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Abstract

BACKGROUND—Previous studies have found no association between graft ischemic time (IT) 

and survival in pediatric heart transplant (HTx) recipients. However, previous studies were small 

or analyzed risk only at the extremes of IT, where observations are few. We sought to determine 

whether graft IT is independently associated with graft survival in a large cohort of children with 

no a priori assumptions about where the risk threshold may lie.

METHODS—All children aged <18 years in the U.S. undergoing primary HTx (1987 to 2008) 

were included. The primary end point was graft loss (death or retransplant) within 6 months. 

Multivariate analysis was performed to analyze the association between graft IT and graft loss 

within 6 months after transplant. A secondary end point of longer-term graft loss was assessed 

among recipients who survived the first 6 months after transplant.

RESULTS—Of 4,716 pediatric HTxs performed, the median IT was 3.5 hours (interquartile 

range, 2.7–4.3 hours). Adjusted analysis showed that children with an IT > 3.5 hours were at 

increased risk of graft loss within 6 months after transplant (hazard ratio, 1.3; 95% confidence 

interval, 1.1–1.5; p = 0.002). Among 6-month survivors, IT was not associated with longer-term 

graft loss.

CONCLUSIONS—IT beyond 3.5 hours is associated with a 30% increase in risk of graft loss 

within 6 months in pediatric HT recipients. Although the magnitude of risk associated with IT is 

small compared with the risk associated with recipient factors, these findings may be important 

during donor assessment for high-risk transplant candidates.
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In both adult and pediatric heart transplantation (HTx), surgeons strive to minimize graft 

ischemic time (IT), despite conflicting reports of the importance of graft IT in adult HTx1–11 

and several pediatric reports that have demonstrated no association between graft IT and 

HTx survival in children.12–14 A previous single-center pediatric study reported an IT of up 

to 8 hours was associated with excellent outcomes after transplant.13 Because wait-list 

mortality is higher among children awaiting HTx than in any other solid organ transplant 

population,15 these findings suggest that it may be safe to expand the pediatric donor pool 

by accepting hearts from farther geographic distances.

Previous pediatric reports have been limited to small single-center experiences or studies 

exploring the effect of prolonged IT (eg, ≥8 hours) where observations are relatively sparse 

and a negative study may be caused by a loss of statistical power. Because larger adult 

studies have tended to find an association between longer IT and reduced early survival, we 

sought to examine the association between IT and graft loss using a large, multicenter cohort 

of children undergoing HTx with no a priori assumption about where the time threshold may 

fall. Therefore, the specific objectives of this study were:

1. to test the hypothesis that longer donor IT is associated with early graft loss (6 

months) in pediatric HTx recipients, after adjusting for patient factors, and

2. to test the hypothesis that graft IT is not associated with long-term graft loss 

conditional upon survival to 6 months.

A better understanding of this relationship will not only assist transplant physicians in the 

evaluation of donor offers for their candidates but may also provide insights into need for 

further improvement in protocols for current donor management and organ preservation.

Methods

Study population

All children aged <18 years who underwent their first HTx in the United States (U.S.) 

between October 15, 1987, and March 31, 2008, were identified using Organ Procurement 

and Transplantation Network (OPTN) data. The OPTN database includes data on all 

transplant recipients in the U.S. The Health Resources and Services Administration, U.S. 

Department of Health and Human Services, provides oversight to the activities of the OPTN 

contractor, the United Network of Organ Sharing (UNOS). The study excluded children who 

received a re-HTx or multivisceral transplantation and those with missing data for graft 

ischemic time.

Study design and definitions

The primary study hypothesis was that increasing graft IT would be associated with 

increased risk of graft loss within the first 6 months after transplant in pediatric HTx 

recipients. The primary study end point was time to early graft loss, defined as time to death 
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or re-HTx during the first 6 months. The secondary study end point was time to graft loss 

conditional upon surviving the first 6 months (longer-term, conditional survival). Transplant 

recipients were divided into quartiles of graft IT. All demographic and clinical variables 

were defined at the time of transplant, unless stated otherwise.

