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Abstract
Background—Infants (<12 months) who require liver transplantation (LTx) represent a
particularly challenging and understudied group of patients.

Methods—This retrospective study aimed to describe a large single center experience of infants
who received isolated LTx, illustrate important differences in infants vs. older children, and identify
pre-transplant factors which influence survival. Over 25 pre-LTx demographic, laboratory, and
operative variables were analyzed using the Log-Rank Test and Cox Proportional Hazards Model.

Results—Between 1984–2006 216 LTx were performed in 186 infants with a mean follow-up time
of 62 months. Median age at LTx was 9 months, the majority had cholestatic liver disease, were
hospitalized pre-LTx, and received whole grafts. Leading indications for re-LTx (n=30) included
vascular complications (43%) and graft nonfunction (40%), while leading causes of death were sepsis
and multi-organ failure. 1,5 and 10 year graft and patient survival were 75/72/68 and 79/77/75%.
Relative to older pediatric recipients infants had worse overall patient survival (p=0.05). The
following were significant univariate predictors of graft loss: age < 6 months, and reduced cadaveric
grafts; and of patient loss: age < 6 months, calculated CrCl <90, pre-LTx hospitalization, pre-LTx
mechanical ventilation, repeat LTx, infants transplanted for reasons other than cholestatic liver
disease, and patients transplanted between 1984–1994.

Conclusions—Long-term outcomes for infants undergoing LTx are excellent and have improved
over time. As the largest, single center analysis of LTx in infants this study elucidates a unique set
of predictors which can aid in medical decision making.
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INTRODUCTION
Over the past twenty-five years liver transplantation (LTx) has become a lifesaving procedure
for infants (defined as children < 12 months of age) with end-stage liver disease (1). Despite
the fact that children under one year of age represent one out of four pediatric LTx recipients
(2), infants with end-stage liver disease remain a challenging and understudied group. While
it has been well documented that infants historically have had the highest rates of wait-list
mortality amongst all pediatric candidates (3–6), only a limited number of studies exist which
investigate the outcomes of these youngest LTx recipients (7–19). To date these prior series
have struggled with small sample sizes, reported wide variation in outcomes, and have been
unable to clearly identify risk factors of survival for infants undergoing LTx. The specific aims
of this study were to examine a large single-center experience of LTx in infants, highlight
unique differences in infants vs. older children, and elucidate important pre-LTx predictors of
patient and graft survival.

MATERIALS AND METHODS
An IRB-approved, retrospective, single-center cohort study was conducted at the University
of California Los Angeles. Inclusion criteria was all children < 1 year of age who received
isolated LTx between February1984 – December 2006. Multi-organ recipients were excluded.
Data sources consisted of medical center written records and a prospectively maintained LTx
electronic database. Over twenty-five variables were collected which were related to recipient
and donor demographics, operative characteristics and laboratory values within 24 hours prior
to LTx. Specifically for the recipients these included: age, gender, ethnicity, primary diagnosis,
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height, weight, pre-LTx location, mechanical ventilation, renal replacement therapy, LTx
number, year of LTx, graft type, cold and warm ischemia time, albumin, bilirubin, creatinine,
and INR. For donors these included: age, height, weight, donor to recipient weight ratio,
number of hospital days and number of vasopressors. Calculated variables included body mass
index (kg/m2), creatinine clearance (cCrCl) using the Schwartz Formula [cGFR= (k*Height
in cm)/Serum Creatinine in mg/dL; in which k= 0.33 for LBW infants <1 yr, and 0.45 for term
infants < 1 yr], and calculated PELD score at the time of LTx = {0.436 [age (<1 year)] −0.687
× Loge[albumin g/dL] + 0.480 × Loge [total bilirubin mg/dL] +1.857 × Loge [INR] + 0.667
[growth failure (< 2 SD present)]} × 10 (20,21).

Our immunosuppression and surveillance protocol has been previously described in detail
(22). To summarize, from 1984 to 1987, induction and maintenance therapy consisted of
cyclosporine (CsA) and prednisone. Azathioprine was added to this induction regimen between
1987 and 1994 in an attempt to lower steroid and CsA requirements. For children transplanted
after 1994, primary immunosuppression consisted of tacrolimus (Tac) and prednisone. Acute
rejection episodes during all time periods were treated with high dose intravenous
methylprednisolone tapered over 7 days. OKT3 was reserved for steroid resistant rejection,
and after 1994 conversion from CsA to Tac was also an option in such cases. Mycophenolate
mofetil was used in cases of re-transplantation and post-transplant de-novo autoimmune
hepatitis (23). Following LTx, patients were regularly evaluated in clinic and had routine
laboratory studies drawn every 1–3 months. Whole grafts were used exclusively in the 1980s,
followed by the options of reduced grafts beginning in 1990 (24), and living donation (LRD)
beginning in 1992 (25). In situ split liver transplantation was also initiated in 1992 (26). The
University of Wisconsin solution has been used for organ preservation since 1990. Prophylactic
anticoagulation consisting of heparin and dextran has been used routinely in the initial post-
LTx period. Duplex ultrasonography and percutaneous liver biopsies were performed when
clinically indicated.

