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ABSTRACT
Obesity is associated with less access to transplantation among adults with ESRD. To examine the association
between body mass index at ESRD onset and survival and transplantation in children, we performed a retrospective analysis of children ages 2–19 years old beginning RRT from 1995 to 2011 using the US Renal Data
System. Among 13,172 children, prevalence of obesity increased from 14% to 18%, whereas prevalence of
underweight decreased from 12% to 9% during this period. Over a median follow-up of 7.0 years, 10,004
children had at least one kidney transplant, and 1675 deaths occurred. Risk of death was higher in obese
(hazard ratio [HR], 1.17; 95% conﬁdence interval [95% CI], 1.03 to 1.32) and underweight (HR, 1.26; 95% CI,
1.09 to 1.47) children than children with normal body mass indices. Obese and underweight children were less
likely to receive a kidney transplant (HR, 0.92; 95% CI, 0.87 to 0.97; HR, 0.83; 95% CI, 0.78 to 0.89, respectively). Obese children had lower odds of receiving a living donor transplant (odds ratio, 0.85; 95% CI, 0.74 to
0.98) if the transplant occurred within 18 months of ESRD onset. Adjustment for transplant in a time–
dependent Cox model attenuated the higher risk of death in obese but not underweight children (HR,
1.09; 95% CI, 0.96 to 1.24). Lower rates of kidney transplantation may, therefore, mediate the higher risk
of death in obese children with ESRD. The increasing prevalence of obesity among children starting RRT may
impede kidney transplantation, especially from living donors.
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The prevalence of obesity has been increasing in
adults and children over the last two decades in the
United States.1 In adults with ESRD, obesity has
increased at rates that have exceeded those of the
general population.2,3 Because poor appetite and
growth failure are commonly observed in children
with CKD, obesity may be perceived more favorably
than malnutrition by providers and families, which
may have led to an increase in body mass index
(BMI) in children with CKD over time.4–6
Although obesity is consistently associated with
better survival among adults on hemodialysis, it is
possible that obese children with ESRD have higher
mortality risk compared with children with normal
BMI for several reasons. First, children who are already
obese at ESRD onset may gain even more weight posttransplant with steroid exposure and therefore, be at
higher risk for subsequent cardiovascular morbidity
J Am Soc Nephrol 27: 551–558, 2016

and mortality. Second, childhood obesity is associated
with lower familial socioeconomic status and AfricanAmerican race, both of which have been associated
with lower rates of transplantation.7–11 Because the
majority of children with ESRD are treated with transplantation and transplantation improves survival in
children with ESRD, obese children may, therefore,
experience higher mortality risk. Third, many
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transplant centers have adopted policies that restrict kidney donation by individuals with BMI above varying thresholds.12 It is
conceivable that children with high BMI could have less access to
living related adult donors, who may also be obese and have
obesity-associated comorbidities (hypertension or diabetes)
that would preclude donation, especially because obesity frequently clusters within families.7,13–15 For example, in one study
that examined factors limiting live kidney donation from parents
to children with CKD, up to 74% of parental donors who were
willing to donate were deemed unsuitable for medical reasons,
the majority of which were related to hypertension, diabetes,
and/or obesity.7
In this study, we used the US Renal Data System (USRDS) to
examine temporal trends in BMI at the time of ﬁrst treatment
for ESRD in the United States pediatric population over the last
two decades and examine the association between BMI at initial
ESRD onset and outcomes. We hypothesized that BMI has
increased and that obese children would have higher risk of
mortality mediated, at least in part, by less transplantation.

RESULTS
Study Cohort

We identiﬁed 13,172 children with nonmissing BMI at the
time of initial treatment for ESRD in the USRDS. Median age
was 14.5 years old (interquartile range [IQR] =10.5–17.5), 55%
were boys, 67% were Caucasian, and 46% received Medicaid at
the time of ESRD onset (Table 1). Median neighborhood income was $47,801 in this cohort, excluding patients with missing zip codes (n=14) and erroneous zip codes that could not be
correlated with a neighborhood median household income
(n=394). Mean chronological age– and sex–standardized
BMI z score at time of initial RRT was 0.21 (SD61.45) on
the basis of the Centers for Disease Control and Prevention
(CDC) standards for United States children. Mean BMI z score
using height-age at the time of initial RRT was 0.48 (SD6
1.42). Mean BMI z score using the World Health Organization
(WHO) standards was 0.41 (SD61.61). Overall, 10% of children were underweight, and 17% of children were obese. Children ,5 years old had the highest prevalence of obesity (25%)
versus children between 5 and 13 years of age (15%) or children 13 years of age and older (18%; P,0.001). By BMI category, children who were obese were more likely to be African
American, have lower socioeconomic status (by neighborhood median income and Medicaid status), and have GN or
hypertension as cause of their ESRD (Supplemental Table 1).
Median GFR at the start of RRT was 7.4 ml/min per 1.73 m2
(IQR=5.4–10.0) and did not differ by BMI category (Supplemental Table 1).
Temporal Trends in BMI

