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Background.Clinicians may be reluctant to transplant small pediatric kidneys that have prolonged cold ischemia time (CIT) for
fear of an additional deleterious effect because pediatric grafts are thought to be more sensitive to ischemia. We aimed to assess
the risks associated with transplantation of small pediatric kidneys with prolonged CIT.Methods.We performed a retrospective
cohort study examining US registry data between 1998 and 2013 of adult first-time kidney-only recipients of small pediatric kid-
neys from donors weighing 10 to 20 kg, stratified by CIT levels of 0 to 18 (n = 1413), 19 to 30 (n = 1116), and longer than 30
(n = 338) hours. Results. All-cause graft survival by CIT groups at 1-year was 92%, 88%, and 89%, respectively. 1-year risk-
adjusted graft survival hazard ratios were significantly higher with CITof 19 to 30 hours (adjusted hazard ratios, 1.37; 95% confi-
dence interval, 1.04-1.81) and somewhat higher with CIT greater than 30 hours (adjusted hazard ratios, 1.24; 95% confidence
interval, 0.82-1.88) relative to recipients with CIT 0 to 18 hours. There was little variation in the effect of CITon graft survival when
restricted to single kidney transplants only and no significant interaction of CIT category and single kidney transplantation
(P = 0.93). Conclusions. Although prolonged CIT is associated with lower early graft survival in small pediatric donor kidney
transplants, absolute decreases in 1-year graft survival rates were 3% to 4%.

(Transplantation Direct 2017;3: e184; doi: 10.1097/TXD.0000000000000668. Published online 27 June, 2017.)
As the imbalance between kidney need and supply con-
tinues to widen, optimal utilization of the current do-

nor pool is critically important. This has led clinicians to
consider small pediatric donors (defined as < 21 kg); how-
ever, utilization has historically been in select centers and
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current estimates indicate that 42% of active transplant cen-
ters do not perform any transplants from these types of do-
nors.1 The concentration of these transplants in select centers
may be an optimal strategy because large volume centers have
been found to provide a mitigating effect on the risk of graft
loss1; however, because roughly 45% of transplanted small
pediatric donor kidneys are imported1 from outside of the lo-
cal donor service area, cold ischemia time (CIT) is prolonged
due to the time required to find an accepting center and the
time to transport the organ. Additionally, increases in CIT
due to attempts at placement may contribute to the ultimate
discard of the kidney. In fact, 33% of recovered kidneys from
donors less than 21 kg are discarded in the United States.1 The
maximum limitation of CIT for pediatric grafts is unknown.
Pediatric grafts are thought to be more sensitive to ischemia2-4

than adult grafts. Already high parenchymal resistance aug-
mented by prolonged CIT may diminish blood flow.5 It has
been recommended that they should be transplanted as soon
as possible2 or within 24 hours after recovery.3

Another strategy to optimize the current donor pool is by
transplanting small pediatric kidneys as singles rather than
en bloc. Although splitting small pediatric kidneys is not rec-
ommended when the donor weight is less than 10 kg due to
excessive graft loss,1,6 splitting of kidneys from donors 10
to 20 kg is preferred because the overall outcomes of single
kidney transplant (SKT) from this weight group is similar
to that of unideal standard criteria donor kidney transplants6

and the net gain of additional functioning grafts is estimated
to outweigh the “cost” of performing single kidney trans-
plantation, as reflected by the increased numbers of grafts
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that would be lost.1 Recent data suggest that exclusive SKT
for all kidneys from greater than 10-kg donors would result
in 300 additional recipients with functioning grafts 1 year af-
ter transplantation.1 Although recent data indicate that small
pediatric donor kidneys suffer a 2% increased hazard of
1-year graft loss per hour of cold time, it is unknownwhether
the magnitude of the risk increases at specific thresholds of
CIT. Also because kidneys from donors 10 to 20 kg have
the greatest potential to increase the number of transplants,
it is important to determine whether the effect of CIT is
greater when small pediatric kidneys are split.

