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Impact of Graft Type on Outcome in Pediatric Liver
Transplantation

A Report From Studies of Pediatric Liver Transplantation (SPLIT)
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Objective: To examine the outcome of technical variant liver
transplant techniques relative to whole organ liver transplantation in
pediatric liver transplant recipients.
Background: Technical variant liver transplant techniques compris-
ing split, reduced, and live-donor liver transplantation evolved to
address the need for timely and size appropriate grafts for pediatric
recipients.
Methods: Analysis of data from the Studies of Pediatric Liver
Transplantation (SPLIT) registry, a multicenter database of 44 North
American pediatric liver transplant programs. The outcome (mor-
bidity and mortality) of each of the technical variants were com-
pared with that of whole organ recipients.
Results: Data were available on 2192 transplant recipients (1183
whole, 261 split, 388 reduced, and 360 live donor). Recipients of all
technical variant graft type were significantly younger than whole
organ recipients, but on average spent 2.3 months less on the waiting
list. Thirty-day post-transplant morbidity was increased for each
type of technical variant relative to whole organ (45.1% whole,
66.7% split, 65.5% reduced, 51.9% live-donor). Biliary complica-
tions (30 day: 7.5% whole, 18.8% split, 16% reduced, 17.5%
live-donor) and portal vein thrombosis (30 day: 3.6% whole, 8%
split, 8% reduced, 7.5% live-donor) were more common in all
technical variant types. Graft type was an independent predictor of

graft loss (death or retransplantation) in a multivariate analysis. Split
and reduced (relative risk � 1.74 and 1.77, respectively) grafts had
a worse outcome when compared with whole organ recipients.
Conclusions: Technical variant techniques expand the pediatric
donor pool and reduce time from listing to transplant, but they are
associated with increased morbidity and mortality.

(Ann Surg 2007;246: 301–310)

Liver transplantation is considered to be an accepted treat-
ment method for children and adults with end-stage liver

disease, with survival rates approaching 90%.1 However, the
demand for livers is far greater than the supply, and technical
variant transplant techniques have been developed to increase
the availability of organs for transplantation. These tech-
niques are based on the principle that a partial liver graft with
appropriate arterial and portal inflow, the corresponding ve-
nous and biliary drainage, and sufficient hepatocyte mass is
able to fulfill the role of a whole organ.2 There are 3 technical
variant techniques, namely, reduced,3 split,4 and live-do-
nor.5,6 Reduced grafts arise when a graft is “cut-down” based
on segmental anatomy, and the segments not transplanted are
discarded. Since there is only 1 recipient, there is no need to
share portal structures, thus maximizing the length of conduit
for biliary and vascular anastomosis. Although the reduced
technique expands the pediatric donor pool, this is to the
detriment of adult recipients.7 Consequently, split techniques
evolved, whereby a liver is divided such that it can be
transplanted into 2 recipients. Live-donor techniques were a
direct extension of split liver transplantation, whereby a
partial liver graft from a live-donor is transplanted.

Studies of Pediatric Liver Transplantation (SPLIT) was
established in 1995, with the primary objective to character-
ize and follow trends in patient and graft survival, rejection,
growth, and immunosuppression to identify the potential
morbidity and mortality factors and patterns of graft failure.
Herein, we present the surgical outcomes from the SPLIT
database with particular attention to variations in outcome by
type of graft.
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METHODS
We analyzed prospectively collected data by SPLIT

since 1995. At the time of data closure for this report, June 1,
2006, 44 centers in the United States and Canada had regis-
tered 3161 patients, with 2445 of them receiving at least 1
transplant (0 to 212 patients per center). Participation in the
SPLIT registry was approved by each center’s institutional
review board, and all parents or legal guardians provided
written informed consent; subject assent was also obtained
when appropriate.

Enrolled patients are followed every 6 months for 2
years and then yearly from the time of listing to transplant.
After transplant, enrollees are followed every 6-months for 2
years and then yearly thereafter until the 18th birthday. Data
captured include demographics, primary diagnosis, pretrans-
plant conditions and morbidity, surgical data, perioperative
and long-term morbidity such as lymphoproliferative disease,
rejection, retransplantation, and death.

Data Analysis
We analyzed data for all children who received their

first liver transplant between the inception of SPLIT in 1995
and June 1, 2006. Children were excluded if they received
any grafts in addition to the liver. Univariate statistical
analyses included �2 or Fisher exact test to make comparisons
between categorical variables, Wilcoxon rank sum test for
comparison of means, and log-rank test for comparison of
time to event outcomes. A P value of 0.05 was considered to
be statistically significant and values between 0.05 and 0.1 a
trend. All statistical analyses were performed using the SAS
System for Windows, version 8.02 (SAS Institute, Cary,
NC.).

