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SUMMARY

Adolescent age may be a high-risk period for kidney allograft failure. How-
ever, the knowledge on this topic is limited mostly to the first transplant.
Among 20 960 patients aged ≤21 years at the first kidney transplantation
from the US Renal Data System, we evaluated the association of age at the
first kidney transplant with risk for the first and subsequent graft failures
(1st, 2nd, and 3rd) using the conditional risk set model for recurrent time-
to-event data. The median age was 15 (interquartile range: 9–18) years,
and 18% received transplants twice or more during a median follow-up of
9.7 years. The risk for graft failures was highest in 16 to <18 years old with
an adjusted hazard ratio (aHR) of 1.93 (95% CI, 1.73–2.15; reference:
<3 years). When separately analyzed, the highest risk was observed in 17,
19, and 21 years old for the first, second, and third transplant, respectively.
Those 16 to <18 years were also strongly associated with the highest risk
for death after returning to dialysis (aHR, 4.01; 95% CI, 2.82–5.71). Ado-
lescent recipients remain at high risk for allograft failure for a long time,
which may result in high mortality risk, even though they surpass this
high-risk period soon after the first transplant.
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Introduction

Kidney transplantation is the preferred renal replace-

ment therapy in children and is beneficial for survival,

growth, development, and quality of life [1,2]. Despite

the improvement in surgical techniques and the pro-

gress in immunosuppressive therapies, long-term graft

failure remains a major concern in kidney transplant

among children and young adults [3,4]. Among several

risk factors for graft failure, transplantation during ado-

lescence has been associated with a high graft failure

rate [4,5]. Nevertheless, adolescence is the most com-

mon age for transplantation in children and young

adults [6]. Thus, a continuous effort to understand the

impact of age at transplantation on graft failure is

needed for the management of kidney transplant in this

population.

A number of studies have investigated the associa-

tion between age and graft failure risk [7–14]. Some

studies showed a high risk for graft failure associated

with adolescent age at kidney transplantation [7–10].
This association between age at transplant and graft

failure is considered to be a long-term association

because of the excellent short-term graft survival in

pediatric transplant recipients [2]. Other studies

instead examined the association between current age

(irrespective of age of transplant) and graft failure as

a short-term association, and also found a high risk

for graft failure in adolescence [11–14]. Although

these prior studies have consistently shown a high

graft failure risk in adolescents, most results were

obtained from only the first or second transplant, and

no studies took into account repeated transplants and

graft failures. Considering many children and young

adults with end-stage renal disease (ESRD) require

repeated kidney transplants in their lifetime [15], the

risk for graft failure associated with adolescence needs

to be assessed with consideration for repeated trans-

plants and graft failures [16]. Moreover, there are

scarce data on the association between age at trans-

plantation and mortality.

We hypothesized that adolescent age at the first kid-

ney transplant is a risk factor for first-time and subse-

quent graft failure. To examine this, we conducted a

retrospective cohort study by means of the analytical

model for recurrent time-to-event data, using a cohort

which consists of young kidney transplant recipients

from the United States Renal Data System (USRDS).

We also examined the association between age at

transplantation and mortality.

Materials and methods

This study was approved by the Institutional Review

Board of University of California Irvine with waiver of

informed consent because the USRDS contains only dei-

dentified information.

Study population and data sources

A total of 21 075 patients who received a first kidney

transplant at the age of 21 years old or younger (range

0–21 years) between January 1, 1995 and June 29, 2016

were identified from the USRDS database. Among them,

115 who received combined transplantation during the

follow-up period were excluded. A total number of

20 960 patients were identified for the main analytical

cohort. Patients were followed from the time of the first

transplant until death, loss to follow-up, or the end of

follow-up (June 30, 2016), whichever occurred first.

Information on death, transplant, recipient age, sex,

race, ethnicity, Medicaid use, initial renal replacement

modality, primary cause of ESRD, comorbidities, donor

type, blood type of recipient and donor, donor age,

human leukocyte antigen (HLA) type of recipient and

donor, panel reactive antibodies (PRA), and cold ische-

mia time was obtained from the USRDS Patients file

(PATIENTS), the Treatment History file (RXHIST), the

Medical Evidence file (MEDEVID) which contains data

from the Centers for Medicare and Medicaid Services

Medical Evidence form (CMS 2728), the Transplant file

(TX), and the TXUNOS files which contain detailed

data on kidney transplant from the Organ Procurement

and Transplant Network (OPTN)/the United Network

for Organ Sharing (UNOS).

