vs
33.5%), but remained above the expected for a normal population (5%). Linear growth
impairment was common in both sexes; however, the proportion of boys affected increased
in the 16-18 years age range. The reasons for this are unclear as sex did not reach
significance as a factor in our analysis. A possible explanation is that puberty occurs earlier
in girls and we may have more girls who are Tanner 5 and have reached their adult heights,
as evidenced by fewer girls with growth impairment who are Tanner 5 and who are 16-18
years old. Boys may have the potential to catch up once they complete puberty, in their late
teens or early twenties.

zH at the time of transplant have not increased demon-strably for liver transplant recipients
over the last 20 years.8.16 Pre-transplant zH vary between a median of 1.3 to -1.77 and a
mean of — 1.55 from the SPLIT group.”%17 In contrast, a 2-decade review of the North
American Pediatric Renal Transplant Cooperative Study data revealed increased zH at
transplant and final adult height with the greatest increase occurring in pre-transplant zH.
This improvement may be due to the older age of kidney transplant recipients, the use of
rhGH treatment, or due to the fact that a temporizing measure in the form of dialysis is
available. zH at renal transplant in 2009 for all ages was —1.23, an improvement from —2.43
in 1987. Patients aged 12 years and older had a baseline zH of —1.38 and 6 years post-
transplant were —1.58, and the youngest patients had the greatest growth impairment and
demonstrated some catch-up growth.18 rhGH has been used in these patients and has
increased zH by 0.5 SD over a 5-ear period.18
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Reports of the use of rhGH in liver transplant recipients in Europe have been promising.
Although zH in patients treated with rhGH remained negative, there was a significant
improvement without any reported side-effects.19:20 However, because of the hypothesized
risk of rejection, further study is needed on whether the ultimate gain in linear growth is
worth the added risk. After an initial rapid improvement in linear growth zH, there is a
plateauing as time from transplant increases. The mean zH in our group post-transplant
remained negative but were within the normal range, were comparable with previous
reports, and were better than other solid organ transplant recipients.”- 171821 patients of both
sexes had significantly lower zH compared with calculated MPH zH but these were also
within the normal range.

Pubertal trends are an important part of overall growth and development, and pubertal delay
has a negative effect on attainment of final adult height.22:23 Puberty was delayed across
both sexes and at all ages with 60% of 16-18 year olds having attained Tanner 5 status
compared with 100% of a normative population.24 Viner previously reported delayed
puberty by 3-5 years in liver transplant recipients.® In kidney transplant recipients, Fine et al
reported a mean age of 15.8 and 17.7 years for Tanner stage 4 and 5 in boys compared with
a mean age of 13.5-14 years for normal boys; girls also had delayed puberty.18 A Finnish
study reported normal puberty in girls and delayed puberty in 22% of boys following renal
transplantation.2>

The association between prolonged steroid use and growth impairment has been documented
previously.? Current immunosuppression protocols call for the elimination of steroids
between 6 and 18 months post-transplant, and there has been progress in decreasing post-
transplant steroid exposure despite its continued requirement in the treatment of rejection or
auto-immune liver disease2® Our findings support the use of more aggressive steroid-
withdrawal protocols or steroid-free regimens in pediatric liver transplantation that have
been shown to improve linear growth.27:28 The deleterious effects of corticosteroids on bone
formation and growth hormone release may be modified by reducing the dose or changing to
an alternate day schedule; alternatively, induction with interleukin 2 receptor antibodies,
such as Basilixmab, may also be helpful.

Many children receiving prolonged steroids may also have chronic graft dysfunction
contributing to impaired linear growth. Lower albumin and elevated GGTP were included as
markers of post-transplant graft function and were significantly associated with impaired
growth in the univariate analysis at 1 year post-transplant but lost significance at later
follow-up. GGTP is a sensitive but nonspecific marker of bile duct injury; our data were not
detailed enough to discriminate between patients with transient and chronic graft injury and
the rationale for chronic steroid use. Although this may have masked the impact of certain
types of chronic graft injury, our findings do further the idea that even low-level chronic
injury may impair linear growth.