Between 1995 and 1999, 14% of children were obese at time of
initial RRT, but between 2000 and 2009, 18% of children were
obese. We observed a parallel decrease in the percentage of
552

Journal of the American Society of Nephrology

underweight children (from 12% between 1995 and 1999 to
9% between 2000 and 2009). In adjusted analyses, every later
5-calendar year interval was associated with a 0.10-unit higher
average BMI z score (95% conﬁdence interval [95% CI], 0.08
to 0.13; P,0.001). Results were similar using BMI z scores on
the basis of height-age (0.09-unit increase; 95% CI, 0.06 to
0.11 for every 5-year interval) and slightly higher using the
WHO age– and sex–standardized z scores (0.12-unit increase;
95% CI, 0.09 to 0.15 for every 5-year interval).
Association between BMI and Death

Approximately 13% of the cohort (n=1675) died during 97,884
person-years of follow-up (median follow-up period =7.0 years;
IQR=3.5–10.9). The risk of death was 1.17 times higher in children who were obese (95% CI, 1.03 to 1.32; P=0.02) compared
with children with normal BMI (Table 2). As expected, underweight children also had a higher risk of death (hazard ratio
[HR], 1.26; 95% CI, 1.09 to 1.47; P=0.003). No signiﬁcant interactions between BMI category and initial dialysis modality
(hemodialysis versus peritoneal dialysis), race, or cause of
ESRD were noted (all P.0.10). In sensitivity analysis, additional
adjustment for median income in Cox models of death yielded
similar results (Table 2). The proportion of cardiovascular causes
of death in children with a nonmissing cause of death (n=1322;
79%) was similar among underweight children (31%), children
with normal BMI (32%), and obese children (29%; P=0.37).
We repeated our adjusted Cox model analysis using heightage and the WHO standardized z scores and found similar
results (Supplemental Table 2).
Association between BMI and Transplant Outcomes

Approximately three quarters of individuals (n=10,004) received at least one kidney transplant, and preemptive transplants occurred in 15% of the cohort (Figure 1).
Compared with children with normal BMI, obese children
were less likely to receive a kidney transplant (HR, 0.92; 95%
CI, 0.87 to 0.97; P=0.004) overall (Table 3) but did not have
lower odds of receiving a preemptive transplant (odds ratio
[OR], 1.14; 95% CI, 0.99 to 1.32; P=0.06). Underweight children also were less likely to receive a kidney transplant overall
(HR, 0.83; 95% CI, 0.78 to 0.89; P,0.001), including having
lower odds of preemptive transplant (OR, 0.58; 95% CI, 0.47
to 0.70; P,0.001). Among children treated with dialysis as
initial RRT, the risk of transplant in the adjusted Cox model
was 0.88 for obese children (95% CI, 0.82 to 0.93; P,0.001)
and 0.89 for underweight children (95% CI, 0.83 to 0.96;
P=0.003). In secondary analysis with additional adjustment
for median income, results were similar (Table 3). Use of Fine–
Gray models to account for the competing risk of death
yielded similar results (data not shown). Use of height-age
and the WHO standardized BMI z scores also yielded similar
results (Supplemental Table 3).
To further explore differences in transplantation rates by
BMI category, we assessed the risk of living versus deceased
donor transplant within the ﬁrst 18 months after ESRD onset.
J Am Soc Nephrol 27: 551–558, 2016
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Table 1. Characteristics of children at the time of initial
treatment of ESRD
Characteristics at ESRD
Onset (n=13,172)
Median age, yr [IQR]
Age category, yr
2–5
.5–13
.13
Race
Caucasian
African American
Asian
Native American
Other
Boys
Cause of ESRD
Congenital/cystic/hereditary diseases/
pyelonephritis/interstitial nephritis
GN (primary and secondary)
FSGS
Hypertension
Other
Median GFR (ml/min per 1.73 m2) at
ESRD onseta [IQR]
Medicaid
Height ,5th percentile overall
Initial treatment modalityb
Transplantation
Hemodialysis
Peritoneal dialysis
Living donor source for transplantc

