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Abstract

Background Children with nephrotic syndrome are at risk of obesity and growth impairment from repeated steroid treatment.
However, incidence and risk factors for obesity and short stature remain uncertain, which is a barrier to preventative care.
Our aim was to determine risk, timing, and predictors of obesity and short stature among children with nephrotic syndrome.
Methods We evaluated obesity and longitudinal growth among children (1-18 years) enrolled in Insight into Nephrotic
Syndrome: Investigating Genes, Health, and Therapeutics. We included children with nephrotic syndrome diagnosed between
1996-2019 from the Greater Toronto Area, Canada, excluding congenital or secondary nephrotic syndrome. Primary out-
comes were obesity (body mass index Z-score > +2) and short stature (height Z-score <-2). We evaluated prevalence of
obesity and short stature at enrolment (< 1-year from diagnosis) and incidence during follow-up. Cox proportional hazards
models determined the association between nephrotic syndrome classification and new-onset obesity and short stature.
Results We included 531 children with nephrotic syndrome (30% frequently relapsing by 1-year). At enrolment, obesity
prevalence was 23.5%, 51.8% were overweight, and 4.9% had short stature. Cumulative incidence of new-onset obesity and
short stature over median 4.1-year follow-up was 17.7% and 3.3% respectively. Children with frequently relapsing or steroid
dependent nephrotic syndrome within 1-year of diagnosis were at increased risk of new-onset short stature (unadjusted hazard
ratio 3.99, 95%CI 1.26-12.62) but not obesity (adjusted hazard ratio 1.56, 95%CI 0.95-2.56). Children with>7 and > 15
total relapses were more likely to develop obesity and short stature, respectively.

Conclusions Obesity is common among children with nephrotic syndrome early after diagnosis. Although short stature was
uncommon overall, children with frequently relapsing or steroid dependent disease are at increased risk of developing short
stature. Effective relapse prevention may reduce steroid toxicity and the risk of developing obesity or short stature.
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Abbreviations
INSIGHT Insight into Nephrotic Syndrome: Investigat-
ing Genes, Health, and Therapeutics study

KDIGO Kidney Disease Improving Global Outcomes
BMI Body mass index

WHO World Health Organization

CI Confidence interval

IQR Interquartile range

IR Incidence rate

HR Hazard ratio

Introduction

Nephrotic syndrome is one of the most common childhood
kidney diseases and is associated with significant disease- and
treatment-related morbidity. Incidence of childhood nephrotic
syndrome is 2—-7/100,000 children per year [1-3]. The intro-
duction of steroid treatment in the mid-twentieth century con-
siderably improved disease-related morbidity and mortality,
but increased treatment-related complications. Approximately
90% of children have steroid sensitive nephrotic syndrome, but
most relapse and receive repeated steroid treatments [1, 2].
One-third develop frequently relapsing or steroid dependent
nephrotic syndrome, which is associated with increased steroid
complications, morbidity, and reduced quality of life [1, 4-6].
Obesity and growth impairment are associated with high-
dose, prolonged, and repeated steroid treatment [7]. Chronic
steroid exposure predisposes to obesity by increasing appetite,
promoting lipogenesis, and altering lipid and glucose metabo-
lism [8]. Steroids adversely impact linear growth by inhibiting
osteoblastogenesis, increasing bone resorption, inhibiting pulsa-
tile growth hormone secretion, and inhibiting growth plate chon-
drocytes [7]. Since frequently relapsing patients often receive
high-dose steroids for relapses, they are at considerable risk of
both obesity and growth impairment. Several studies have evalu-
ated obesity and linear growth among children with nephrotic
syndrome, with conflicting results [9-11]. Comparability
between these studies is limited by significant heterogeneity
in study design, populations, and growth outcomes measured.
Most have small sample sizes and are cross-sectional or have
short follow-up duration. Therefore, the long-term incidence and
risk factors associated with obesity and short stature in child-
hood nephrotic syndrome remain uncertain. To address this, we
evaluated longitudinal growth patterns in a large, prospective
cohort of Canadian childhood nephrotic syndrome patients.