Liver transplant survivors have lower quality of life scores, particularly with respect to
emotional and school functioning, compared with healthy controls.2® Mood, feelings of
well-being, and self-esteem improve in children with short stature who are successfully
treated with growth hormone therapy.3% Improvements in final adult height may improve the
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health status of liver transplant recipients and may be an important determinant in enhancing
long-term outcomes. Additionally, the emphasis on growth impairment in organ allocation
policies must be determined both by its impact on wait list mortality as well as on post-
transplant growth potential and long-term outcomes.

This analysis shares limitations common to many large registry studies. Although data are
gathered in a standardized, prospective fashion, compliance with data collection and entry is
not complete. All data elements were not routinely collected at all centers, reducing the
number of subjects included in the multivariate model. Data on Tanner staging were often
missing; however, the 7 centers that contributed the most data on this variable collected it on
70% of their patients, reducing the potential for bias. Over one-third of Tanner stage data
were self-reported, and although not as accurate as physician assessments, there are data that
support significant agreement with physician measures.31-34 There is no uniform protocol
for the management of patients following liver transplant. Centers that aggressively wean
steroids and provide a strong focus on nutrition may have improved growth outcomes.
Comparisons of patients included in the model and those excluded suggested the primary
difference was age at transplant. However, as this was not significant in the univariate or
multivariate analysis, it is unlikely that it confounded our results.

In summary, analysis of this large multi-center cohort of pubertal children revealed that
linear growth impairment remains prevalent post-transplant and survivors are likely to be
shorter adults than their parents. Height impairment at time of transplant, long-term steroid
use, re-transplant, and metabolic disease independently predicted worse height outcomes.
Delay in pubertal development is common, with boys more affected than girls. The zH post-
transplant, although negative, was still within the normal range. Concerted nutritional
support while awaiting transplant, organ allocation to infants prior to marked linear growth
impairment, and early weaning of steroids post-transplant are important strategies to avoid
linear growth impairment.
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Glossary
GGTP Gamma glutamyltranspeptidase
MPH Mid-parental height targets
rhGH Recombinant human growth hormone
SPLIT Studies of Pediatric Liver Transplantation
zH Height z-score
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Figure 1.
Prevalence of linear growth impairment at last follow up visit. A, By age compared with the

general population (n = 892). The percentage of males is greater than females in the late
teens. B, By mean zH compared with calculated mean MPH zH (n = 138). P <.005 for the 3
groups.
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Figure2.
A, Height; B, weight z-score for study cohort at yearly intervals from transplant by sex

(mean = SE) showing modest improvement over 5 years; C, zH at yearly intervals by
primary diagnosis revealing lower zH of patients with Alagille and other cholestatic diseases
at time of transplant.
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Figure 3.
Proportion of patients with linear growth impairment by sex and Tanner stage (n = 353). A

higher percentage of males are growth impaired at each tanner stage, which reaches
significance at Tanner 4; *P < .05.
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Figure4.
Tanner stage of patients by sex and age at assessment. A large proportion of both male and

female patients have not attained Tanner 5 by age 16-18 years.
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List of demographic and medical variables analyzed as possible predictor s of linear

Table |

growth impair ment

Sex

Race

Primary diagnosis

Era of transplant

Age at Transplant

Donor type

Patient status

Nutritional intake at listing

Height failure at transplant
Immunosuppression at transplant
Education prior to transplant
Special education prior to transplant
Prednisone use up to 12 months
CMV before last height measurement

Re-transplanted

EBV before last height measurement
PTLD before last height measurement

CNI level at last height measurement
Steroid use at last height measurement
Tanner stage at last height measurement
Total bilirubin at transplant (mg/dL)

Total bilirubin at 12 months (mg/dL)

Total bilirubin at last height measurement (mg/dL)
Albumin at transplant (g/dL)

Albumin at 12 months (g/dL)

Albumin at last height measurement (g/dL)
Log(INR) at transplant

Log(INR) at 12 months

Log(INR) at last height measurement

GGT at 12 months (U/L)
GGT at last height measurement (U/L)

Page 15

CMV, cytomegalovirus; CNI, calcineurin inhibitor; EBV, Epstein—-Barr virus; GGT, gamma glutamyl transferase; INR, international normalized
ratio; PTLD, post-transplant lymphoproliferative disorder.
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