Statistical analysis

Characteristics at the time of the first and second trans-

plant were summarized across age categories, and

expressed as number (proportions), mean � SD, or

medians (interquartile range), as appropriate.

The primary outcome was graft failure, which included

the first and subsequent graft failures during the follow-

up period. We used the Prentice, Williams and Peterson

(PWP) model for the analysis of recurrent events [17].

The PWP model is a time-to-event analysis, and analyses

ordered multiple events by stratification based on the

numbers of episodes [18,19]. In the present study, all

patients were at risk for the first stratum, and only those

who experienced graft failure and received subsequent
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transplant were at risk for successive stratum. We used

the PWP model with gap time which estimates time to

each graft failure event from the time of corresponding

transplant, that is, from first transplant to first event,

from second transplant to second event, from third

transplant to third event, with an assumption of a

renewal process [18]. We did not include the fourth and

fifth transplant (a total of 31 transplants) for analyses

because strata with too small number of events makes

the PWP model unstable [18]. We accounted for within-

person effect for graft failure due to multiple event data

using robust standard errors [20]. The effects of age to

multiple graft failure events were expressed as hazard

ratios (HRs) and 95% confidence intervals (CIs). We cat-

egorized age at the first transplant into eight groups, that

is, <3, 3 to <6, 6 to <10, 10 to <13, 13 to <16, 16 to

<18, 18 to <20, and ≥20 years. As a sensitivity analysis,

age was modeled as a continuous variable, and its associ-

ation with graft failure was estimated using a restricted

cubic spline function with four knots placed at the 5th,

35th, 65th, and 95th percentile of age.

We also examined the association of age at transplant

with graft failure for the first, second, and third transplant

separately using Cox regression models. Both categorical

and continuous variables for age at each transplant were

used for the analyses. For the second transplant, we newly

stratified age into eight groups, that is, <10, 10 to <13, 13
to <16, 16 to <18, 18 to <20, 20 to <22, 22 to <27, and
≥27 years. We did not assess categorical age at the third

transplant because of a small number of patients

(N = 403). We defined patients with prolonged time to

second transplantation from the first graft failure as

patients having a time to second transplantation greater

than the median for our second transplant cohort

(1.8 years). We then evaluated the association of age at the

first transplant with prolonged time to the second trans-

plant using logistic regression models among patients who

underwent a second transplant.

As a secondary outcome, we examined the association

between age at the first transplant and overall mortality

using a Cox regression model. Given the survival benefit

of transplantation, we considered two mortality periods:

the risk of death with a functioning graft and the risk

of death after returning to dialysis. Thus, we separated

the outcome into death with functioning graft and

death after returning to dialysis, and performed the

same analyses. Patients were censored for death, loss to

follow-up, or the end of follow-up in the graft failure

analyses; for loss to follow-up or the end of follow-up

in the mortality analyses. All analyses included unad-

justed, case mix-adjusted, and fully adjusted models.

The unadjusted model consisted of categorized age. The

case mix-adjusted model included categorized age plus,

sex, race (white, black, other races), ethnicity (Hispanic

or non-Hispanic), Medicaid coverage as an indicator of

lower income status, dialysis vintage (preemptive trans-

plant, >0 to <12, 12 to <36, ≥36 months), primary

cause of ESRD (congenital anomalies of the kidney and

urinary tract, primary glomerulonephritis, focal segmen-

tal glomerulosclerosis, secondary glomerulonephritis,

other causes), comorbidities (hypertension, heart dis-

ease, nonrenal anomaly), and transplant year (1995–
1999, 2000–2004, 2005–2009, 2010–2016) as covariates.

The fully adjusted model included recipient blood type

(O, A, B, AB), donor age (<20, 20 to <30, 30 to <40,
≥40 years), HLA mismatch number (0, 1, 2, 3, 4, 5, 6),

peak PRA (<5, 5 to <85, ≥85%), cold ischemia time

(living donor transplant, >0 to <12, 12 to <18, 18 to

<24, ≥24 h) in addition to all covariates in the case

mix-adjusted model. The frequency of missing data was

4%, 4%, 5%, 16%, and 7% in recipient blood type,

donor age, HLA mismatch number, peak PRA, and cold

ischemia time, respectively. Missing categories were

added to the categories above and were used for analy-

ses. Analyses were performed using STATA MP, version

13.1 (Stata Corp, College Station, TX, USA).