Statistical Analyses
Impact of Graft Type

Subjects were grouped according to graft type (whole,
split, reduced, live-donor) for the primary analyses regarding
morbidity. In all cases, each group of patients who received
a technical variant graft (split, reduced, live-donor) was
individually compared with those who received a whole
organ. Morbidity at 30 days was assessed for all patients who
underwent transplantation. However, to obtain estimates of
long-term morbidity (at 24 months), data were only analyzed
for those who survived to that point and had undergone a
24-month follow-up visit. Causes of graft loss (death or
retransplantation) were also tabulated. Kaplan-Meier curves
were generated to examine the impact of graft type on graft
and patient survival, as well as time to first episode of
rejection.

Predictors of Graft Loss
To assess the impact of graft type on outcome when

adjusting for other significant predictors, univariate analyses
using a Cox proportional hazards model were performed to
examine factors predictive of a composite outcome of graft
loss, which was defined as either death or retransplantation.
Both donor and recipient factors were considered for inclu-
sion in the model, as was the type of immunosuppressant

used and use of polyclonal antibodies. To account for
changes in the field of liver transplantation over time, year of
transplant was also considered in the analyses.

For the development of the multivariate model to pre-
dict post-transplant survival, factors significant at P � 0.20 in
the univariate analyses were initially included. Model reduc-
tion was performed using the backward elimination variable
selection method. Factors remaining significant at P � 0.05
were maintained in the final model. To control for center-
specific effects, we performed 2 analyses. In the frailty
method, each center was assumed to have a random effect
that indicates the possibility of different baseline risks for
patients at different centers. The robust variance method was
also used to adjust for the possible correlations for the
transplants at the same center using a robust “sandwich”
variance approach.

RESULTS
During the index time period, 2291 children received

their first liver transplant. Data on graft type was unavailable
for 99 (4.3%) children and these were excluded; thus, the
study population comprised 2192 children. One thousand
eight hundred thirty-two liver (1832) transplants were per-
formed using deceased donors (1183 whole organ, 261 split,
and 388 reduced). Three hundred and sixty (360) children
received grafts from live-donors.

Demographic data are presented in Table 1. Those who
received a split or reduced graft were more likely to be
transplanted for acute liver failure. Acuity of disease as
evidenced by the distribution of the intensity of care received,
or the mean calculated pediatric end-stage liver disease score
per group was greater in all of the technical variant groups
relative to whole organ. Also, younger children were more
likely to receive a technical variant graft. Only 33.9% (260 of
766) of patients 1-year-old or younger received a whole organ
compared with 49.1% (358/729) of patients aged 1–5 years,
65.3% (309 of 473) aged 5–12, and 79.4% (255 of 321) of
those 12 years or older. All technical variant graft types spent
less time on the waiting list relative to whole organ recipients
�5.9 months whole vs. 4.1 month split (P � 0.003), 3.1 month
reduced (P � 0.001), 3.6 months live-donor (P � 0.0002)�.

Operative Details
Details of the operative techniques employed are pre-

sented in Table 2. Roux-en-Y choledochojejunostomy was
the predominant type of biliary reconstruction in all patients,
although it was more frequently used in those undergoing a
technical variant transplant. Twenty nine percent of patients
who underwent whole organ transplantation had a duct-to-
duct anastomosis, whereas the range for the technical variant
types was between 5.8% and 10.6%. Although the operating
time for split and live-donor and transplants were statistically
longer than for whole organ (7.1 and 7.5 hours vs. 6.7 hours,
respectively), the difference was small and not of clinical
significance. Similarly, there were small but statistically sig-
nificant differences in ischemic and anhepatic times between
the technical variants and whole organ transplants. As would
be expected, those who underwent a live-donor transplant had
a significantly shorter cold-ischemia time (2.8 hours vs. 7.8
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hours for whole organ, P � 0.001). The average amount of
blood per kilogram body weight required for transplant re-
cipients of whole donor organs was significantly lower than
required for each of the technical variant types.