Methods
Study design

We analyzed data from the Insight into Nephrotic Syndrome:
Investigating Genes, Health, and Therapeutics (INSIGHT)
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study. INSIGHT is a longitudinal cohort of children diag-
nosed with nephrotic syndrome from 1996 onwards, which has
enrolled participants from the Greater Toronto and Hamilton
Area. Institutional research ethics board approved all INSIGHT
clinical sites. Nephrotic syndrome is defined by standardized
Kidney Disease Improving Global Outcomes (KDIGO) crite-
ria (i.e., the presence of proteinuria (>40 mg/m?*/hour, urine
protein/creatinine ratio >200 mg/mmol, or 3 4 protein on urine
dipstick), hypoalbuminemia (<25 g/L), and edema) [12]. At
INSIGHT study centers, the standard prednisone protocol for
initial presentation was 60 mg/m? daily for 6 weeks, followed
by 40 mg/m? alternate days for 6 weeks, and a 4-week taper
off prednisone (cumulative steroid dose =3620 mg/m?). The
standard relapse protocol was 60 mg/m? daily until five con-
secutive days of remission, then 60 mg/m? alternate days for
eight days, and further taper by 10 mg/m? every 8 days until
off prednisone (approximately 7-week taper; cumulative ster-
oid dose ~ 1440 mg/m?, assuming 10 days from prednisone
initiation to start of taper). INSIGHT participants have detailed
baseline evaluations of sociodemographic and clinical charac-
teristics with self-reported questionnaires, and undergo annual
follow-up for five years or until clinic discharge.

Population

We included all INSIGHT participants (1-18 years old)
who were diagnosed with nephrotic syndrome and had an
initial clinic visit within 1 year of diagnosis from 1996
to 2019. Children were excluded if they had genetic or
secondary nephrotic syndrome (e.g., lupus nephritis);
were < 1 yr at diagnosis (i.e., congenital nephrotic syn-
drome); or had biopsy-proven membranous nephropathy or
membranoproliferative glomerulonephritis. At INSIGHT
centers during the study period, children were typically
treated for their initial presentation with prednisone
60 mg/m?/day for 6 weeks, then 40 mg/m? alternate days
for 6 weeks, then a 4-week prednisone taper. Relapses
were treated with prednisone 60 mg/m?/day until five con-
secutive days of remission, then a 6-week alternate day
prednisone taper. Steroid-sparing medications were typi-
cally initiated as soon as a child met criteria for frequently
relapsing, steroid dependent, or steroid resistant disease.
Cyclophosphamide and calcineurin inhibitors were the
most common first-line medications used.

Growth outcomes

Height, weight, and body mass index (BMI) were recorded
at each clinic visit. Height and BMI Z-scores were calculated
using the ‘z-scorer’ package (version 0.3.1) for R Statisti-
cal Software based on World Health Organization (WHO)
growth references [13]. A Z-score (“standard deviation
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score’’) measures the number of standard deviations above
or below the population mean. Primary outcomes were: 1)
new-onset obesity, using the WHO definition [14] (BMI
Z-score > +2) at any follow-up visit, among children who
were non-obese (BMI Z-score < + 2) at their initial visit,
and 2) new-onset short stature, using the WHO definition
(height Z-score < -2) at any follow-up visit, among children
who did not have short stature (height Z-score > -2) at their
initial visit. For the primary outcomes, time zero was the
date of nephrotic syndrome diagnosis. Secondary outcomes
included the prevalence at the initial visit (within 1 year
of nephrotic syndrome diagnosis) and the last clinic visit
(before transition to adult care or loss-to-follow-up) of obe-
sity, overweight status (BMI Z-score > + 1), and short stat-
ure. We also evaluated BMI and height Z-scores longitudi-
nally (i.e., change in Z-score per year) throughout follow-up.

Exposure and comparator

Our key exposure was nephrotic syndrome classification
within 1-year of diagnosis, using KDIGO definitions [12].
Frequently relapsing nephrotic syndrome was defined as >2
relapses within the first 6 months or >4 relapses within
1 year. Steroid dependent nephrotic syndrome was defined
as two consecutive relapses during or within 14 days of stop-
ping steroid treatment. Steroid resistant nephrotic syndrome
was defined as the receipt of a steroid-sparing immunosup-
pressive medication prior to completion of the initial steroid
course (within 12 weeks for children diagnosed prior to 2002
or 16 weeks for children diagnosed after 2002).