Percentage (N)
14.5 [10.5–17.5]
7 (902)
29 (3857)
64 (8413)
67 (8785)
24 (3140)
6 (777)
2 (211)
2 (259)
55 (7216)
38 (5061)
25 (3322)
15 (1991)
4 (546)
17 (2252)
7.4 [5.4–10.0]
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(OR, 0.85; 95% CI, 0.74 to 0.98; P=0.03), whereas underweight children were not less likely to receive a living donor
transplant than children with normal BMI (Table 3). In sensitivity analysis, we repeated this multivariate logistic regression
model using a 12- and 24-month timeframe for transplantation
after ESRD onset and found similar trends at both extremes of
BMI (Table 3). Additional adjustment for median income yielded similar results.
In sensitivity analysis, use of BMI z scores on the basis of
height-age yielded similar results. Obese and underweight
children had lower odds of living donor transplant, although
for obese children, the difference did not achieve statistical
signiﬁcance at 18 months after additional adjustment for median income (Supplemental Table 3). Use of the WHO standardized BMI z scores yielded similar results for odds of living
donor transplant as our primary analysis using the CDC BMI
z scores.
Association between BMI, Transplantation, and
Mortality

46 (6063)
31 (4068)
15 (2004)
52 (6821)
32 (4199)
47 (4653)

a
Missing in n=2304 because of missing serum creatinine values, especially in
patients with preemptive transplantation.
b
Missing exact dialysis modality (hemodialysis versus peritoneal) in n=148.
c
Missing in n=48.

In total, 6732 transplants (67% of all initial transplants)
occurred within the ﬁrst 18 months of ESRD onset. Those who
were obese had lower odds of receiving a living versus deceased
donor transplant compared with those who had normal BMI

To evaluate whether differences in rates of kidney transplantation may have mediated the higher risk of death in obese
children, we included receipt of a transplant as a timedependent covariate in our Cox model of risk of death. In
this model, there were 58,786 at-risk person-years with a
functional allograft and 39,098 at-risk person-years on dialysis.
The risk of death in children who were obese (HR, 1.09; 95% CI,
0.96 to 1.24; P=0.16) was attenuated after adjustment for the
lower transplant rate among obese children, but the risk of
death in underweight children remained similar (HR, 1.20;
95% CI, 1.03 to 1.39; P=0.02) and was not attenuated by adjustment for transplant (Table 2). In sensitivity analysis using
the WHO standardized BMI z scores, results were similar.
However, in analysis using height-age BMI z scores, the higher
risk of death in obese children was only partially attenuated by
adjustment for transplant as a time-dependent covariate (Supplemental Table 2).
In exploratory analysis, we also evaluated the risk of death by
BMI category during the 39,098 person-years of follow-up

Table 2. Cox model for risk of death by BMI category in children
Model
Unadjusted (n=13,172)
Adjusted model in primary analysis (n=13,172)
Model with additional adjustment for
median income (n=12,764)
Adjusted for transplant as a time-dependent
covariate (n=13,172)

Underweight

Obese

HR (95% CI)

P Value

HR (95% CI)

P Value

1.27 (1.09 to 1.47)
1.26 (1.09 to 1.47)
1.35 (1.16 to 1.58)

0.002
0.003
,0.001

1.23 (1.09 to 1.39)
1.17 (1.03 to 1.32)
1.15 (1.01 to 1.31)

0.001
0.02
0.04

1.20 (1.03 to 1.39)

0.02

1.09 (0.96 to 1.24)