Morbidity Within 30 Days of Transplant
Data on morbidity within the first 30 days are presented

in Table 3. Those receiving one of the technical variant grafts

were more likely to develop complications within 30 days of
transplant �66.7% (P � 0.001) split, 65.5% (P � 0.001)
reduced, 51.9% (P � 0.01) live-donor� than those who
received a whole organ graft (45.1%). Those undergoing a
technical variant procedure also were more likely to require
reoperation within 30 days of transplant. 29.5% of those who
received a whole-organ underwent reoperation, whereas the
proportion in the technical variant groups were 47.1%

TABLE 1. Demographics

Whole Liver Split Reduced Live-Donor

N 1183 261 388 360

Age (yr) �mean (SE)� 6.6 (0.2) 3.2* (0.3) 3.2* (0.2) 2.6* (0.2)

Gender

Male (%) 572 (48.4) 114 (43.7) 166 (42.8) 164 (45.6)

Months from listing to transplant
[mean (SE)]

5.9 (0.3) 4.1* (0.5) 3.1* (0.3) 3.6* (0.5)

Months of follow-up �mean (SE)� 32.6 (0.8) 25.9* (1.5) 36.5 (1.7) 33.3 (1.6)

Indication for transplant†(%)

Acute liver failure 160 (13.5) 46 (17.6) 76* (19.6) 37 (10.3)

Chronic liver disease 1023 (86.5) 215* (82.4) 312* (80.4) 323 (89.7)

Pretransplant status†(%)

Intensive care unit 276 (23.3) 95* (36.4) 127* (32.7) 74* (20.6)

Continuous hospital 160 (13.5) 45* (17.2) 81* (20.9) 83* (23.1)

Not hospitalized 741(62.6) 120* (46) 179* (46.1) 203* (56.4)

Calculated PELD score �mean (SE)� 11.6 (0.4) 16.7* (0.9) 18.2* (0.8) 16.6* (0.8)

*P � 0.05.
†For categorical variables, the Fisher exact test was used to examine the distribution of categories relative to whole liver.

TABLE 2. Operative Details

Whole Liver Split Reduced Live-Donor

N 1183 261 388 360

Procedure type† (%)

Orthotopic standard 776 (65.6) 69 (26.4) 190 (49) 0 (0)

Piggyback 403 (34.1) 189 (72.4) 194 (50) 341 (94.7)

Auxillary 3 (0.3) 1 (0.4) 3 (1) 2 (0.6)

Biliary reconstruction† (%)

Roux-end-Y 820 (69.3) 223 (85.4) 328 (84.5) 318 (88.3)

Duct-to-duct 345 (29.2) 22 (8.4) 41 (10.6) 21 (5.8)

Other 7 (0.6) 13 (5) 16 (4.1) 8 (2.2)

Arterial reconstruction† (%)

End-to-end 968 (81.8) 210 (80.5) 250 (64.4) 306 (85)

End-to-side 69 (5.8) 26 (10) 85 (21.9) 11 (3.1)

Interposition 127 (10.7) 22 (8.4) 46 (11.9) 25 (6.9)

Portal reconstruction-donor PV to† (%)

Portal vein 1132 (95.7) 238 (91.2) 362 (93.3) 328 (91.1)

Superior mesenteric 12 (1.0) 6 (2.3) 10 (2.6) 6 (1.7)

Other vein 22 (1.9) 11 (4.2) 10 (2.6) 11 (3.1)

Operative time (hr) �mean (SE)� 6.7 (0.1) 7.1* (0.2) 6.7 (0.1) 7.5* (0.2)

Warm ischemia (min) �mean (SE)� 48.9 (0.6) 51.8 (1.6) 51.6* (1.1) 48.8 (1.4)

Cold ischemia (hr) �mean (SE)� 7.8 (0.1) 7.3* (0.2) 8.4* (0.1) 2.8* (0.2)

Anhepatic time (min) �mean (SE)� 67.1 (2.0) 70.2* (2.9) 67.0* (2.1) 68.3* (2.1)

Volume transfused (mL) �mean (SE)� 49.2 (2.3) 88.4* (7.0) 104.0* (5.6) 87.2* (5.5)

*P � 0.05; all P-values are relative to whole liver.
†Statistical comparisons not done.
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(P � 0.001) split, 51.0% (P � 0.001) reduced, and 41.9%
(P � 0.001) of live-donor grafts. Furthermore, 3 or more
reoperations were conducted in 5.0% of those with a split
organ (P � 0.2), 7.7% of the recipients receiving a reduced
organ (P � 0.001), and in 8.1% of live-donor recipients (P �
0.001). Only 3.1% of the whole organ recipients were thus
affected.

Patients who received any of the technical variant grafts
were more likely to experience biliary tract leaks. The overall
incidence of vascular complications was only increased for
those who received a reduced graft, whereas all technical
variant graft types were associated with an increased inci-
dence of portal vein thrombosis. The incidence of portal vein
thrombosis was at least double that of whole organ for all
groups. Mortality within 30 days was increased for recipients
of split and reduced grafts, although only recipients of split
grafts were more likely to be retransplanted during this time
period. The incidence of other gastrointestinal complications
was increased for the technical variant grafts, as was the inci-
dence of pulmonary complications for all technical variant types
and cardiac complications for split and reduced recipients.