Baseline characteristics

Demographic and birth characteristics assessed were age
at diagnosis, sex, self-reported ethnicity (classified using
Statistics Canada defined categories) [3], immigration sta-
tus, birth weight, gestational age, delivery method, parental
education, and total family income. Clinical characteris-
tics included diagnosis year, clinical center, initial steroid
treatment duration, time to first relapse, total relapse count,
steroid-sparing medication use, and biopsy histopathology.
Each covariate was selected based on theoretical or reported
associations with obesity and short stature in childhood
nephrotic syndrome. Baseline covariates with > 15% missing
data were excluded from regression models [15]. For base-
line covariates with < 15% missing data (birthweight, term
delivery, parental education, ethnicity, and age at diagnosis),
multiple imputation by chained equations was used [15, 16].

Statistical analysis

All statistical analyses were performed using R Statistical
Software (version 4.2.2, Vienna, Austria). We compared

baseline characteristics using descriptive statistics, stratified
by nephrotic syndrome classification within 1 year of diag-
nosis. Univariable testing was performed for all primary and
secondary outcomes by exposure status, using distribution-
appropriate tests. Changes in the prevalence of obesity and
short stature among the overall cohort from the initial to last
clinic visit were analyzed by McNemar’s test for paired data.
Mean BMI and height Z-scores were plotted by years since
diagnosis with corresponding 95% confidence intervals (CI).

We then performed time-to-event analysis for new-onset
obesity and short stature by Kaplan—Meier method, com-
pared using log rank testing. These analyses were restricted
to children who did not have obesity or short stature at their
initial clinic visit (within 1 year of nephrotic syndrome
diagnosis), respectively. In all analyses, censoring occurred
at last study follow-up visit or administrative censoring in
Dec 2019 (i.e., the end of data availability). We evaluated
the association between nephrotic syndrome classification
within 1 year of diagnosis (categorized as frequently relaps-
ing or steroid dependent nephrotic syndrome vs. infrequent
or no relapses) and time to new-onset obesity and short stat-
ure using Cox proportional hazards regressions over longi-
tudinal follow-up. First, univariable Cox models were used
to evaluate unadjusted associations between nephrotic syn-
drome classification and new-onset obesity and short stature.
Next, the Cox model for new-onset obesity was adjusted for
the following baseline covariates, which were specified a
priori: age at diagnosis, sex, ethnicity, parental education,
and birthweight. Relevant model assumptions were verified,
including proportional hazards, lack of influential observa-
tions, and overspecification. We performed additional sen-
sitivity analysis accounting for clustering by clinical center
in our multivariable new-onset obesity model, using a gen-
eralized estimating equation with robust variance estima-
tion. We also evaluated the association between nephrotic
syndrome classification (categorized as frequently relaps-
ing, steroid dependent, or steroid resistant nephrotic syn-
drome vs. infrequent or no relapses) and time to new-onset
obesity and short stature. Multivariable Cox regression was
infeasible for short stature, due to the low number of events.
We performed analyses with univariable and multivariable
adjusted generalized linear regression models to evaluate
the association between nephrotic syndrome classification
and annualized change of BMI and height Z-scores from the
initial to last clinic visit. Finally, we performed a sensitivity
analysis restricting the population to children with an initial
clinic visit between 6—12 months after nephrotic syndrome
diagnosis to account for possible residual edema from initial
presentation and restricting to children with an initial clinic
visit between 0—1 month after nephrotic syndrome diagnosis
(i.e., before steroid-induced obesity or short stature could
develop).
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Results
Patient characteristics

We included 531 children with an incident diagnosis of
nephrotic syndrome, who had a median time from nephrotic
syndrome diagnosis to initial visit of 12 days (interquar-
tile range (IQR) 3-81 days). Frequently relapsing or ster-
oid dependent nephrotic syndrome was diagnosed in 160
(30.1%) within 1 year of diagnosis and 33 (6.2%) had initial
steroid resistance (Table 1). On average, children with fre-
quently relapsing or steroid dependent nephrotic syndrome
were younger at diagnosis. Median duration of follow-up
was 4.1 years (IQR 2.2-7.4) overall.