0.16

a

a

All models were adjusted for sex, race, cause of ESRD, Medicaid status, and calendar year of ESRD onset and stratiﬁed by age categories to protect against
nonproportionality.
a
Normal BMI is the reference category, with underweight deﬁned as ,5th percentile and obese deﬁned as $95th percentile using the CDC age– and sex–
standardized BMI z scores
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confounders, including demographic characteristics, cause of ESRD, socioeconomic
status (as indicated by Medicaid status and
median neighborhood income), and calendar year. The higher risk of death in obese
children was attenuated by adjustment for
transplant as a time-dependent covariate,
suggesting that lower likelihood of kidney
transplant may mediate the higher mortality risk of children with ESRD.
The higher risk of death in the underweight pediatric population may be
secondary to malnutrition or illness severity and is not surprising. In contrast,
the U-shaped association between BMI
and risk of death in our study, with a higher
risk of death also at higher BMI, differs
from observed associations among adults
on hemodialysis, in which high BMI is
associated with lower risk of death.20–22
This observation may be attributable, in
part, to the higher prevalence of kidney
transplantation in children compared
with adults, although in exploratory analysis, we did not ﬁnd a lower risk of death
in obese children on dialysis.
Our results are consistent with a prior
study that included children treated with
dialysis and transplantation, which also reported a higher risk of death among obese
and underweight children. 23 However,
there was no overall survival difference between obese and nonobese recipients of
Figure 1. Cohort proﬁle. Flow diagram of outcomes in children according to the kidney transplants on basis of pretransplant BMI in a study using data from the
USRDS between 1995 and 2012.
North American Pediatric Renal Trials and
attributed to dialysis. Risk of death in this analysis was higher
Collaborative Studies (NAPRTCS). 9 Of note, NAPRTCS
for underweight children (HR, 1.20; 95% CI, 1.01 to 1.42;
collects data voluntarily reported by participating North
P=0.03) but not for obese children (HR, 1.09; 95% CI, 0.95 to American transplant centers. NAPRTCS focused initially on
1.26; P=0.20) compared with normal weight children.
children undergoing kidney transplantation, and the report
by Hanevold et al.9 did not include children treated with dialysis.24 In contrast, our study includes a more contemporary
cohort of children from the USRDS (a database that receives
DISCUSSION
data reported for all patients in the United States with ESRD,
We found a signiﬁcant increase in the prevalence of obesity at
including dialysis and transplant). Taken together, the results
initial ESRD onset in pediatric patients from 14% in 1995–1999
from prior published studies are consistent with our analyses,
to 18% in 2005–2009, which mirrors trends in the general suggesting that there is a survival disadvantage among obese
children with ESRD that is mediated, at least in part, by lower
pediatric population.16,17 There was a U-shaped association
rates of transplantation. Even with adjustment for known
between extremes of BMI and death among children beginfactors associated with lower transplantation rates, including
ning RRT. Compared with children with normal BMI, obese
African-American race and low socioeconomic status, the aschildren were less likely to receive a kidney transplant and less
likely to receive a kidney transplant from a living donor, which
sociation between BMI and mortality risk persisted in our
is the preferred source because of superior graft and patient
study.
survival.18,19 The lower likelihood of kidney transplant in
Although disparities in kidney transplantation rates may
obese children persisted even after adjustment for potential partially mediate the higher risk of death, we also hypothesized
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Table 3. Regression models for risk of transplant starting from ESRD onset
Underweight

Model

Obese

HRc or ORc (95% CI)

P Value

HRc or ORc (95% CI)

P Value

0.83 (0.78 to 0.89)

,0.001

0.92 (0.87 to 0.97)

0.83 (0.77 to 0.88)

,0.001

0.92 (0.87 to 0.98)

,0.01

0.89 (0.83 to 0.96)

0.003

0.88 (0.82 to 0.93)

,0.001

0.58 (0.47 to 0.70)
0.98 (0.82 to 1.18)
0.97 (0.80 to 1.16)

,0.001
0.87
0.73

1.14 (0.99 to 1.32)
0.85 (0.74 to 0.98)
0.85 (0.73 to 0.98)

0.06
0.02
0.03

1.04 (0.84 to 1.28)
0.92 (0.78 to 1.09)

0.73
0.34

0.91 (0.77 to 1.06)
0.86 (0.75 to 0.98)

0.23
0.03

a

Outcome of Cox proportional hazards model
Receipt of transplant at any time during
follow-up (n=13,172)
Receipt of transplant at any time during follow-up with additional
adjustment for median income (n=12,764)
Receipt of transplant if dialysis was the initial
treatment modality (n=11,168)
Outcome of logistic regression modelb
Preemptive transplant (n=13,172)
Living donor transplant within 18 mo of ESRD onset (n=6732)
Living donor transplant within 18 mo of ESRD onset with
additional adjustment for median income (n=6521)
Living donor transplant within 12 mo of ESRD onset (n=5448)
Living donor transplant within 24 mo after ESRD onset (n=7582)

0.004

a

Adjusted for sex, race, cause of ESRD, Medicaid status, and calendar year of ESRD onset and stratiﬁed by age categories.
Adjusted for age category at incident ESRD, sex, race, cause of ESRD, Medicaid status, and calendar year of ESRD onset.
c
Normal BMI is the reference category, with underweight deﬁned as ,5th percentile and obese deﬁned as $95th percentile using the CDC age– and sex–
standardized BMI z scores.
b