Patients who received a graft from a live-donor were
significantly less likely than those who received a whole
organ graft (3.6% vs. 7.0%, P � 0.007) to develop diabetes
or glucose intolerance. As well, patients who received a
live-donor graft were less likely, at any point following the
transplant, (RR 0.82; 95% CI: 0.68–0.99; P � 0.034) to
experience rejection than those who received a whole organ.
Recipients of split (P � 0.217) and reduced (P � 0.326)
grafts had similar incidences of rejection relative to whole
organ. By 1-year, 46.6% of those who received a whole
organ, 49.6% split, 44.4% reduced, and 40.5% live-donor had
experienced at least 1 rejection episode.

Morbidity at 2 Years
Morbidity experienced by those who survived to 24

month post-transplant is presented in Table 4. This cohort
comprised 1245 patients (672 whole, 130 split, 221 reduced,
and 197 live-donor). Before 24 months, 240 children died (88
whole, 35 split, 67 reduced, and 41 live-donor). The remain-
ing 807 children had not yet reached their 24-month follow-
up, or did not have data for that visit. The overall incidence
of complications in the first 24-months was greater for each
of the technical variant types relative to the whole organ
group. The overall incidence of vascular complications was
increased in recipients of technical variant grafts, primarily
due to an increased risk of portal vein thrombosis in all graft
types. There was also a significantly greater incidence of
biliary tract complications among recipients of technical
variants. All types were associated with an increased inci-
dence of leaks; recipients of reduced and live-donor grafts
had an increased incidence of intrahepatic biliary strictures
�8.1% reduced (P � 0.005), 10.2 live (P � 0.001) vs. 3.6%
whole organ�. Recipients of live-donor grafts also had a
2-fold increase in the incidence of anastomotic strictures. The
incidence of other gastrointestinal and other nongastrointes-
tinal complications was also increased in recipients of the
technical variant types.

Graft and Patient Survival
In univariate analyses graft and patient survival were

superior in children who received a whole organ relative to
those who received a technical variant graft. Kaplan-Meier
curves for graft and patient survival are presented in Figures
1 and 2, respectively. All 3 technical variant techniques were
associated with decreased graft survival relative to whole
organ (split RR: 1.496, 95% CI: 1.107–2.022; reduced RR:

TABLE 3. Complications Within 30 Days of Transplant

Whole Liver Split Reduced Live-Donor

N 1183 261 388 360

N with complication (%) 533 (45.1) 174* (66.7) 254* (65.5) 187* (51.9)

Death 36 (3.0) 18* (6.9) 29* (7.5) 13 (3.6)

Retransplantation 61 (5.2) 22* (8.4) 20 (5.2) 22 (6.1)

Biliary complication 89 (7.5) 49* (18.8) 62* (16.0) 63* (17.5)

Leak 44 (3.7) 41* (15.7) 46* (12.0) 53* (14.7)

Intrahepatic stricture 8 (0.7) 3 (1.1) 4 (1) 4 (1.1)

Anastomotic stricture 30 (2.5) 3 (1.1) 16 (4.1) 11 (3.1)

Vascular complication 155 (13.1) 36 (13.8) 67* (17.3) 56 (15.6)

Hepatic artery thrombosis 99 (8.4) 15 (5.7) 28 (7.2) 24 (6.7)

Portal vein thrombosis 42 (3.6) 21* (8.0) 31* (8.0) 27* (7.5)

Other vascular 27 (2.3) 7 (2.7) 19* (4.9) 11 (3.1)

Other GI complications 83 (7.0) 38* (14.6) 55* (14.2) 40* (11.1)

CNS complications 90 (7.6) 18 (6.9) 24 (6.2) 21 (5.8)

Renal complication 67 (5.7) 20 (7.7) 34* (8.8) 19 (5.3)

Pulmonary complications 121 (10.2) 52* (19.9) 92* (23.7) 49 (13.6)

Cardiac complications 28 (2.4) 11 (4.2) 21* (5.4) 13 (3.6)

Hematologic complications 38 (3.2) 8 (3.1) 16 (5.4) 15 (4.2)

Diabetes/glucose intolerance 83 (7.0) 21 (8.0) 32 (8.2) 13* (3.6)

Other complications 158 (13.4) 44 (16.9) 90* (23.2) 43 (11.9)

*P � 0.05; all P values are relative to whole liver.
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1.841, 95% CI: 1.454–2.322; live donor RR: 1.321, 95% CI:
1.007–1.732). In terms of patient survival, those who re-
ceived a split (RR: 1.603; 95%CI: 1.094–2.349) or reduced
graft (RR: 2.11; 95% CI: 1.571–2.835) and were less likely to
survive than recipients of a whole organ. Those who under-
went a live-donor transplant had similar survival relative to
those who received a whole-organ (RR: 1.366; 95% CI:
0.962–1.941; P � 0.082). Indications for retransplantation
and causes of death are listed in Table 5.