Statistical analysis was performed using JMP 7.0. Standard Kaplan-Meier technique was used
to calculate patient and graft survival of infant LTx recipients. Chi-Square Test and Two-tailed
Student’s T-test were used to compare proportions of nominal variables and mean values of
continuous variables respectively between infants and all other pediatric recipients between
1–18 years of age. Potential univariate predictors of survival were analyzed using the Log-
Rank test. Variables with a p-value of < 0.20 at the univariate level were included in a Cox
Multivariable Proportional Hazards Model.

RESULTS
Between February 1984– December 2006, 852 LTx were performed in 657 patients ≤ 18 years
of age. 216 isolated LTx performed in 186 infants were included in this study. A mean of 9.8
± 5.8 infant LTx/year were performed; these were normally distributed over time and account
for one-quarter of all pediatric LTx. The mean follow-up time was 62 ± 64 months.

At the time of LTx the mean age was 8.7 ± 7.6 months, 50% of the recipients were female and
the ethnic distribution reflected that of our local patient population (Table 1). The leading
indications for LTx were cholestatic liver disease (60%), re-LTx (14%) and fulminant hepatic
failure (8%). Mean anthropometric data, laboratories 24 hours prior to LTx, cCrCl, PELD
scores and ischemia times are displayed in Table 1. Prior to LTx 42% of the infants were in
the intensive care unit, 21% required mechanical ventilation and 1% hemodialysis. The graft
types which were used were whole (56%), segmental (30%) and living related donor (14%).
Graft and patient survival curves for infants vs. older children are shown in Figures 1 and 2.
The 1/5/10 year graft and patient survival for infants undergoing LTx were: 75/72/68 and
79/77/75% respectively. While there was no significant difference in graft survival in infants
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versus older children (p=0.52), overall infants did have worse patient survival relative to older
pediatric recipients (p=0.05, Hazard Ratio = 1.6). Other important pre-LTx differences were
noted between infants and older pediatric recipients (Table 2). The majority of infant graft and
patient loss occurred in the first thirty days post-LTx. Leading causes of infant graft loss were
vascular thromboses, primary non-function and immunologic complications. The prevalence
of these events leading to re-LTx was: hepatic artery thrombosis= 6.5%, portal vein
thrombosis= 4.2%, and primary non-function= 7.4%. The leading causes of death were sepsis
and multi-system organ failure.

Those variables which approached (p<0.20) or reached statistical significance (p<0.05) as
univariate predictors of graft and patient survival for infant recipients are displayed along with
their respective hazard ratios in Table 3. In multivariate analysis the significant predictor of
graft survival was age < 6 months, and for patient survival: pre-LTx mechanical ventilation
and re-LTx (Table 4).

DISCUSSION
This study represents the largest single-center long-term analysis of a previously understudied,
high-risk group of LTx recipients, children < 12 months old. Our intent was to describe our
experience in detail, compare infants and older children, and identify unique risk factors of
patient and graft survival. This analysis confirms that while long-term outcomes for infant LTx
recipients are excellent and have improved over time, overall patient survival amongst infants
is not equivalent to that of older children. We identified a unique set of variables which help
explain these results and predict survival for these youngest LTx recipients.

In our twenty-plus year experience infants represent 25%, while neonates, defined as < 3
months old, make up less than 2% of the overall pediatric LTx experience. This distribution
reflects nationwide statistics (2,27,28). The indications for LTx in infants are unique compared
to older children in that a statistically significant greater proportion of infants (60%) relative
to older children (32%) are transplanted for cholestatic liver disease. Meanwhile, in our study
and prior reports over three-quarters of the LTx performed in the first 3 months of life are
accounted for by neonatal hepatitis, metabolic liver disease and fulminant hepatic failure.
(12,27). The importance of pre-LTx diagnosis is that it has been shown in older children to
strongly predict outcomes, with cholestatic liver disease consistently demonstrating better
results (29–33) and fulminant hepatic failure demonstrating significantly worse post-LTx
survival (34–36). These findings also proved true in our univariate analysis of patient survival
of infants.