Results

Patients characteristics and crude graft failure,
mortality rate

A total of 20 960 patients were included for analyses.

Median age at the first transplant was 15 (interquartile

range: 9–18) years old. Among all patients, 59% were

male, 28% received transplant as a first renal replace-

ment modality, 54% received a first transplant after

2005, and 50% received a living donor transplant as a

first transplant (Table 1). Median age at the second

transplant was 23 (interquartile range: 17–27) years old,
and median time from the first to the second transplant

was 8.1 (interquartile range: 4.7–11.8) years with no

trend across age strata, where median (interquartile

rage) time was 8.5 (4.2–12.6), 7.9 (4.6–12.1), 7.9 (4.5–
11.4), and 8.2 (5.1–11.6) years in <6, 6 to <13, 13 to

<18, and ≥18 years old at the first transplant, respec-

tively (P for trend = 0.87). Patients who received a sec-

ond transplant had higher peak PRA and were less

likely to receive living donor transplantation compared

to those who received a first transplant (Table S1).

Among 20 960 patients, 3850 (18%) patients received

kidney transplants twice or more and up to five times
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during the median follow-up period of 9.7 (interquartile

range: 4.9–14.6) years (Fig. S1). One-, five-, and ten-

year graft survival rate was 94%, 77%, and 59% for the

first transplant, respectively. The graft survival rate was

slightly better in the first transplant than the second

and the third transplant (Fig. 1). The median graft sur-

vival time was 13.0, 10.8, and 9.0 years in the first, sec-

ond, and third transplant, respectively. The graft

survival rate improved over time between 1995 and

2016 (Table 2). Similarly, crude graft failure and mor-

tality rate showed decreasing secular trends (Fig. 2).

Risk for graft failure

Among the 20 960 patients, there were 25 213 trans-

plants. In the recurrent event analysis, the risk for graft

failure sharply increased after age 6 years with a peak at

the age group of 16 and 17 years old, where the fully

adjusted HR was 1.93 (95% CI, 1.73–2.15; reference:

<3 years old) (Fig. 3). This association was robust in

restricted cubic splines across all levels of adjustment

(Fig. S2).

A total of 8035 (out of 20 960 transplants), 1240 (out

of 3850 transplants), and 120 (out of 403 transplants)

graft failures were observed in the first, second, and third

transplant, respectively (Fig. S1). Crude graft failure rates

were 5.3, 6.8, and 8.1 per 100 patient-years for the first,

second, and third transplant, respectively. Age of 16 and

17 years was associated with the highest risk for graft fail-

ure in the first transplant; the fully adjusted HR was 1.99

(95% CI, 1.77–2.23; reference: <3 years old; Fig. S3a). In

the second transplant, age of 18 and 19 years was associ-

ated with the highest risk for graft failure; the fully

adjusted HR was 2.28 (95% CI, 1.71–3.03; reference:

<10 years old; Fig. S3b). In the restricted cubic spline,

the highest risk for graft failure was observed in 17, 19,

and 21 years old for the first, second, and third trans-

plant, respectively (Fig. 4). Deceased donor transplant

had higher risk for graft failure in the first and second

transplant compared to living donor transplant, where

the fully adjusted HR was 1.20 (95% CI, 1.08–1.32) and
1.68 (95% CI, 1.34–2.11), respectively. The higher risk in

deceased donor transplant among those who underwent

the second transplant was consistent regardless of the

donor type in the first transplant; that is, the fully

adjusted HRs were 1.61 (95% CI, 1.13–2.31) and 1.70

(95% CI, 1.21–2.41) in living and deceased donor at the

first transplant, respectively. The J- and U-shaped associ-

ations between age and the risk for graft failure in the first

and second transplant were consistent in living and

deceased donor transplant, though the risks in adoles-

cents and young adults were noticeable in living donor

transplant (Fig. S4).