that obesity increases the risk of cardiovascular mortality in
children with ESRD. Mortality of children with ESRD is 30
times higher than that of the general pediatric population, and
cardiovascular disease remains a leading cause of death.25
However, we did not ﬁnd an excess risk of cardiovascular death
in obese compared with underweight or normal weight children, although .20% of causes of death were missing in the
USRDS database. The 7-year median follow-up period may
not have been long enough to capture long–term cardiovascular risk, especially because mortality with graft function has
declined in pediatric recipients of kidney transplants over the
last few decades.19
Our study could not address the reasons for the lower rate of
transplantation and lower odds of receiving a living related
transplant among obese children. A recent study of adults with
ESRD also found that obese patients were less likely to receive
kidney transplants, particularly from living donors.26 The
Amsterdam Forum on the Care of the Live Kidney Donor
published guidelines in 2005 that discourage kidney donation
if donor BMI is .35 kg/m2, although transplant centers in the
United States are allowed to use clinical discretion to set centerspeciﬁc criteria for donor eligibility.27 A little over one half of
United States transplant centers cap donor BMI at 35 kg/m2,
and approximately 10% have an even lower threshold of
30 kg/m2.12,28 Given the known correlation between children’s
and parents’ BMIs, a potential explanation for the low rate of
transplantation among obese children is that their parents
are less likely to be accepted as living donors.14 Because parents account for almost 80% of living kidney donors for children, any limitation in parental donation could have an
important effect.29 Limited access to kidney transplantation
could, in turn, affect survival, because kidney transplantation
offers the best long–term survival for children with ESRD.30
J Am Soc Nephrol 27: 551–558, 2016

However, we could not test this hypothesis directly, because we
lack information on whether, how often, or why donors were
excluded.
The strengths of our study include the large size of the
national cohort, the contemporary nature of the data, and a
relatively large number of outcomes (including deaths and
transplants). Limitations include the observational nature of
the data, potential errors in data used for BMI determination,
lack of data on immunosuppression regimens and longitudinal
changes in allograft function or BMI, and missing data from
Kidney Transplant Registration or Centers for Medicare and
Medicaid (CMS)-2728 forms, which may have caused some
misclassiﬁcation of BMI category and transplant status and
excluded some children from our study. However, any bias
introduced by these problems would likely be toward the null.
Although severe edema may be less common among children
than adults with advanced CKD because of higher prevalence of
polyuria in congenital anomalies of the kidney and urinary
tract,31 it should be noted that we had no way of adjusting BMI
values for the potential presence of ﬂuid overload. However,
although this is a recognized limitation of BMI in the CKD
population, there is still a strong correlation between BMI and
body fat in this population.32 Our selection of a relatively high
BMI cutoff to deﬁne obesity should ensure that these patients
also have relatively high fat mass, even if our primary analysis
may underestimate BMI z scores on the basis of chronological
age. We found similar, if not stronger, associations with clinical outcomes in obese children using BMI z scores on the basis
of height-age.
Although the proportion of underweight children starting
RRT decreased over time, possibly as a result of better
recognition of nutritional needs in children with kidney
disease, it is alarming that the prevalence of obesity among
BMI, Incident Pediatric ESRD, and Outcomes
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children has increased, especially given our ﬁndings of lower
kidney transplantation rates and higher risk of death among
obese children. In light of the high mortality risk of children
with kidney disease, it may be important for all providers who
care for these patients to monitor closely for obesity as well as
malnutrition. Additional studies should explore the potential
inequities in access to kidney transplantation related to body
size in pediatric recipients.

CONCISE METHODS
Study Population and Data Source
We performed a retrospective cohort study of children between the
ages of 2 and 19 years old who developed ESRD between January 1,
1995, and December 31, 2011 using data from the USRDS, the national
ESRD registry. Children under the age of 2 years old were excluded,
because BMI standards are not available for this age group from the
CDC.33 Patient demographic characteristics (age at incident ESRD,
sex, and race), cause of ESRD, Medicaid coverage (yes/no as an indicator
of lower income status), zip code, date of ESRD onset, height and
weight, and BMI at incident ESRD were abstracted from the CMS2728 Medical Evidence (MEDEVID) Form and patients’ ﬁles in the
USRDS. Zip code was used to determine median household income
of patients’ neighborhood using median income values from the American Community Survey between 2006 and 2010.34 Initial ESRD treatment modality (transplant versus dialysis) was determined at the ﬁrst
ESRD service date as listed in the MEDEVID ﬁle. eGFR was determined
by the equation by Schwartz et al.35 using serum creatinine and height
reported on the CMS-2728 form at the time of ESRD onset.