To analyze the risks associated with transplantation of
small pediatric kidneys with prolonged CIT, we examined
national registry data for outcomes of adult transplant recip-
ients of small pediatric kidneys from donors weighing 10 to
20 kg. We additionally examined the associations in the sub-
set of recipients who received single kidney recipients.

MATERIALS AND METHODS

Sources of Data

We used data from the Scientific Registry of Transplant
Recipients (SRTR). The SRTR data system includes data on
all donor, waitlisted candidates, and transplant recipients in
the United States, submitted by the members of the Organ
Procurement and Transplantation Network. The Health Re-
sources and Services Administration, U.S. Department of
Health and Human Services provides oversight to the activi-
ties of the Organ Procurement and Transplantation Network
and SRTR contractors. This study was approved by the Insti-
tutional Review Board of the Albert Einstein College ofMed-
icine. The clinical and research activities being reported are
consistent with the Principles of the Declaration of Istanbul
as outlined in the “Declaration of Istanbul on Organ Traf-
ficking and Transplant Tourism.”

Study Population

SRTR data of all adult, first-time, deceased-donor kidney-
only recipients between January 1998 and October 2014
fromdonors weighing 10 to 21 kgwere examined. Recipients
were stratified by CIT groups of 0 to 18, 19 to 30, and more
than 30 hours. Exclusions were previous organ transplant,
hepatitis C or human immunodeficiency virus positivity, and
missing information on CIT, and donor weight.

Outcomes

The primary outcome was time to (a) all-cause graft fail-
ure (defined as return to chronic dialysis, allograft nephrec-
tomy, retransplantation, or death). Secondary outcomes were
(a) delayed graft function (DGF), defined as dialysis within
7 days posttransplantation, (b) patient survival, and (c) 1-year
acute rejection (defined as presence of rejection regardless of
treatment as coded in follow up forms at 3, 6, or 12 months).
The odds of DGF was assessed in cases with at least 7 days
graft survival based on their status as being at risk for this event
and absence of primary nonfunction.

Covariates

Recipient covariates included in the multivariable models
were donor and recipient: age (cutoffs at 20th and 80th per-
centile), sex, race (black, other), and recipient diabetes mellitus
(as primary diagnosis of end-stage renal disease or presence
of diabetes), duration of pretransplant maintenance dialysis
(none, <3, ≥3 years, missing), number of HLA-A, -B, and
-DR mismatches (human leukocyte antigen mismatch; ≤3,
>3), panel-reactive antibody (PRA) level (>30%,≤30%, miss-
ing), body mass index (BMI) (kg/m2, continuous), transplant
year, and transplant procedure type (single vs en bloc). BMI
was calculated as weight (kg)/height (m)2. In cases where re-
cipient height was not available, candidate height was used
instead. BMI outliers (<10 and >70) were coded as missing.
The appropriate functional form of model covariates was de-
termined by exploratory data analysis in unadjusted models
and perceived impact on clinical meaningfulness. Backwards
selectionwas usedwith aP value of 0.10 or less as the retention
criterion to select model covariates that significantly predict
outcome. Additional analyses were conducted to evaluate the
robustness of the primary results including repeat analysis with
missing data excluded, assessment for changes in outcomes
over time, and examination of death-censored graft survival
as an end-point. The odds 1-year acute rejection was assessed
between patients who had at least 1 year of graft survival.

Statistical Analysis

Discrete variables were expressed as percentages and contin-
uous variables, whose distributions approximated normality,
were expressed as means and standard deviations. Survival
distributions were depicted with Kaplan-Meier curves and
compared using the log-rank test. Cox proportional hazards
models were fit to adjusted hazard ratios (aHR) and 95%
confidence intervals (95% CI) for exposure groups for time
to outcome data and logistic regression k models were fit to
adjusted odds ratios (aOR) and 95% CIs after accounting
for potential confounders with a retention (P < 0.10). All
multivariate models were additionally fit with an interaction
term of transplant type (single vs en bloc) with CIT category.
CIT was also evaluated as a continuous variable (instead of
CIT category) in separate models. Exposure groups and co-
variates were examined for adherence to the proportional
hazard assumption using log-log plots for categorical data
and martingale plots for continuous data. No important de-
partures from proportionality were observed. Ties in the fail-
ure time were handled using the EXACT method. Time to
outcome were defined as time from the transplant date until
date of outcome (death or graft failure), censored for loss to
follow-up and end of study period (October 31, 2013).