The level of hemodynamic support at the time of transplant was defined as a categoric 

variable. A child was defined to be on extracorporeal membrane oxygenation (ECMO) if 

supported on ECMO, on a ventilator if supported by a ventilator but not on ECMO, and on 

inotropes if supported by inotropes but not a ventilator or ECMO. Renal function at the time 

of transplant was estimated using serum creatinine levels and the Schwartz formula.16 No 

patients had any missing data for the variables of age, sex, race/ethnicity, diagnosis, 

hemodynamic support, dialysis, or dates of transplant, death, or repeat transplant. For 

children with missing data on any other variable, we created the indicator variable “variable 

not reported” to allow these patients to contribute their other risk factors in adjusted models. 

All children were monitored from the time of transplant until death, re-HTx, or the day of 

last observation on February 25, 2009.

Statistical analysis

Summary statistics are presented as median (interquartile range [IQR], 25th, 75th percentile) 

or number (%). The association of graft IT with survival after transplant was first assessed 

with graft IT as a continuous variable using a restricted cubic spline to allow for the most 

flexible relationship with outcome. Because this analysis demonstrated worse outcomes in 

children with graft IT above the median, we divided them into 4 groups by quartiles of IT 

for describing patient factors and association of IT with outcomes. Baseline characteristics 

were compared among groups using the Kruskal-Wallis test for continuous variables and the 

chisquare test for categoric variables. Unadjusted survival curves were computed using the 

Kaplan-Meier method. A multivariable Cox model without IT data for early (6 months) 

survival after transplant was developed using forward selection; all variables in Table 1 were 

considered, and continuous variables were fitted with a restricted cubic spline. Variables 

significant at the 0.10 level, based on a likelihood ratio test, were retained, and IT quartiles 

were added to the model. The interaction of IT with recipient or donor age or recipient 

diagnosis was also assessed. A similar method was used for analyzing long-term survival, 

limiting analysis to recipients who survived the first 6 months after HTx. The groups were 

compared for the distribution of causes of death using Fisher’s exact test. Analyses were 

performed using SAS 9.1 software (SAS Institute Inc, Cary, NC) and STATA 10.0 software 

(StataCorp LP, College Station, TX).

Results

Study population

During the study duration, 5,297 children aged <18 years underwent HTx in the U.S. Of 

these, 267 were excluded for missing IT, 288 were excluded for re-HTx, and 26 were 

excluded for multiorgan transplantation. The data for the remaining 4,716 children were 

analyzed. The baseline demographic and clinic characteristics of the study population by IT 
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quartiles are summarized in Table 1. The median IT was 3.5 hours (IQR, 2.7–4.3 hours). 

The median recipient age was 3 years, and median donor age was 4 years.

Children with longer ITs were more likely to be younger, supported with prostaglandin E, 

and to have a cardiac diagnosis of congenital heart disease and a prior sternotomy (p <0.001 

for distribution of all, Table 1). Recipients with longer ITs were also more likely to have 

renal dysfunction (p = 0.02) and higher bilirubin levels (p <0.001). There were no 

differences among the groups with respect to the type of medical insurance.

IT and early (6-month) post-HTx survival

Of 4,716 children in the study, 707 children (15%) reached the primary end point of graft 

loss within the first 6 months (664 deaths, 43 re-HTx). Graft loss occurred in 13%, 12%, 

16%, and 18% of HTx recipients in the 4 groups, respectively. Figure 1 illustrates the 

observed cumulative graft loss within 6 months after transplant among the 4 groups of 

children.