Weight and obesity outcomes

At the initial clinic visit, 125 children (23.5%) were obese
and 275 (51.8%) were overweight (Table 2). Among chil-
dren who were non-obese at their initial visit, 69 (17.7%)
developed new-onset obesity throughout follow-up (inci-
dence rate (IR) 3.6 per 100 person-years). Among initially
non-overweight children, 75 (31.3%) became overweight
throughout follow-up (IR 6.5 per 100 person-years).
Children with frequently relapsing or steroid dependent
nephrotic syndrome within 1 year of diagnosis were at
higher risk of developing new-onset obesity (adjusted
hazard ratio (HR) 1.56, 95%CI 0.95-2.56; Table 3 and
Fig. la), although this was not statistically significant
(p =0.08) after adjusting for age at diagnosis, sex, eth-
nicity (European vs. other), parental education (less than
high school completion vs. other), and birthweight. There
was no substantial change in these results when includ-
ing children with steroid resistant nephrotic syndrome
(Supplemental Table 1). After adjusting for clustering by
clinical center, frequently relapsing or steroid dependent
nephrotic syndrome classification was significantly asso-
ciated with new-onset obesity (adjusted HR 1.56, 95%CI
1.15-2.12, p=0.005). Children who developed new-onset
obesity had a higher total relapse count than those who
did not (Fig. 2a). Children who experienced >7 total
relapses (approximate cumulative steroid dose > 13 g/
m?) had a significantly higher incidence of new-onset
obesity (33.3%) vs. those with <7 total relapses (10.8%),
p <0.001 (chi-squared test). At the last follow-up visit,
91 children (17.3%) remained obese and 218 (41.5%)
remained overweight. Obesity prevalence decreased sig-
nificantly from the initial to last clinic visit (p =0.002,
McNemar’s test).

Among the overall cohort, mean and median BMI
Z-scores were+ 1.20 (SD 1.30) and+1.11 (IQR 0.40-1.96)
at the initial visit and+0.69 (SD 1.37) and+ 0.68 (IQR
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-0.26-1.66) at last follow-up. Mean BMI Z-scores were sig-
nificantly higher among children with frequently relapsing,
steroid dependent, or steroid resistant nephrotic syndrome at
the initial and last visits (Table 2). The mean annual change
in BMI Z-score was -0.17 (SD 0.55) overall, decreasing
similarly in all nephrotic syndrome classification groups.
BMI Z-scores decreased over 2-3 years after nephrotic
syndrome diagnosis (Fig. 3), before subsequently increas-
ing. Frequently relapsing or steroid dependent nephrotic
syndrome classification within 1 year of diagnosis was not
significantly associated with annual change in BMI Z-score
(adjusted estimate +0.06, 95% CI -0.05 to+0.16, p=0.32,
Fig. 4). Other factors associated with change in BMI Z-score
are reported in Supplemental Table 2.

Linear growth outcomes

At the initial study visit, 26 children (4.9%) had short stature
(Table 2). Among children who did not have short stature
at their initial visit, 16 (3.3%) developed new-onset short
stature throughout follow-up (IR 0.65 per 100 person-years).
Children with frequently relapsing, or steroid dependent
nephrotic syndrome had a higher cumulative incidence
of short stature (unadjusted HR 3.99, 95%CI 1.26-12.62,
p=0.02; Table 3 and Fig. 1b). There was no substantial
change in these results when including children with steroid
resistant nephrotic syndrome (Supplemental Table 1). Chil-
dren who developed new-onset short stature had a higher
total relapse count than those who did not (Fig. 2b). Children
who experienced > 15 total relapses (approximate cumula-
tive steroid dose > 25 g/m?) had a significantly higher inci-
dence of new-onset short stature (13.4%) vs. those with <15
total relapses (1.7%), p <0.001 (Fisher’s exact test). Twenty
children (3.8%) remained having short stature at their last
follow-up visit. Short stature prevalence did not change sig-
nificantly from the initial to last visit (p =0.29).