All data were analyzed using SAS software, version 9.4.
Two-sided P values of less than 0.05 were considered statisti-
cally significant, and P value approximating 0.1 was consid-
ered a trend.

RESULTS

The study populations for the CIT groups 0 to 18, 19 to
30, and greater than 30 hours consisted of 1413, 1116, and
338 kidney transplant recipients, respectively. Although dif-
ferences were small, the longer CIT recipients were more
likely to be male and receive single kidneys, kidneys from do-
nation after circulatory determination of death, female do-
nors, and better HLA matched donors (Table 1).

All cause graft survival by CIT 0 to 18, 19 to 30, and
greater than 30-hour groups at 1-year was 92%, 88%, and
89%, respectively. On univariate analysis, overall graft sur-
vival between patients receiving kidneys with CIT 0 to 18,
19 to 30, and greater than 30 hours was significantly differ-
ent with lower CIT associated with better graft survival
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TABLE 1.

Recipient and donor characteristics by CIT group

Characteristics,a

mean ± SD or N (%)
CIT 0-18 h
(n = 1413)

CIT 19-30 h
(n = 1116)

CIT > 30 h
(n = 338) P

Recipient age, y 0.30
< 35 296 (21.0) 718 (19.5) 80 (23.7)
35-60 870 (61.6) 695 (62.3) 190 (56.2)
> 60 247 (17.5) 203 (18.2) 68 (20.1)
Recipient, black 417 (29.5) 316 (28.3) 99 (29.3) 0.80
Recipient, male 645 (45.6) 521 (46.7) 179 (53.0) 0.05
Recipient, diabetes mellitus 263 (18.6) 217 (19.4) 77 (22.8) 0.22
Recipient, pretransplant dialysis > 36mo 724 (52.7) 530 (48.9) 171 (51.4) 0.18
Recipient: BMI, kg/m2 25.1 ± 4.8 25.3 ± 4.9 25.0 ± 5.1 0.53
Recipient: PRA > 30% 226 (16.2) 167 (15.1) 42 (12.7) 0.27
Recipient: HLA mismatch > 3 1085 (76.9) 771 (69.2) 250 (74.0) <0.001
Donor age, y 2.9 ± 2.3 2.8 ± 2.2 2.7 ± 1.9 0.24
Donor race, black 262 (18.5) 224 (20.1) 72 (21.3) 0.42
Donor male 812 (57.5) 643 (57.6) 173 (51.2) 0.09
Donor weight (per kg): 14.7 ± 3.2 14.6 ± 3.2 14.3 ± 3.3 0.14
Transplant type, SKT 675 (47.8) 546 (48.9) 199 (58.9) 0.001
Donation after circulatory death 78 (5.5) 68 (6.1) 26 (8.6) 0.11
a Data not shown for cases with missing BMI (n = 250), PRA (n = 36), mismatch (n = 4), and dialysis
duration (n = 77).

TABLE 2.