Risk for a prolonged time to second transplantation
from the first graft failure

Among 3850 patients who underwent second transplan-

tation, median time to second transplantation from the

first graft failure was 1.8 (interquartile range: 0.4–4.3)

Figure 1 Kaplan–Meier survival curve for graft failure.
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years. Age of 16 and 17 years was associated with a pro-

longed time to second transplantation, where the fully

adjusted odds ratio was 3.74 (95% CI, 2.67–5.24; refer-
ence: <3 years old; Fig. 5).

Risk for mortality

A total of 2219 deaths were observed during the follow-

up period and the crude mortality rate was 11 per 1000

patient-years. Information for cause of death was avail-

able for 1655 (75%) patients, and cardiovascular disease

and infection were the leading causes of both death with

functioning graft and after returning to dialysis. The

proportion of infection-related deaths was high in those

younger than 6 years old for death with functioning

graft, whereas the proportion of cardiovascular-related

deaths was high in older age for death after returning to

dialysis (Table S2). Age of 16 and 17 years was associ-

ated with the highest mortality risk, where the fully

adjusted HR was 1.62 (95% CI, 1.31–2.00; reference:

<3 years old; Fig. S5). The number of deaths after

returning to dialysis was approximately two times larger

than that of deaths with functioning graft for the first,

second, third, and fourth transplant (Fig. 6). While

being associated with the highest risk for death after

returning to dialysis (fully adjusted HR, 4.01; 95% CI,

2.82–5.71), 16 and 17 years was associated with low risk

for death with functioning graft (fully adjusted HR,

0.66; 95% CI, 0.50–0.89; Fig. 7).

Discussion

In a cohort of 20 960 patients, 18% experienced two or

more transplants during the median follow-up period of

9.7 years. The graft survival and mortality rate

improved over time between 1995 and 2016. Age of 16

and 17 years at the first transplant was associated with

the highest risk for the first and subsequent graft fail-

ures (1st, 2nd, and 3rd) during the long-term course of

ESRD. When examining the first and second transplant

events separately, the risks for graft failure associated

with age were highest in 16 and 17 years, and 18 and

19 years, respectively. The highest-risk age shifted to

even older age in the third transplant. Patients aged 16

and 17 years at the first transplant had a longer time to

second transplantation from the first graft failure. Age

of 16 and 17 years was also associated with the highest

risk for overall mortality. We found that 16 and

17 years old was strongly associated with risk for death

after returning to dialysis, whereas the risk for death

with functioning graft was low in this age range.T
a
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Our main result showed age at the first transplant with

risk for recurrent graft failures, which included time to

first graft failure from the first transplant, time to second

graft failure from the second transplant, and time to third

graft failure from the third transplant, as the long-term

association. The risk for graft failure associated with age

is often discussed with reference to nonadherence, where

adolescence is a time of high risk for nonadherence [21].

Due to many missing data on variables related to nonad-

herence, we were unable to examine the effect of

nonadherence directly. Instead, we examined the associa-

tion of age with time to second transplantation because

patients who lost their graft from nonadherence may have

a longer waiting time [22]. The result was similar to the

association between age and graft failure risk. This might

indirectly indicate involvement of nonadherence even

though it does not underpin the theory. Our results also

showed that the lowest risk of graft failure was in children

younger than 3 years old. Although this finding might

encourage transplantation at very young age in terms of

Figure 2 Crude graft failure and mortality rates across transplant year. Blue and red lines represent graft failure and mortality rates with 95%

confidence intervals, respectively.

Figure 3 Hazard ratios for recurrent graft failures (reference: <3 years old). The result was obtained from a total of 25 213 transplants which

included the first, second, and third transplant.
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graft failure, careful consideration is needed because the

risk for death with functioning graft was also highest in

this group.

We found that adolescence is not always the highest-

risk age when repeated transplants are separately assessed;

that is, the highest-risk age shifted to older age in the sec-

ond and third transplant. Because a past history of non-

adherence is a risk factor for nonadherence in the future

[23], patients who lost their first graft due to nonadher-

ence are potentially at risk of nonadherence in subsequent

transplants even if they pass through adolescence, which

may result in a shift in the highest-risk age. Other factors

which are related to repeated transplantation might also

explain this shift in age. As examples, repeated operations

to previously used sites are complicated [24]; patients

with repeated transplants are highly sensitized [24];

patients with focal segmental glomerulosclerosis, which is

one of the common causes of ESRD in children, have a

high risk for recurrence after the second transplant [25].