Mean and median height Z-score were -0.07 (SD 1.17)
and -0.02 (IQR -0.80-0.66) at the initial visit and +0.13
(SD 1.13) and+0.18 (IQR -0.53-0.91) at last follow-up.
The mean annual change in height Z-score was+ 0.06 (SD
0.37) overall and there was a significant difference between
nephrotic syndrome classification groups (Table 2). Chil-
dren with steroid resistant nephrotic syndrome had a nega-
tive annual change in height Z-score (mean -0.04, SD 0.46).
Overall, height Z-scores increased within the first five years
after diagnosis, before subsequently decreasing (Fig. 3). Fre-
quently relapsing or steroid dependent nephrotic syndrome
classification within 1-year of diagnosis was not significantly
associated with annual change in height Z-score (adjusted
estimate -0.06, 95%CI -0.14-0.01, p=0.09, Fig. 4). Other
factors associated with change in height Z-score are reported
in Supplemental Table 3.
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Table 1 Characteristics of INSIGHT participants from 1996 to 2019; stratified by nephrotic syndrome classification within 1-year of diagnosis

Covariate No or infrequent relapses by FRNS/SDNS by 1-year Initial SRNS
1-year (n=160) (n=33)
(n=338)
Age at diagnosis, mean years (SD) 5.4 (3.8) 4.5(3.3) 6.0 (4.9)
Female sex, n (%) 127 (37.6) 50 (31.2) 13 (39.4)
Ethnicity, n (%)
European 82 (25.7) 47 (30.3) 11 (34.4)
South Asian 112 (35.1) 48 (31.0) 10 (31.2)
Other Asian 42 (13.2) 20 (12.9) 4(12.5)
Mixed/other 83 (26.0) 40 (25.8) 7(21.9)
Birthweight, mean kg (SD) 3.1 (0.6) 3.2(0.6) 2.9 (0.9)
Term delivery (>36 weeks’ gestation), n (%) 271 (87.1) 130 (86.7) 23 (74.2)
Vaginal delivery, n (%) 221 (65.4) 106 (66.3%) 17 (51.5)
Parental education, n (%)
Elementary 22 (6.9) 10 (6.5) 4 (12.5)
High school 131 (41.3) 68 (44.2) 13 (40.6)
Undergraduate 88 (27.8) 47 (30.5) 10 (31.2)
Graduate 76 (24.0) 29 (18.8) 5(15.6)
Total annual family income, n (%)
<$50,000 72 (21.3) 34(21.2) 4(12.1)
$50,000 — 100,000 69 (20.4) 34 (21.2) 12 (36.4)
> $100,000 88 (26.0) 33 (20.6) 8(24.2)
Unknown 109 (32.2) 59 (36.9) 9(27.3)
Diagnosis year, n (%)
1996-2005 49 (14.5) 46 (28.7) 6 (18.2)
2006-2010 73 (21.6) 43 (26.9) 10 (30.3)
2011-2015 132 (39.1) 38 (23.8) 13 (39.4)
2016-2019 84 (24.9) 33 (20.6) 4(12.1)
Clinical center (SickKids), n (%) 249 (73.7) 136 (85.0) 24 (72.7)
Initial steroid treatment duration, n (%)
< 8 weeks 10 (3.1) 19 (12.2) 4(12.1)
8-16 weeks 203 (62.1) 83 (53.2) 4(12.1)
> 16 weeks 85 (26.0) 45 (28.8) 18 (54.5)
Unknown 29 (8.9) 9(5.8) 7(21.2)
Time to first relapse, mean days (SD) 301 (283) 106 (54) 500 (467)
Total number of relapses, median (IQR) 3 (0-6) 8 (5-16) 0(0-3)
Any steroid-sparing medication use, n (%) 110 (32.5) 144 (90.0) 33 (100.0)
Kidney biopsy performed, n (%)
No 269 (79.6) 68 (42.5) 1(3.0)
Yes 69 (20.4) 92 (57.5) 32 (97.0)
Biopsy pathology, n (%)
FSGS 25 (7.4) 12 (7.5) 13 (39.4)
MCD 32.(9.5) 68 (42.5) 15 (45.5)
Other 12 (3.6) 12 (7.5) 4 (12.1)
Follow-up duration, median years (IQR) 3.7 (2.0-6.3) 5.6 (2.9-9.9) 4.3 (2.4-8.0)
Age at last follow-up, median (IQR) 9.3 (6.5-13.7) 10.2 (7.3-15.8) 14.5 (7.1-17.2)