BMI Ascertainment
Weight and height at incident ESRD were used to determine BMI in
kilograms per square meter of height, or BMI reported on the
MEDEVID form was used if weight or height was missing. BMI
z score on the basis of chronological age was chosen as a measure of
obesity because of its ease of use in clinical practice and availability
within the USRDS database in our primary analysis. All BMI values
were age and sex standardized to BMI z scores using the 2000 CDC
standards for United States children.36 We deﬁned underweight as
BMI,5th percentile for age (corresponding to z score ,21.64)
and obese as BMI$95th percentile for age (corresponding to z score
$1.64) according to the CDC criteria. 34,36,37 We purposely
selected a high cutoff for our deﬁnition of obesity and classiﬁed
children who would qualify as overweight by the CDC criteria
(BMI$85th percentile) as normal weight status to allow for potential ﬂuid overload, which may result in misclassiﬁcation of weight
status and BMI category.
We included only children with initial onset of ESRD, which was
deﬁned by availability of a CMS-2728 MEDEVID form ﬁled within 6
months of the ﬁrst ESRD service date (n=14,024). Forms with missing
BMI and unavailable height and weight were excluded (n=296). Children with extremes of BMI, weight, or height z scores .6 or ,26
were excluded from analysis (n=556), because we considered these
scores likely to be erroneous (Figure 1).
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In sensitivity analysis, we also redeﬁned BMI z scores on the basis
of height-age (deﬁned as the approximate age when a child’s observed
height would be at the 50th percentile for height using the CDC
standards) rather than chronological age to account for delayed maturation in children with CKD.32,38 Because BMI standards for children
are deﬁned between ages 2 and 19 years old, heights-ages for ,2 years of
age were reset to 2 years of age and height-ages for .18 years of age
were reset to 18.5 years of age to derive corresponding BMI z scores.
Finally, we also re-expressed BMI z scores using the WHO age– and
sex–standardized standards and deﬁnitions of underweight (BMI
z score ,22) and obese (BMI z score .2) in additional sensitivity
analyses.39,40 BMI z scores .6 or ,26 (n=75) on the basis of the
WHO standards were excluded from analysis, because we considered
these to be likely erroneous.

Outcome Ascertainment
We determined transplant dates and donor source (living versus
deceased) for ﬁrst transplant using the USRDS patient and transplant
ﬁles, which contain data reported by transplant centers to the United
Network for Organ Sharing. We abstracted death dates and primary
causes of death (cardiovascular, a major cause of death in children with
ESRD, versus other) from the USRDS patients ﬁle. We ascertained
outcomes (death and transplants) through June 30, 2012.

Statistical Analyses

Temporal Trends in BMI
We examined temporal trends in BMI at incident ESRD using a
multivariable linear regression model with calendar year of ESRD
onset as the main predictor and BMI z score at ESRD onset as the
outcome. This model was adjusted for demographic factors, including age at ESRD onset, sex, race, cause of ESRD, Medicaid status, and
calendar year of ESRD onset. In sensitivity analysis, we repeated our
adjusted model using height-age and the WHO age– and sex–
standardized BMI z scores.

Association between BMI and Risk of Death
We assessed the association between BMI category at initial ESRD onset
and risk for all-cause mortality using a Cox proportional hazards model
adjusted for sex, race, cause of ESRD, Medicaid status, and calendar year
(to account for temporal changes in BMI at incident ESRD over time and
any potential secular trends in survival) and stratiﬁed for age category at
initial ESRD onset. We categorized age at ESRD onset as 2–5, .5 but
,13, and $13 years old to protect against potential nonproportionality
in mortality risk, because prior studies have shown differences in mortality risk by age.23,41,42 We did not censor patients at the time of transplantation given that transplantation improves survival and relates to
our primary outcome of all-cause mortality.
We performed sensitivity analysis using adjusted Cox models for
risk of death as the outcome and BMI z scores on the basis of heightage and the WHO age– and sex–standardized BMI z scores as primary predictors.