Multivariate Predictors of Survival
To control for other confounders and to better under-

stand the impact of graft type on survival, we performed a
multivariate Cox proportional hazards regression. The out-
come for this analysis was graft loss as defined by either
death or retransplantation. The factors that were initially

included the multivariate model (P � 0.2 in univariate anal-
yses) were: primary diagnosis (P � 0.001), graft type (P �
0.001), donor age (P � 0.001), patient status at transplant (P
� 0.001), year of transplant (P � 0.0005), warm ischemia
time (P � 0.001), donor–recipient blood type match (P �
0.001), International Normalized Ratio (P � 0.001), bilirubin
(P � 0.009), intravenous immune globulin use in the first 7
days post-transplantation (P � 0.15), initial immunosuppres-
sant (P � 0.002), and monoclonal antibody use (P � 0.013).
Although the pediatric end-stage liver disease score met
criteria for inclusion in the model (P � 0.001), due to
concerns of collinearity with its components of international
normalized ratio and bilirubin, it was excluded from the
model. Recipient age did not meet statistical criteria for
inclusion in the model (P � 0.204), although a secondary

TABLE 4. Complications Experienced by Patients Surviving to 24 Months

Whole Liver Split Reduced Live-Donor

No. 672 130 221 197

No. with complication (%) 480 (71.4) 109* (83.8) 192* (86.9) 163* (82.7)

Biliary complication 116 (17.3) 37* (28.5) 56* (25.3) 79* (40.1)

Leak 39 (5.8) 23* (17.7) 33* (17.8) 43* (21.8)

Intrahepatic stricture 24 (3.6) 7 (5.4) 18* (8.1) 20* (10.2)

Anastomotic stricture 52 (7.7) 14 (10.8) 24 (10.9) 42* (21.3)

Vascular complication 111 (16.5) 31* (23.8) 52* (23.5) 48* (24.4)

Hepatic artery thrombosis 58 (8.6) 6 (4.6) 16 (7.2) 12 (6.1)

Portal vein thrombosis 35 (5.2) 16* (12.3) 21* (9.5) 27* (13.7)

Other vascular 40 (6.0) 14* (10.8) 22* (10) 21* (10.7)

Other GI complications 126 (18.8) 74* (36.2) 64* (29.0) 50* (25.4)

Other complications 416 (61.9) 95* (73.1) 173* (78.3) 127 (64.5)

*P � 0.05; all P values are relative to whole liver.

FIGURE 1. Kaplan-Meier probability of patient survival. FIGURE 2. Kaplan-Meier probability of graft survival.
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analysis was performed, to ensure that its absence did not
significantly alter the final multivariate model.

The final multivariate model is presented in Table 6.

Graft type, primary diagnosis, donor–recipient blood type
match, donor age, year of transplant, and warm ischemia time
remained significant predictors of graft loss. Children who

TABLE 5. Death and Retransplantation

Whole Liver Split Reduced Live-Donor

N 1183 261 388 360

Retransplantation

Number retransplanted (%)* 107 (9.0) 33 (12.6) 53. (13.7) 40 (11.1)

Indications

Primary graft dysfunction 23 (21.5) 11 (33.3) 11 (20.8) 7 (17.5)

Acute rejection 5 (4.7) 0 (0) 1 (1.9) 2 (5)

Chronic rejection 14 (13.1) 3 (9.1) 8 (15.1) 1 (2.5)

Vascular complication 41 (38.3) 10 (30.3) 16 (30.2) 17 (42.5)

Biliary complication 2 (1.9) 2 (6.1) 6 (11.3) 4 (10)

Infectious complication 2 (1.9) 0 (0) 0 (0) 0 (0)

Other 20 (18.7) 7 (21.2) 11 (20.8) 9 (22.5)

Death

N died (%)* 107 (9.0) 35 (13.4) 75 (19.3) 44 (12.2)

Cause of death

Graft failure 8 (7.5) 7 (20.0) 2 (2.7) 2 (4.5)

Vascular complication 10 (9.3) 2 (5.7) 5 (6.7) 1 (2.3)

Rejection 3 (2.8) 1 (2.9) 0 (0) 0 (0)