Multivariate model for all-cause graft survival of single and
en bloc pediatric kidney transplants

1 y (n = 2867)a Overall (n = 2867)b

Study group (reference level) aHR 95% CI aHR 95% CI

18-30 h CIT group (0-18 h CIT group) 1.37 1.04-1.81 1.12 0.96-1.31
>30 h CIT group (0-18 h CIT group) 1.24 0.82-1.88 1.14 0.91-1.43
Recipient age 35-60 (<35 y) 1.22 0.85-1.75 0.85 0.71-1.03
Recipient age >60(<35 y) 2.01 1.33-3.03 1.29 1.02-1.63
Recipient BMI 1.03 1.01-1.06 1.02 1.00-1.03
Recipient black 1.37 1.04-1.80 1.58 1.35-1.83
Recipient male NA NA 1.21 1.04-1.40
Recipient diabetes NA NA 1.63 1.38-1.93
Recipient PRA >30% NA NA 1.14 0.93-1.41
HLA mismatch > 3 1.49 1.08-2.04 NA NA
Donor weight 0.96 0.92-0.99 0.97 0.95-0.99
SKT 1.30 0.99-1.71 1.55 1.33-1.81
Transplant year 0.93 0.91-0.96 0.96 0.94-0.98
Donation after circulatory death 1.59 0.98-2.57 NA NA
a When CIT group substituted as continuous variable (increasing hour) (aHR, 1.02; 95% CI, 1.00-1.03).
b When CIT group substituted as continuous variable (increasing hour) (aHR, 1.01; 95% CI, 1.00-1.02).
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(Figure 1). One-year risk-adjusted graft survival hazard
ratios were significantly higher with CIT 19 to 30 hours
(aHR, 1.37; 95% CI, 1.04-1.81) and somewhat higher with
CIT greater than 30 hours (aHR, 1.24; 95% CI, 0.82-1.88)
relative to recipients with CIT 0 to 18 hours.

Overall graft survival until the follow-up of the study was
comparable between recipients of pediatric kidneys with CIT
19 to 30 hours (aHR, 1.12; 95% CI, 0.96-1.31) and CIT
greater than 30 hours (aHR, 1.14; 95% CI, 0.91-1.43) rela-
tive to recipients with CIT 0 to 18 hours (Table 2). A separate
model with CIT as a continuous variable demonstrated a
modest increase in hazard ratio per hour of CIT both for
1-year graft survival (aHR, 1.02; 95% CI, 1.00-1.03) and
overall graft survival (aHR, 1.01; 95% CI, 1.00-1.02).

Among 1420 cases, a single kidney only was transplanted
and all cause graft survival byCIT groups at 1 yearwas 91%,
FIGURE 1. All cause graft survival of small pediatric kidneys from
donors 10 to 20 kg single and en bloc transplants by CIT group.
87%, and 87%, respectively. There was little variation in the
effect of CIT on graft survival when restricted to SKTs only
and no significant interaction of CIT category and single kid-
ney transplantation (P = 0.93, Figure 2).

Unadjusted patient survival between recipients with higher
CIT relative to recipients with lower CIT were not signifi-
cantly different between the 3 groups of CIT (Figure 3). On
multivariate analysis, the absence of significant difference
remained for CIT 19 to 30 hours (aHR, 1.03; 95% CI, 0.85-
1.25) and CIT greater than 30 hours (aHR, 1.23; 95% CI,
0.94-1.62) relative to CIT 0 to 18 hours.

Among 2658 transplants, the cumulative incidence of DGF
by CIT group is 9.7%, 13.6%, and 19.6% (P < 0.01), respec-
tively. On multivariate analysis, there was a significant associ-
ation between DGF and CIT 19 to 30 hours (aOR, 1.4; 95%
CI, 1.07-1.85) and CIT greater than 30 hours (aOR, 1.98;
95% CI, 1.37-2.86) relative to CIT 0 to 18 hours (Table 3).
FIGURE 2. All cause graft survival of small pediatric kidneys from
donors 10 to 20 kg single transplants.



FIGURE3. Patient survival of small pediatric kidneys from donors 10
to 20 kg single and en bloc transplants.

TABLE 3.