Association between BMI and Transplantation
We assessed the association between BMI category (underweight or
obese versus normal) at initial ESRD onset and risk for kidney transplant
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using a Cox proportional hazards model adjusted for sex, race, cause of
ESRD, Medicaid status, and calendar year and stratiﬁed for age category
at incident ESRD to protect against nonproportionality. If transplantation was the initial ESRD treatment modality without any preceding
dialysis, we set transplant to occur at 0.5 days after ESRD onset to capture
these events in our Cox model. We did not adjust for blood type or
histocompatibility, because we deemed such characteristics unlikely to
be associated with our primary predictor (BMI category). We also
examined the odds of receiving a preemptive transplant according to
BMI category using a logistic regression model adjusted fordemographic
characteristics (age category at incident ESRD, sex, and race), cause of
ESRD, Medicaid status, and calendar year. Deaths occurring before
kidney transplantation were censored in our primary analysis, although
in sensitivity analysis, we used Fine–Gray models to account for death
as a competing risk.
To further explore potential differences in risk of kidney transplantation, we used a multivariable logistic regression model to assess
the odds of a living versus a deceased donor transplant in those who
received a ﬁrst transplant within the ﬁrst 18 months of ESRD onset
using BMI categories as our main predictor and adjusting for the same
covariates as in prior models. We selected 18 months as a reasonable
time period for living donor kidney transplantation to occur,
accounting for the time needed to identify and work up potential
living donors and optimize the clinical status of patients in preparation
for elective transplant. Prior data have also shown that the majority of
living and deceased donor kidney transplants occur within this
timeframe.43,44
In sensitivity analysis, we assessed the association between BMI
category and transplantation in adjusted Cox models (as described
above) but included only patients who received dialysis as initial RRT. We
also repeated the analysis including individuals who received their ﬁrst
transplant within 12 and 24 months of ESRD onset. Because of the
number of missing or erroneous zip codes in our data (n=414), we
adjusted only for Medicaid status as an indicator of socioeconomic
status in our primary analyses; in sensitivity analyses, we further adjusted for median neighborhood income in all models using the subset
of patients with available income data. Finally, all adjusted Cox models
for risk of transplant and logistic regression models for odds of living
versus deceased donor transplant were repeated using height-age and
the WHO standardized BMI z scores in sensitivity analyses.

Association between BMI, Transplantation, and Mortality
To examine whether the association between BMI category at incident ESRD and risk of death was potentially mediated by transplantation, we used the same multivariable Cox proportional hazards
model and further adjusted for transplant as a time-dependent
covariate. This mediation analysis was repeated using height-age and
the WHO standardized BMI z scores in sensitivity analyses. In exploratory analysis, we also examined the risk of death during the follow-up
duration by BMI category in our time–dependent Cox model.
With the exception of conversion of BMI, weight, and height into
standardized BMI z scores, which was performed using a Statistical
Analysis System tool provided by the CDC,37 all data analyses were
conducted in Stata 13. The WHO age– and sex–standardized z scores
were derived using an online STATA tool provided by the WHO.40
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Supplementary Table 1: Characteristics of children at ESRD onset by BMI
category
Characteristics at ESRD
Underweight
Normal BMI
Obese
onset
(N=1294)
(N= 9596)
(N=2282)
Median age (years)*
15.5
14.5
14.5
[IQR]
[11.5-17.5]
[10.5-17.5]
[10.5-17.5]
Age category*
2-5 years old
7 (86)
6 (587)
10 (229)
>5-13 years
25 (325)
31 (2,961)
25 (571)
>13 years
68 (883)
63 (6,048)
65 (1,482)
Race*
Caucasian
66 (855)
68 (6,558)
60 (1,372)
African American
22 (286)
22 (2,138)
31 (716)
Asian
8 (106)
6 (566)
5 (105)
Native American
0.8 (10)
2 (156)
2 (45)
Other
3 (37)
2 (178)
2 (44)
Male
56 (722)
55 (5,244)
55 (1,250)
Cause of ESRD*
Congenital/cystic/
44 (573)
39 (3,775)
31 (713)
hereditary
diseases/pyelonephritis/
interstitial nephritis
Glomerulonephritis
21 (271)
26 (2,490)
25 (561)
Focal segmental
glomerulosclerosis
Hypertension
GFR at ESRD onset1
(mL/min/1.73 m2) [IQR]
Medicaid*

12 (150)

14 (1,351)

21 (490)

4 (46)

4 (352)

7 (148)

7.4
[5.5-10.1]
46 (589)

7.4
[5.4-9.9]
46 (4,366)

7.6
[5.6.-10.2]
49 (1,108)

Median income by zip
$48,768
$48,193
$45,732
2
code *
Height <5th percentile
35 (449)
31 (2,963)
29 (656)
overall*
Living donor source for
48 (453)
47 (3527)
42 (673)
3
transplant *
* Statistically significantly different by BMI category, p < 0.05
1
Missing in N=2,304 due to missing serum creatinine values, especially in
patients with preemptive transplantation
2
Missing in N=408
3
Missing in N=48