Our series and nationwide data demonstrate that patient survival rates for infants following
LTx historically have been inferior to that of older children (28). The first 90 days following
LTx is the time during which there is the biggest discrepancy. An explanation of this
phenomenon is found by carefully examining pre-LTx characteristics. The pre-LTx medical
condition of infants in general is more tenuous than that of older children, as is demonstrated
in Table 2 by the fact that a statistically significant greater percentage of infants await LTx in
the ICU, require mechanical ventilation, have calculated PELD scores significantly higher and
cCrCl significantly lower than older children. All of these variables in turn predict worse patient
survival in our univariate analysis. While these findings have been documented in other
pediatric studies of older LTx recipients (3, 29, 37,), they represent novel finding in infants.
Calculated creatinine clearance as a predictor of survival should be interpreted with caution as
renal function changes throughout the first year of life, and cCrCl may often overestimate true
GFR in the youngest children (38). Nonetheless, this finding that pre-LTx morbidity affects
outcomes in infants lends credit to the idea that timely LTx is particularly important in this
population.
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Due to their small size and ensuing lack of sufficient number of suitable donors, infants have
historically had the highest pediatric waitlist mortality rates, between 4–8 x that of older
children (1,5,6). Subsequently, since the early 1990s infants have been considered as candidates
for whole, segmental and living-related donor (LRD) grafts (39,40). Relative to older children,
infants in our series and in the Study of Pediatric Liver Transplantation (SPLIT) registry data
(41) tend to be transplanted a greater portion of the time using segmental and LRD grafts. These
options have improved donor supply for infants and decreased wait-list mortality (38,42,43).
In examining our overall experience since 1984, univariate graft survival analysis indicates
that segmental LTx from deceased donors had inferior outcomes for infant recipients. OPTN/
SRTR and European transplant registry analyses confirm these findings (44–46). However,
when the most recent decade is analyzed, graft type no longer plays a role in infant graft survival
(Log-Rank Test, p=0.34). This suggests that there seems to be a learning curve involved in
LTx of segmental grafts for infant recipients. It is important to note that in our experience this
observation applies only to infants, not to older pediatric recipients in which graft survival has
not been a significant factor of survival over time (47).

The option of LRD for infant recipients potentially allows for optimal timing of LTx with
minimal ischemia time. While LRD poses ethical considerations and potential risks to the
donor, the outcomes in our univariate analysis demonstrated that LRD lead to equal or better
graft survival than whole or segmental grafts. The Kyoto series which is the largest LRD
experience in the world, shows excellent patient and graft survival rates which are comparable
to the overall results of cadaveric pediatric LTx (48). Of note, in our multivariate graft survival
and in our patient survival analysis LRD did not show a statistical advantage for infants. This
mixed picture is echoed in other single center experiences in the literature (49–51).

One cannot discuss pediatric LTx without talking about vascular complications, which account
for a large portion of graft loss amongst pediatric recipients (3,14). Nowhere is this more
apparent than in infants. In our series over 10% of all infant primary LTx recipients underwent
re-LTx due to HAT or PVT. Along these lines our youngest (< 6 months) and smallest (< 65
cm) recipients sustained worse graft survival in our univariate analysis. In children < 3 months
of age long-term graft survival has been reported as low as 50–65% (11–13,18,52,53), with
higher rates of portal vein and hepatic artery thrombosis reported than in older children (54).
Despite technical advances, vascular thromboses remain a serious cause of graft loss with an
overall incidence of between 5–26% in infants < 10 kg (10–12,15,19,55–58).

Re-LTx is necessary for 10–30% of pediatric LTx recipients, and relative to primary LTx, re-
LTx has been previously shown in older children to carry an increased risk of death (11,59–
61). Infants undergoing re-LTx seem to be particularly vulnerable (Table 4).

Over time patient survival in infant recipients has improved significantly. A survival advantage
was noted in our analysis when the more recent decade is compared with the prior decade. In
our study there was no difference in patient survival rates between infants and older pediatric
patients when the analysis is limited to the past ten years (Log-Rank Test p=0.62). As our group
and other centers have previously reported, infants have experienced the most improvement
in outcomes amongst pediatric recipients in comparing the past two decades (1,19). This
phenomenon is verified by OPTN/SRTR data since 2000 in which the death rate for infant
recipients during the first year after LTx has fallen steadily (5). Such trends are likely in part
due to continued experience and refinement in surgical techniques, improved pre and post-LTx
care, and perhaps the adoption of the PELD system in 2002 which recognized that children <
1 year of age had a higher incidence of death on the waiting list thus requiring timely
consideration for LTx (4).
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One of the main limitations of this study is that this was a retrospective analysis based on a
database which is prospectively maintained, therefore the predictors should be interpreted as
associations. The study also spanned over twenty plus years time during which changes have
occurred in immunosuppression, surgical technique and experience, graft types and the organ
allocation system. Our analysis was not designed to examine in detail important long-term
issues for infants including growth and development, post-transplant lymphoproliferative
disease and metabolic complications. Nonetheless, this analysis is to date the largest, detailed
single-center study of infant LTx. The long-term results indicate excellent outcomes which
have improved substantially over time. The identification of these significant predictors, all of
which relate to the recipients’ pre-LTx condition, can aid clinicians and surgeons in medical
decision making.