Liver tumor 7 (6.5) 3 (8.6) 3 (4.0) 1 (2.3)

Other malignancy 0 (0) 0 (0) 1 (1.3) 0 (0)

Recurrent liver disease 4 (3.7) 2 (5.7) 3 (4.0) 1 (2.3)

Infectious 25 (23.4) 4 (11.4) 26 (34.7) 12 (27.3)

Neurologic 13 (12.1) 4 (11.4) 11 (14.7) 4 (9.1)

Cardiorespiratory 10 (9.3) 2 (5.7) 9 (12.0) 11 (25.0)

Multiple organ failure 16 (15.0) 6 (17.1) 7 (9.3) 7 (15.9)

Other 11 (10.3) 4 (11.4) 8 (10.7) 5 (11.4)

No statistical comparisons done.
*Percentage relative to entire cohort, all other percentages are of those who were retransplanted or died.

TABLE 6. Multiple Variable Predictors of Graft Loss

Factor A B Relative Risk* (95% CI)

Graft type Whole Split 1.74† (1.17–2.58)

Reduced 1.77† (1.30–2.41)

Live donor 1.19 (0.77–1.84)

Primary diagnosis Biliary atresia Other cholestatic 0.97 (0.71–1.33)

Fulminant liver failure 1.61† (1.13–2.28)

Cirrhosis 1.28 (0.80–2.03)

Other 1.74† (1.20–2.53)

Donor–recipient blood match Identical Compatible 1.36† (1.01–1.85)

Incompatible 1.53 (0.86–2.72)

Donor age 1–17 yr 0–5 mo 2.54† (1.59–4.05)

6–11 mo 1.67 (0.89–3.15)

18–49 yr 1.24 (0.90–1.69)

� 50 yr 1.61 (0.92–2.80)

Year of transplant �2002 �2001 1.52 (1.18–1.96)

Warm ischemia time continuous predictor (min) 1.01† (1.00–1.02)

*Relative risk �1 implies patients in group B have higher risk of outcome compared with group A. Relative risks and the
corresponding confidence intervals are adjusted for other factors in the model.

†P � 0.05.
CI indicates confidence intervals.
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received a split (RR � 1.74) or reduced (RR � 1.54) graft
were more likely suffer graft loss than those who received a
whole organ. Recipients of grafts from live-donors did not
have a worse outcome. In terms of diagnosis, children with
fulminant liver failure as well as those with disease other than
other cholestatic diseases or cirrhosis were more likely to expe-
rience graft loss than those with biliary atresia. Children under-
going transplant from a donor with a nonidentical blood type had
a worse outcome, as did those transplanted before 2002. Young
donors, less than 5 months of age, also had an increased risk
for graft loss. Warm ischemia time, included as a continuous
variable, was a predictor of graft loss, with each additional
minute of ischemia resulting in a decrement in survival.

The analyses for center-specific effects failed to dem-
onstrate that center was a significant confounder in explaining
the differential survival of the various graft types. The dif-
ferences between graft types observed using the standard
analysis remained significant in the robust-variance approach
to account for center variations. The variance of the center
random effects in the frailty model was 0.084 (P � 0.06),
which does not provide evidence for a center-specific effect
in explaining our results.

DISCUSSION
Liver transplantation is considered to be the standard of

care for children and adults with end stage liver disease.1

However, the promise of transplantation is limited by the
availability of donor organs for transplant. Historically, this
shortage was most acute for pediatric recipients because of
the need for size matching of donors and recipients. To
address this disparity, surgeons developed technical variant
transplant techniques (split, reduced, and live-donor) for the
pediatric population.2 The literature suggests no difference in
transplant survival for technical variants relative to whole
organ transplantation in a number of pediatric series describ-
ing the experience of high-volume centers.8–10 By contrast,
reports of major cumulative series indicated improved out-
come for whole organs versus the technical variant types,
particularly reduced and split transplants.11 Although live-
donor grafts in some series have demonstrated either equiv-
alent or even a survival advantage over whole organ trans-
plantation,12,13 with the possibility that this advantage may be
most apparent in those less than 2-years of age.14

The present study was an analysis of the outcome of
2192 children undergoing liver transplantation at 1 of the 44
participating centers of the SPLIT research group over an
11-year period. Our univariate results demonstrated worse
overall graft survival for all of the technical variant tech-
niques and worse patient survival for those undergoing split
and reduced liver transplantation with a trend to worse
survival for those undergoing transplantation from a live-
donor. However, on a multivariate analysis, with the com-
posite outcome of graft loss (death or retransplantation), both
split and reduced graft types had a worse outcome relative to
whole organ. Recipients of organs from live-donors did not
demonstrate this disadvantage. The other variables that pre-
dicted graft loss were primary diagnosis, donor–recipient
blood type match, donor age, year of transplant, and warm

ischemia. All of the technical variant transplant types were
also associated with an increased risk of complications both
at 30 days post-transplantation and in those who survived to
24 months.