Supplementary Table 2: Cox model1 for risk of death by BMI category in
children in sensitivity analyses
Underweight
Obese
Height-age BMI Model2
Hazard ratio* (95% CI)
Unadjusted (N=13,172)
1.25 (1.05-1.49)
1.33 (1.19-1.49)
Adjusted model in primary analysis
1.21 (1.01-1.45)
1.28 (1.14-1.43)
(N=13,172)
Model with additional adjustment for median 1.28 (1.07-1.53)
1.26 (1.12-1.41)
income (N=12,764)
Adjusted for transplant as a time-dependent
1.19 (0.99-1.42)
1.18 (1.06-1.33)
covariate (N=13,172)
WHO BMI Model3
Hazard ratio* (95% CI)
Unadjusted (N=13,097)
1.43 (1.21-1.69)
1.34 (1.16-1.56)
Adjusted model in primary analysis
1.44 (1.21-1.70)
1.28 (1.10-1.50)
(N=13,097)
Model with additional adjustment for median 1.54 (1.30-1.82)
1.26 (1.08-1.48)
income (N=12,693)
Adjusted for transplant as a time-dependent
1.44 (1.21-1.73)
1.10 (0.97-1.25)
covariate (N=13,097)
1
All models were adjusted for sex, race, cause of ESRD, Medicaid status, and
calendar year of ESRD onset, and stratified by age categories to protect against
non-proportionality
2
Normal BMI is reference category with underweight defined as <5th percentile
and obese defined as ≥ 95th percentile using CDC sex-standardized BMI z-score
standards based on height-age
3
Normal BMI is reference category with underweight defined as BMI z-score < -2
and obese defined as BMI z-score >2 using WHO age- and sex-standardized
BMI z-score standards and chronological age (N=75 further excluded due to
implausible BMI z-scores <-6 or >6).

Supplementary Table 3: Regression models for transplant outcomes using
height-age and WHO standardized BMI z-scores.
Underweight
Obese
Outcome of Cox proportional hazards
Hazard ratio* (95% CI)
model using height-age standardized BMI1
Receipt of transplant at any time during
0.90 (0.83-0.97)
0.88 (0.84-0.93)
follow-up (N=13,172)
Receipt of transplant at any time during
0.89 (0.82-0.96)
0.88 (0.83-0.92)
follow-up with additional adjustment for
median income (N=12,764)
Receipt of transplant if dialysis was initial
0.96 (0.88-1.04)
0.84 (0.80-0.89)
treatment modality (N=11,168)
Outcome of Cox proportional hazards
Hazard ratio* (95% CI)
1
model using WHO standardized BMI
Receipt of transplant at any time during
0.82 (0.75-0.89)
0.89 (0.83-0.95)
follow-up (N=13,097)
Receipt of transplant at any time during
0.81 (0.75-0.88)
0.89 (0.83-0.96)
follow-up with additional adjustment for
median income (N=12,693)
Receipt of transplant if dialysis was initial
0.87 (0.80-0.95)
0.82 (0.76-0.89)
treatment modality (N=11,101)
Outcome of logistic regression model
Odds ratio* (95% CI)
using height-age standardized BMI2
Preemptive transplant (N=13,172)
0.64 (0.51-0.80)
1.08 (0.94-1.23)
Living donor transplant within 18 months of
0.98 (0.80-1.21)
0.87 (0.77-0.99)
ESRD onset (N=6,732)
Living donor transplant within 18 months of
1.01 (0.81-1.24)
0.88 (0.77-1.01)
ESRD onset with additional adjustment for
median income (N=6,521)
Living donor transplant within 12 months of
1.05 (0.82-1.33)
0.91 (0.78-1.05)
ESRD onset (N=5,448)
Living donor transplant within 24 months
0.94 (0.77-1.14)
0.89 (0.79-1.00)
after ESRD onset (N=7,582)
Outcome of logistic regression model
Odds ratio* (95% CI)
2
using WHO standardized BMI
Preemptive transplant (N=13,097)
0.57 (0.45-0.72)
1.19 (1.00-1.43)
Living donor transplant within 18 months of
1.07 (0.87-1.33)
0.79 (0.65-0.94)
ESRD onset (N=6,697)
Living donor transplant within 18 months of
1.07 (0.85-1.33)
0.77 (0.64-0.93)
ESRD onset with additional adjustment for
median income (N=6,492)
Living donor transplant within 12 months of
1.17 (0.91-1.52)
0.81 (0.66-0.99)
ESRD onset (N=5,421)
Living donor transplant within 24 months
1.01 (0.82-1.23)
0.82 (0.69-0.97)
after ESRD onset (N=7,544)

1

Adjusted for sex, race, cause of ESRD, Medicaid status, and calendar year of
ESRD onset and stratified by age categories
2
Adjusted for age category at incident ESRD, sex, race, cause of ESRD,
Medicaid status, calendar year of ESRD onset
	
  