Abbreviations

LTx Liver Transplantation

cCrCl Calculated Creatinine Clearance

CsA Cyclosporine

Tac Tacrolimus

LRD Living Related Donor
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Figure 1.
Kaplan-Meier Graft Survival Curves of Infant LTx Recipients vs. LTx Recipients > 12 months
of age
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Figure 2.
Kaplan-Meier Patient Survival Curves of Infant LTx Recipients vs. LTx Recipients >12 months
of age
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Table 1

Baseline Pre-LTx Clinical Characteristics

VARIABLE PERCENTAGE

Sex

Female 50

Age at Transplant (months)

0–3 4

3–6 17

6–9 42

9–12 37

Race

African American 11

Asian 9

Caucasian 28

Latino 49

Middle Eastern 3

Primary Diagnosis

Autoimmune Liver Disease 1

Cholestatic Liver Disease 60

Cryptogenic Cirrhosis 2

Fulminant Hepatic Failure 8

Metabolic Liver Disease 6

Neonatal Hepatitis 6

Parenteral Nutrition Associated Liver Disease 1

Re-Transplantation 14

Tumor 2

VARIABLE MEAN ± SD

Height (cm) 64 ± 11

Weight (kg) 7.2 ± 3.2

Body Mass Index (kg/m2) 16.9 ± 3.9

Albumin (g/dL) 3.1 ± 0.7

Bilirubin (mg/dL) 16.7 ± 13.5
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VARIABLE PERCENTAGE

Creatinine (mg/dL) 0.5 ± 0.5

INR (ratio) 1.8 ± 1.0

Calculated PELD Score 20 ± 12

Calculated Creatinine Clearance (ml/min/1.73 m2) 89 ± 56

Cold Ischemia Time (min) 357 ± 194

Warm Ischemia Time (min) 56 ± 22

Donor Body Mass Index (kg/m2) 20 ± 5.1
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Table 2

Significant Differences Between Infants and Older Pediatric Recipients

Pre-LTx Variable Infants Older Children P-value

Primary Diagnosis (%)

Cholestatic liver disease 60 32 <0.0001

Pre-LTx Acuity (%)

Home/Ward/ICU Location 38/20/42 52/11/37 0.001

Mechanical Ventilation 21 15 0.11

Renal Replacement Therapy 1 5 0.009

Calculated PELD (Mean+/−SD) 20 ± 12 12 ± 13 <0.0001

Calculated Creatinine Clearance (ml/min/
1.73 m2)

89 ± 56 132 ± 85 <0.0001

Graft Type (%)

Whole/Segmental/LRD 56/30/14 82/15/3 <0.0001

Chi-Square Test and Two-tailed Student’s T-test were used to compare proportions of nominal variables and mean values of continuous variables
respectively between infants and all other pediatric recipients between 1–18 years of age.
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Table 3

Univariate Predictors of Graft and Patient Survival

Pre-LTx Variable Category I Category II Hazard Ratio P-value

Graft Survival

Age < 6 months > 6 months 1.3 0.02

Height < 65 cm > 65 cm 1.4 0.08

Graft Type Whole Segmental LRD 1.1
3.7

0.04

Donor BMI >20 <20 1.3 0.18

Patient Survival

Age < 6 months > 6 months 1.9 0.05

Calculated CrCl < 90 > 90 3.7 0.02

INR > 1.5 < 1.5 1.8 0.07

PELD >25 < 25 3.3 0.15

Location ICU Ward Home 2.5
1.9

0.01

Mechanical Ventilation Yes No 4.7 0.004

LTx Number Repeat Primary 6.5 < 0.001

Cold Ischemia Time > 600 min < 600 min 1.5 0.09

Diagnosis Other Cholestatic Liver Disease 2.3 0.007

Era 1984–1994 1995–2006 2.6 0.01

p-value > 0.2 was not considered significant, p-value between 0.05 – 0.2 approached significance, and p-value < 0.05 was considered significant. Log-
Rank Test was used for categorical variable. Hazard Ratio > 1 implies that patients in Category I have > risk of graft or death than patients in Category
II.
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Table 4

Multivariate Predictors of Graft and Patient Survival

Pre-LTx Variable Category I Category II Hazard Ratio P-value

Graft Survival

Age < 6 months > 6 months 2.1 0.02

Patient Survival

Mechanical Ventilation Yes No 1.7 0.05

LTx Number Repeat Primary 2.7 0.05

The multivariate analyses included all variables from the univariate analysis that were significant or approached significance. Cox proportional hazards
model was used. Hazard Ratio > 1 implies that patients in Category I have > risk of graft or patient loss than patients in Category II.
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