Multivariate model for DGF of single and en bloc pediatric
kidney transplants

DGF (n = 2658)

Study group (reference level) aOR 95% CI

18-30 h CIT group (0-18 h CIT group) 1.40 1.07-1.85
>30 h CIT group (0-18 h CIT group) 1.98 1.37-2.86
Recipient age 35–60 (<35 yr) 0.68 0.50-0.93
Recipient age >60(<35 yr) 0.55 0.36-0.84
Recipient BMI 1.04 1.02-1.07
Recipient black 1.28 0.98-1.68
Recipient male 1.72 1.33-2.21
Recipient diabetes 1.85 1.37-2.50
Recipient time on dialysis >3 y 1.77 1.36-2.30
Donor weight 0.95 0.91-0.99
Donor sex, male 0.72 0.56-0.93
Donation after circulatory death 2.01 1.31-3.10
Single kidney transplantation 2.30 1.74-3.05
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Additionally, single kidney transplantation was independently
associated with a twofold odds of DGF (aOR, 2.30; 95% CI,
1.74-3.05).

Among 2337 transplants, the cumulative incidence of acute
rejection at 1 year by CIT group is 8%, 9%, and 6%, respec-
tively. On multivariate analysis, there was no significant asso-
ciation of acute rejection and CIT 19 to 30 hours (aOR, 1.08;
95%CI, 0.76-1.51) or CIT greater than 30 hours (aOR, 0.53;
95% CI, 0.25-1.01) relative to CIT 0 to 18 hours.

There was little impact on the magnitude of the hazard ra-
tio or the significance of the findings of the primary outcome
after exclusion of cases withmissing data, and there was little
temporal variation in the primary outcome during the study
period. Inferences did not change with the end-point of death-
censored graft survival (1 year: 19-30 CIT; aHR, 1.42;
95% CI, 1.03-1.97; > 30 CIT; aHR, 1.21; 95% CI, 0.74-
1.96; overall: 19–30 CIT; aHR, 1.21; 95% CI, 0.99-1.48,
>30 CIT; aHR, 1.18; 95% CI, 0.88-1.59).

DISCUSSION

Uncertainties exist regarding the extent and reversibility of
renal injury that occurs when small pediatric kidneys are sub-
jected to prolonged CITs. Using SRTR data of kidney trans-
plants between 1998 and 2013, we found significantly lower
early graft survival associated with CIT greater than 18 hours.
The absolute decrease in the 1-year graft survival rate was 3 to
4 percentage points. Also, there was no interaction effect with
CIT and number of kidneys transplanted (single vs en bloc).
Our results suggest that despite the vulnerability of small pedi-
atric kidneys to ischemia, the magnitude of the decrement in
graft survival associated with prolonged CIT is modest and
may offer acceptable outcomes to some recipients. Addition-
ally, in those cases where splitting the kidneys is deemed pref-
erable, there does not appear to be an additive effect of CITon
outcomes of single kidneys.

We also found no significant association of CIT with
longer-term outcomes; however, these results are limited by
small sample sizes at follow-up and therefore were not ro-
bustly analyzable. Nevertheless, our finding of a lack of an
adverse effect of CIT on the long-term graft survival of small
pediatric kidneys with a prior ischemic event is in keeping
with other investigations on the impact of CIT on graft out-
comes which also suggest an absence of an effect of CIT on
graft survival, at least to the extent that CIT thresholds are
practiced.7-9 Additionally, animalmodels have shown that kid-
neys from young donors have a greater stress tolerance and
ability to withstand injury engendered by transplantation be-
cause of more vigorous proliferative and repair mechanisms.10

We focused on the outcomes of SKTs from donors 10 to
20 kg because the risk-benefit consideration favors single kid-
ney transplantation within this weight range.1,6 Conflicting
results have been reported from centers examining outcomes
of small pediatric donor kidneys with prolonged CIT.1,2,5,11-16