Unadjusted analysis (first quartile being the reference group) showed time to graft loss in the 

second quartile children (graft IT, 2.73–3.51 hours) was similar to those in the first quartile 

(hazard ratio [HR], 0.9; 95% confidence interval [CI], 0.7–1.2; p = 0.34). However, children 

in the third quartile (graft IT, 3.52–4.30 hours) were at higher risk of early graft loss (HR, 

1.3; 95% CI 1.0 –1.6; p = 0.03), as were those in the fourth quartile (HR, 1.4; 95% CI 1.2–

1.8, p = 0.001). Multivariable analysis (Table 2) showed children in the third quartile (HR, 

1.3; 95% CI 1.1–1.6; p = 0.009) and fourth quartile (HR, 1.3; 95% CI 1.1–1.5; p = 0.01) 

were at a higher risk of death or retransplant within 6 months after HTx than children with 

an IT that was lower the median. Other factors associated with increased risk of early graft 

loss in adjusted analysis were female sex, donor age <1 year, congenital heart disease vs 

cardiomyopathy, prior sternotomy, ECMO support, ventilator support, renal dysfunction, 

and earlier era of HTx (Table 2). There was no interaction of IT with recipient or donor age, 

or with cardiac diagnosis.

Long-term conditional survival

In children who survived the first 6 months, IT was not associated with long-term survival. 

Adjusted analysis showed children in the third quartile (HR, 0.9; 95% CI, 0.8 –1.0; p = 0.12) 

and the fourth quartile (HR, 1.0; 95% CI, 0.8 –1.2; p = 0.91) had long-term survival similar 

to those with an IT below the median (Table 3). Patient factors associated with a higher risk 

of long-term graft loss included older age, female sex, human leukocyte antigen 

sensitization (panel reactive antibodies >10%), and black race. Prostaglandin support at 

transplant was associated with a decreased risk of long-term graft loss.

Cause of death

Of the 707 graft loss events (664 deaths and 43 retransplants) within the first 6 months, 

patients with graft IT >3.5 hours had 407 events (17.4%) vs 300 (12.6%) events (p <0.001). 

Causes of death were recorded in 661, including cardiac rejection in 125, cardiac death not 

related to rejection in 307, non-cardiac death in 193, and other causes in 36. Despite 386 

deaths (16.5%) in patients with graft IT >3.5 hours vs 275 (11.6%; p <0.001), the 
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distribution of causes of death was similar across both groups. The association of IT 

quartiles to graft loss from causes other than rejection was similar to that described with 

overall graft loss.

Discussion

In this study of a large cohort of children undergoing HTx in the U.S., we found that IT > 

3.5 hours was associated with a 30% increase in the risk of graft loss by 6 months after 

transplant, after adjusting for patient factors and era of transplant. There was no association 

between IT and longterm survival in patients who survived the first 6 months. Although 

multivariable analysis showed the magnitude of the increased risk was not as high as the risk 

associated with congenital heart disease (HR, 1.7), patient support (HR, 3.3 for ECMO; 2.1 

for ventilator), renal dysfunction (HR, 1.9) or prior sternotomy (HR, 1.8), it was statistically 

significant. A 30% increase in the risk of graft loss in a low-risk candidate represents a 

minimal additional risk, but it may be clinically important in an otherwise high-risk 

transplant candidate.

Although several multicenter analyses in adult HTx recipients have reported an association 

between longer IT and worse outcomes after transplant,5, 6, 9, 10 others, particularly those 

reporting single-center experiences, have not found such an association.1–3, 7, 11, 17, 18 A 

recent OPTN data analysis suggested that the association of IT with outcomes may be 

limited to children or adults recipients who received a heart from a donor aged >19 years.4 

However, pediatric analyses were not presented. Relatively few studies, all single-center, 

have focused on this association in children.

In one study from Loma Linda University with predominantly infant recipients and overall 

excellent results, 14 children with donor ITs >8 hours had outcomes similar to 14 recipients 

with ITs <90 minutes. Morgan et al14 reported that among children who underwent HTx at 

Columbia University, those with ITs >4 hours had outcomes similar to recipients with ITs 

<4 hours. These results speak to the best possible outcomes that may be achieved by a single 

center and are valuable to other centers looking to adopt the clinical practices of highly 

successful centers. Yet, the small sample populations examined and low frequency of graft 

loss events increases the chances that a negative finding may be attributable to type II 

statistical error and that the results may not apply to other centers—problems that could be 

overcome by testing the hypothesis in a sufficiently large multicenter cohort.