It is important to put the relative poorer outcome of
technical variant techniques into perspective. At 1-year,
whole organs had a 93% patient survival rate, whereas the
rate for reduced was 83.2%, split 87%, and live-donor 89%.
Four-year survival was 89% whole, 79% reduced, 85% split,
and 85% live-donor. Thus, although relative to a whole
organ, reduced and split grafts have a slightly decreased
probability of survival, the overall results for each of the
transplant types are excellent. The slight decrement in overall
survival must be balanced with the fact that almost all of
these children would have died without transplantation, par-
ticularly when one considers the generally higher acuity of
patients receiving technical variant grafts.

It must also be noted that using technical variant tech-
niques significantly decrease the waiting list mortality.2,9 In
this study, patients receiving a technical variant waited on
average 2.3 months less than those who received a whole
liver. This highlights the fact that the relative decrease in
post-transplantation survival needs to be balanced with the
gains in survival to transplant. Redding et al using Whiting-
ton’s method to calculate an overall survival based on pre-
transplant and post-transplant survival,15 demonstrated a sig-
nificant advantage to live-donor over deceased-donor (87%
vs. 70%) transplantation primarily due to enhanced survival
prior to transplant. Thus, although associated with slight
decrements in post-transplantation survival, because of the ex-
cellent overall outcome and significant improvements in graft
availability and survival to transplant as a result of the technical
variant techniques, the net effect of such techniques is of sig-
nificant benefit to the pediatric patient with liver failure.

Despite the excellent overall results, it is still important
to note and understand the increased morbidity of technical
variant procedures with the ultimate goal of developing
strategies to overcome these challenges. The perioperative
morbidity after pediatric liver transplantation typically in-
cludes biliary, portal, and arterial complications, followed by
intestinal perforation and bleeding.16 Biliary complications in
our series included bile leaks and anastomotic strictures. All
3 technical variant types had an increased incidence of bile
leak at 30-days ranging from 12.0% for recipients of reduced
grafts to 15.7% for split recipients. The corresponding inci-
dence in recipients of whole organ grafts was 3.7%. Recipi-
ents of both reduced and live-donor grafts had an increased
incidence of stricture at 24-months post-transplantation. Mul-
tiple hepatic ducts and damage to the delicate peribiliary
vasculature are said to increase the complication rate. Tech-
nical maneuvers such as stentless microsurgical biliary re-
construction and enteric biliary drainage are known to sig-
nificantly lower the incidence of anastomotic strictures and
bile leaks.17,18 Given the increased incidence of biliary com-
plications among recipients of technical variant grafts, we
believe that potential improvement in the biliary morbidity
can be expected by future microsurgical advances. The im-
portance of these advances is highlighted by the outcome at
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24-months post-transplantation. At this time point, over 20%
of recipients of reduced grafts and 30% of live-donor recip-
ients had biliary tract strictures (intrahepatic or anastomotic).
These numbers must be interpreted in the context that all of
the patients who were included in these analyses had survived
to 24 months, and thus they are successes that we strive for,
and a significant long-term biliary complication in more than
1 in 5 is concerning. Clearly, there is yet much that needs to
be done to improve the outcome for these patients.

The spectrum of vascular complications after pediatric
liver transplant is related to both the venous and arterial
supply of the graft. Reconstructions of the portal venous
supply in the pediatric population varies from slight portal
vein mismatches in size-matched donor to significant discrep-
ancies in diameter and decreased length in live-donor
grafts.19 More reconstructions can be successfully performed
using interposition grafts; however, these are associated with
a significant increase in complications.20,21 Such reconstruc-
tions are more frequently employed in technical variant liver
transplantation. We considered type of biliary and vascular
reconstruction in our univariate analyses of graft loss; how-
ever, these did not achieve statistical significance for consid-
eration in the multivariate model.

The incidence of hepatic artery thrombosis has been
reported to be as high as 26% and is among the major causes
for graft loss.22,23 Very young age and small body mass are
probably the most significant risk factors, although these
factors can be overcome with microvascular techniques.24,25

In this series, none of the technical variant techniques were
associated with an increased risk of hepatic artery thrombo-
sis, and at 30 days, the overall incidence of this complication
was 7.5%. Although the nature of our data does not permit
one to address the reasons for the low incidence of hepatic
artery thrombosis, one can speculate that this may be due to
an increase in the use of microvascular techniques for arterial
reconstruction.