Bretan and colleagues11 found similar rates of immediate
graft function but significantly lower overall graft survival
among adults receiving pediatric donor (2-14 kg) kidneys
with greater than 35 hours CIT (n = 12) relative to less than
35 hours CIT (n = 10). Yagisawa and others2 found no differ-
ences in 44 kidney transplant recipients of single (n = 35) or
en bloc (n = 9) kidneys from donors < 11 years of age with
5 months to 8 years of follow-up between 3 groups of CIT
of 12, 12 to 24, and 24 to 36 hours. Satterthwaite et al12

found a 2.6-fold higher relative risk of delayed function with
CIT > 36 hours among 91 kidney transplant recipients of
donors < 4 years of age transplanted as single (n = 59) or en bloc
(n = 22) and no differences in graft survival between groups of
more and less than 36 hours of CIT. Other reports also suggest
faster function and improved graft survival in transplants with
low CIT.13-16 Recently, Maluf and others1 examined SRTR
registry kidney transplant outcomes from small (≤20 kg) pe-
diatric donors and found a 2.4% (aHR, 1.024; P = 0.003)
increase hazard of 1-year graft failure per hour of increasing
cold time. These findings are like ours (aHR, 1.02); however,
we additionally examined the clinical magnitude of the find-
ing by examining CIT thresholds and investigating potential
interaction effects with splitting kidneys.

Our analysis demonstrated incremental increases in DGF
with increasing duration of CI; however, the magnitude of
the effect of CIT on graft outcomes was low, suggesting that
ischemic injury is likely to be a reversible lesion.17 DGF was
2 times more likely when kidneys were transplanted as sin-
gles in our analysis highlighting an increased difficulty of
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management. Other consequences of DGF noted in previous
studies are substantial, including prolonged hospitalization,
higher cost of transplantation, increased complexity of man-
agement of immunosuppressive drugs, and an adverse effect
on the rehabilitation of potential transplant recipients.18-21

Acute rejection was not associated with prolonged CIT
among recipients of small pediatric kidneys in our study. This
finding is important because rejection may compromise the
fine vasculature of the kidneys and ureters.22 Another vulner-
ability may be the inability to tolerate acute rejection during
the initial growth phase.22 Whereas our results compare to
a recent registry analysis that did not find an association of
CITwith acute rejection,23 others have found positive associa-
tions including a 20% increase in adjusted rejection risk with
CIT greater than 36 hours,24 a 4% increased risk of acute re-
jection for every hour of CIT,25 and higher unadjusted acute
rejection rates for the second of transplanted mate kidneys
(28.1% vs 22.3%, respectively,P < 0.01),26 supporting the hy-
pothesis that prolonged cold storage results in increased allo-
graft immunogenicity. However, our results might suggest,
considering the conflicting results in the literature, that our
understanding of the relationship between ischemic injury
and acute rejection is unclear.

Our results are subject to the limitations inherent in obser-
vational data. Because recipients are often not randomly se-
lected to receive kidneys with prolonged CIT, it is possible
that they were in some unmeasured way systemically less
healthy such that a decrease in risk could have prevented an
increase in graft failure or death despite an increase in CIT.
There is the possibility for residual confounding because of
recipient- or center-related factors not captured in registry
data. Our analyses included many but not all the factors that
may confer risks at or after transplantation such as implantation
technique, anastomosis time, machine perfusion, immunosup-
pression type and dosing, recipient anatomic abnormalities,
and anticoagulation. Other important outcomes, such as pro-
teinuria and hyperfiltration injury, could not be assessed. This
study included adult recipients undergoing their first kidney
transplant, and therefore, the results cannot be generalized to
all kidney recipients. Potential issues relating to the determi-
nation of acute rejection include missing or incomplete data,
reporting bias, sampling and technique errors, measures of
quantification, and subjective interpretation.

There has been extensive focus in the field of transplanta-
tion on recovery and placement of all possible donor organs.
This study suggests that prolonged CIT greater than 18 hours
negatively impacts short-term graft survival of kidneys from
small pediatric donors; however, differences in absolute graft
survival rates are small. Additionally, there is no differential
effect of CIT whether transplanted as singles or en bloc; this
finding may suggest that the approach of increasing trans-
plant opportunities by splitting pediatric kidneys remains
warranted even in the setting of prolonged CIT.
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