Our study included >4,000 children during 2 decades who received allografts at centers 

throughout the U.S., thus providing sufficient power to adequately test the hypothesis while 

adjusting simultaneously for a variety of patient factors. The potential mechanisms for this 

association include a higher risk of graft dysfunction in patients with longer Its due to 

cardiac myocyte damage19 and an increased risk of multiorgan dysfunction if also associated 

with prolonged cardiopulmonary bypass time, although cardiopulmonary bypass time is not 

specifically reported in the UNOS data set and is reflected only as a component of total IT.

These findings suggest that the distance between the donor and the recipient and, thus, the 

duration of organ transport between the two hospitals, is important in evaluating donor 
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offers for high-risk pediatric candidates. Furthermore, because IT is also affected by the 

complexity of transplant surgery, the importance of minimizing IT by closely coordinating 

the recipient’s operation with organ arrival from the donor hospital cannot be overstated. 

There is increasing recognition that the presence of multiple risk factors in transplant 

recipients confers at least an additive risk for early death after transplant.20, 21 Because the 

association described in our study was present after adjusting for recipient risk factors, long 

IT likely represents additional risk for the transplant candidate. Our recent analysis suggests 

that the risk of post-transplant in-hospital mortality in pediatric HT recipients varies between 

1% and 60% based on recipient factors alone.21

Although the magnitude of the additional risk from prolonged IT is small and not of clinical 

importance in an otherwise low-risk candidate, it may increase the risk of early post-

transplant graft loss significantly in a high-risk transplant recipient. Because graft IT is 

affected by the transport distance as well as the complexity of the transplant surgery, these 

factors may be important during donor assessment for high-risk candidates, as are the 

urgency of transplant, position on the wait-list, and the likelihood of future offers for the 

candidate being considered.

These findings also suggest that the emerging extracorporeal perfusion devices for organ 

transport may stand to benefit the pediatric patients as well as adult patients. Devices such as 

the Organ Care System (Transmedics, Andover, MA), designed to support the procured 

heart in a warm, functioning state during transport, have demonstrated safety and efficacy in 

adults in Europe and are currently under investigation in the U.S. In theory, such devices 

may prove particularly useful in high-risk pediatric recipients where the technical 

complexity of the transplant operation frequently results in extended ischemic times 

independent of donor distance.

Although not an a priori hypothesis of the study, we anticipated that the association of a 

longer IT with all-cause early graft loss might be mediated by a higher likelihood of primary 

graft failure amongst patients with a longer IT. However, we did not find a specific cause of 

death to be more common in recipients with longer IT. This may be due to a long list of 

options available to centers for coding the cause of death after transplant. Furthermore, 

assigning a primary cause of death in a patient with poor graft function supported in the 

intensive care unit, who develops secondary or sequential complications such as infection or 

multiorgan failure, may be a challenging task with heterogeneous responses.

This study has limitations: First, this was a retrospective analysis of national registry data. 

However, selection bias is unlikely because OPTN captures all transplants in the U.S., and 

data collection is performed prospectively for real-time patient listing, organ allocation, and 

transplant, and certain safeguards to data quality are to be expected.

Second, we were unable to identify the mechanism for increased early death with higher IT, 

despite analyzing the frequency distribution of causes of death. This may reflect the 

difficulty in assigning the primary cause of death and differentiating it from secondary 

complications in transplant recipients.
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Third, recipients in the higher IT quartiles were younger and more likely to have congenital 

heart disease and prior sternotomy, factors also associated with a worse early post-transplant 

outcome. Transplant teams may also accept donor hearts from long distances for their 

sickest patients. The large sample size provided the necessary statistical power to adjust for 

multiple factors simultaneously. However, the possibility that the observed association may 

be partly due to residual confounding cannot be excluded.