Portal venous thrombosis was a more common compli-
cation among recipients of all technical variant grafts both at
30 days and 24 months post-transplantation. The increased
risk of portal venous thrombosis among live-donor recipients
was previously identified by Millis et al.20 However, we
believe that in the same way that microvascular techniques
have resulted in a reduction in hepatic arterial complications,
such techniques may play a role in future advances in portal
reconstruction.

It is unclear why children who received technical vari-
ant grafts had an increased risk of cardiac, pulmonary, and
respiratory complications, but it is important to note that
patients tended to be younger and sicker at the time of
transplant. Although the differences in pretransplant clinical
status may explain these discrepancies in outcome, graft type
was an independent predictor of graft loss on multivariate
analysis, which controlled for baseline acuity. Therefore, one
cannot fully account for the increased risk of morbidity and
mortality following a technical variant procedure on the basis
of differences in pretransplant acuity. A recent study found
that the perioperative complications were independent risk
factors for survival.26 Thus, the detrimental impact of graft

type on survival may be related to the increased incidence of
immediate perioperative complications experienced by recip-
ients of technical variant grafts. Thus, surgical innovations,
such as increased use of microsurgical reconstructive tech-
niques, not only have the potential to improve immediate
perioperative outcome but also survival.

Technical variant graft types were associated with an
increased need for blood transfusion. Although speculative, it
is intriguing to consider that the increased risk of systemic
complications around the time of transplant may be partially
related to this. Perioperative transfusions are associated with
an increased risk of infection and systemic complications in
adult patients27 and previous reports have demonstrated that
a high blood loss correlates with poor patient outcome after
liver transplantation.28 A recent report demonstrated that
perioperative normovolemic anemia, with a target hemoglo-
bin concentration between 8 and 9 g/dL, was safe in pediatric
live-donor transplants.29 Such a strategy warrants further
consideration in a larger trial, and this may be achievable via
a multicenter network such as the SPLIT research group.

Age was not an independent predictor for graft loss on
univariate analyses, and was not included in the multivariate
analysis. This is in contrast to a previous report on a large
series of pediatric liver transplant recipients.26 In secondary
analyses, we included age for consideration in the multivar-
iate model, as a multicategory variable, continuous variable,
and dichotomous variable (� or �1 year). However, age
never achieved statistical significance for inclusion in our
final multivariate model. Age is closely associated with graft
type as well as primary disease, both of which were included
in the final model. Therefore, it is possible that age did not
meet inclusion in the multivariate model because of its tight
relationship to these variables. However, an alternate inter-
pretation that may be drawn from these data is that the notion
that younger children have a worse outcome has to do with
the fact that younger children were more likely to receive a
technical variant graft. It may not have been possible, given
the small number of patients with each type of technical
variant graft in the previous report,26 to statistically examine
the impact of graft type. Thus, age was viewed to be the
important predictor rather than graft type. A recipient’s age,
size, and acuity are the primary features that guide the choice
of graft. Although it would be optimal to transplant only
whole livers and minimize complications, the unfortunate
current limited availability of organs for transplantation pre-
cludes this possibility.

This analysis based on data from a registry has a
number of limitations and biases, both known and unknown.
First, participation in SPLIT is voluntary, and therefore may
be subject to bias. Second, it is not possible to perform 100%
verification of accuracy and completeness of data submitted
to the data-coordinating center. Site visits are conducted
every 2 years. Third, given that centers with a wide range of
experience contribute data to SPLIT, discrepancies between
the outcome of a large series such as this and smaller single
center series may be related to center-specific effects. How-
ever, we were not able to demonstrate any center-specific
effects in interpreting the impact of graft type on the proba-
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bility of graft loss. Despite the limitations afforded by regis-
try data, our results are important both as they provide an
insight into the cumulative experience in managing children
undergoing liver transplantation but also in that they may be
used to generate hypotheses for future studies.

In conclusion, our analysis of the differential outcomes
of various graft types in the SPLIT registry clearly demonstrates
that despite significant advances, there is a differential outcome
for recipients of split and reduced grafts. This is in contrast to
single center series, and may be related to the enhanced statis-
tical power of this large series. The challenge from a surgical
perspective is to continue to improve on the technical variant
techniques and as such ultimately improve outcome. We
believe the fact that children who were transplanted after
2002 had improved survival rates is evidence that technical
innovations can improve outcome. As the SPLIT registry
continues to accumulate data, we shall continue to actively
track the outcome and advances in managing these challeng-
ing and important patients.
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