Even if patients pass through adolescence and their

adherence improves, high graft failure risk might remain

owing to the additional effects caused by the factors

related to repeated transplant. Thus, age at the first trans-

plant is potentially associated with a long-term graft sur-

vival including the first and subsequent transplants.

Although patients who received the first kidney trans-

plant during adolescence pass this high-risk age window

soon after transplant, they remain at high risk for graft

failure for a long time thereafter.

Adolescence at the first transplantation was associated

with high mortality risk as well as high risk for graft fail-

ure. Because graft failure is strongly associated with mor-

tality among transplant patients [26], graft failure is most

likely an intermediate on the causal pathway in the asso-

ciation between age and mortality; that is, adolescence at

the first transplantation has a high risk for graft failure

which may thereby result in a high risk for mortality.

Differences in the cause of death and contrasts between

risk for death with functioning graft and after returning

to dialysis in our results would underpin this theory.

Moreover, the prolonged time to second transplant may

aggravate the mortality risk in adolescents. Very young

children are more vulnerable to infection than older chil-

dren which might be one of the reasons for lower risk

for death with functioning graft among adolescents and

young adults compared to younger children.

Several limitations should be acknowledged. First,

because we included patients over 20 years to take into

account recurrent graft failure events in the long follow-

up period, the cohort was heterogeneous in terms of

graft survival rate and number of recurrent graft fail-

ures. Pre, post-transplant management and surgical

techniques improved over time during the follow-up

period, which resulted in the improvement in graft sur-

vival rate. Number of recurrent graft failure events was

larger in patients receiving transplantation in the early

Figure 4 Hazard ratios for graft failure with restricted cubic spline in

(a) the first transplant (N = 20 960), (b) the second transplant

(N = 3850), and (c) the third transplant (N = 403). Histogram is for

age distribution. Solid and dotted lines represent hazard ratio and

95% confidence interval, respectively.
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study period. This heterogeneity in the outcome might

influence our result. Second, we did not evaluate cause

of graft failure in our models because of the large

amount of missing information, which makes it difficult

to clearly discuss the underlying mechanisms between

age and graft failure. Yet, our results still indicate the

usefulness of age at transplantation as a predictor of

future graft failure. Third, due to the observational nat-

ure of this study, we were not able to exclude the possi-

bility of residual confounding and the presence of

unmeasured confounders.

In conclusion, adolescent age at the first transplant was

associated with the highest risk for the first and subse-

quent graft failures. Health care providers who engage in

kidney transplantation should be aware of persistent risk

for graft failure in this population even though they pass

this high-risk age window soon after the first transplant.

In addition, adolescence was associated with the highest

risk for death after returning to dialysis in contrast to the

low risk for death with a functioning graft. Elucidation of

the mechanism of age associated graft failure and

improvement in graft survival may lead to improvement

Figure 5 Odds ratios for a prolonged time to second transplantation from the first graft failure among 3850 patients who underwent second

transplantation (reference: <3 years old).

Figure 6 Number of deaths with functioning graft and deaths after returning to dialysis.
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in patient survival. Reassessment and update of the asso-

ciation between age and graft failures will be needed in

the future due to continuing improvement in the man-

agement of pediatric kidney transplantation.
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Figure S1. Number of transplants and graft failures

during the follow-up period.

Figure S2. Hazard ratios for recurrent graft failures

with restricted cubic spline in (A) unadjusted, (B) case

mix-adjusted, and (C) fully adjusted models (reference:

2 years old). The result was obtained from a total of

25,213 transplants which included first, second, and

third transplant. Histogram is for age distribution. Solid

and dotted lines represent hazard ratio and 95% confi-

dence interval, respectively.

Figure S3. Hazard ratios for graft failure in (A) the

first transplant (N = 20 960; reference: <3 years old)

and (B) the second transplant (N = 3850; reference:

<10 years old). Age is that at the timing of the first and

the second transplant, respectively.

Figure S4. Hazard ratios for graft failure in living

and deceased donor transplant in (A) the first trans-

plant (N = 20 960; reference: <3 years old) and (B) the

second transplant (N = 3850; reference: <10 years old).

Age is that at the timing of the first and the second

transplant, respectively.

Figure S5. Hazard ratios for mortality among 20 960

patients (reference: <3 years old).
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