Lastly, although the risk of graft loss appeared flat after 3.5 hours, we cannot exclude some 

rise in risk in Its >3.5 hours given the relative small number of observations at the extreme 

IT in the study cohort.

In conclusion, graft IT < 3.5 hours is associated with a 30% increase in risk of graft loss 

within 6 months in pediatric HTx recipients, after adjusting for patient factors, but not with 

long-term graft survival. These findings may be important in donor assessment and in the 

development of solid organ preservation strategies for high-risk transplant candidates.
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Figure 1. 
Observed graft loss (death or retransplantation) during the first 6 months after transplant in 

the 4 groups of heart transplant recipients by quartiles of ischemic time (in hours): quartile 

1, < 2.73; quartile 2, 2.73–3.51; quartile 3, 3.52–4.30; quartile 4, >4.30.
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Table 2

Multivariable Predictors of Time to Graft Loss During the First 6 Months After Transplant

Predictor HR (95% CI) p-value

Ischemic timea

  Quartile 3 1.3 (1.1–1.6) 0.009

  Quartile 4 1.3 (1.1–1.5) 0.01

Age at HTx (recipient) N/Ab 0.02

Female sex 1.2 (1.0–1.4) 0.009

Donor age < 1 year 1.4 (1.1–1.8) 0.005

Diagnosis vs cardiomyopathy

  Congenital 1.7 (1.4–2.1) <0.001

  Other 1.4 (1.0–1.8) 0.02

Type of support vs none

  ECMO 3.3 (2.5–4.3) <0.001

  Ventilator 1.8 (1.5–2.2) <0.001

  Inotropes 1.1 (0.9–1.4) 0.45

Dialysis after listing 2.1 (1.4–3.1) 0.001

Creatinine clearance vs ≥ 40c

  <40 1.9 (1.5–2.5) <0.001

  Not reported 1.5 (1.1–2.0) 0.01

Bilirubin at HTx (recipient) N/Ab 0.08

Prior sternotomy

  Yes 1.8 (1.2–2.7) 0.004

  Not reported 1.7 (1.2–2.6) 0.006

Era vs 1987–1992

  1993–1996 1 (0.8–1.3) 0.62

  1997–2000 0.8 (0.6–1.1) 0.13

  2001–2004 0.6 (0.4–0.9) 0.01

  2005–2008 0.5 (0.4–0.7) <0.001

CI, confidence interval; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; HTx, heart transplantation.

a
Reference group = ischemic time less than the median; quartile 3, 3.52–4.30 hours; quartile 4, >4.30 hours.

b
No hazard ratios are associated with these continuous variables because restricted cubic splines were used to model them.

c
Calculated as ml/min/1.732.
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Table 3

Multivariable Predictors of Time to Graft Loss in 6-Month Survivors

Predictor HR (95% CI) p-value

Ischemic timea

  Quartile 3 0.9 (0.8–1.0) 0.18

  Quartile 4 1 (0.9–1.2) 0.82

Age at Htx >5 years 1.2 (1.1–1.2) <0.001

Female sex 1.3 (1.1–1.4) <0.001

PGE support at HTx 0.7 (0.5–0.9) 0.006

PRA vs ≤10%

  >10% 1.3 (1.1–1.5) 0.007

  Not reported 0.9 (0.8–1.0) 0.16

Racial group

  Black 2.1 (1.9–2.4) <0.001

  Hispanic 1.1 (0.9–1.4) 0.18

  Other 1.5 (1.1–1.9) 0.009

CI, confidence interval; HR, hazard ratio; HTx, heart transplantation; PGE, prostaglandin; PRA, panel reactive antibodies.

a
Reference group = ischemic time less than the median; quartile 3, 3.52–4.30 hours; quartile 4, >4.30 hours.
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