FRNS Frequently relapsing nephrotic syndrome; SDNS Steroid dependent nephrotic syndrome; SRNS Steroid resistant nephrotic syndrome;
FSGS Focal segmental glomerulosclerosis; MCD Minimal change disease

Frequently relapsing and steroid dependent nephrotic syndrome were classified within 1-year of diagnosis. Steroid resistant nephrotic syndrome
was defined as resistance to the initial steroid treatment course after nephrotic syndrome diagnosis
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Table 2 Obesity and height outcomes at the initial study visit, throughout study follow-up, and at the last study visit; stratified by nephrotic syn-
drome classification within 1-year of diagnosis

Outcome Overall (n=531) No or infrequent FRNS or SDNS by Initial SRNS (n=33)
relapses by 1-year 1-year (n=160)
(n=338)
Initial study visit
Prevalent obesity at initial clinic visit, n (%) 125/531 (23.5) 59/338 (17.5) 51/160 (31.9) 15/33 (45.5)
Prevalent overweight at initial clinic visit, n (%) 275/531 (51.8) 166/338 (49.1) 89/160 (55.6) 20/33 (60.6)
Prevalent short stature at initial clinic visit, n (%) 26/531 (4.9) 15/338 (4.4) 8/160 (5.0) 3/33 (9.1)
Throughout study follow-up (median 4.1 years overall)
New-onset obesity, n (%) 69/390 (17.7) 39/267 (14.6) 27/106 (25.5) 3/17 (17.7)
New-onset overweight, n (%) 75/240 (31.3) 43/160 (26.9) 25/68 (36.8) 7/12 (58.3)
New-onset short stature, n (%) 16/488 (3.3) 4/310 (1.3) 11/149 (7.4) 1/29 (3.5)
Last study visit
Prevalent obesity at last clinic visit, n (%) 91/526 (17.3) 46/333 (13.8) 36/160 (22.5) 9/33 (27.3)
Prevalent overweight at last clinic visit, n (%) 218/526 (41.4) 126/333 (37.8) 72/160 (45.0) 20/33 (60.6)
Prevalent short stature at last clinic visit, n (%) 20/525 (3.8) 8/332 (2.4) 10/160 (6.3) 2/33 (6.1)

FRNS Frequently relapsing nephrotic syndrome; SDNS Steroid dependent nephrotic syndrome; SRNS Steroid resistant nephrotic syndrome; BMI
Body mass index

Obesity, overweight status, and short stature were defined as BMI Z-score > +2, BMI Z-score > + 1, and height Z-score <-2, respectively. Prev-
alent obesity, overweight status, and short stature were both measured at the initial clinic visit (within 1-year of nephrotic syndrome diagnosis)
and the last study visit. New-onset obesity, overweight status, and short stature analyses were restricted to individuals without prevalent obesity,
overweight, or short stature (or missing BMI or height data) at the initial clinic visit

Table 3 Association

. Outcomes No or infrequent FRNS or SDNS p-value
of nep hrOt.IC syr}drf) me relapses (n=338) (n=160)
classification within 1-year
of diagnosis with new-onset New-onset obesity ®
;’ESS;LYI’IJ‘;"ZII‘;‘;S;; ffl“]’;;ﬁaggge HR (95% CI) Ref 1.60 (0.98-2.61) 0.06
height Z-scores aHR* (95% CI) Ref 1.56 (0.95-2.56) 0.08
New-onset short stature *
HR (95% CI) Ref 3.99 (1.26-12.62) 0.02
aHR (95% CI) - ¢ - -
Annual change in BMI Z-score throughout follow-up °
Estimate (95% CI) Ref +0.04 (-0.07 to 0.14) 0.49
Adjusted estimate* (95% CI) Ref +0.06 (-0.05 to 0.16) 0.32
Annual change in height Z-score throughout follow-up °
Estimate (95% CI) Ref -0.07 (-0.14 t0 0.01) 0.07
Adjusted estimate™* (95% CI) Ref -0.06 (-0.14 to 0.01) 0.09

Ref: reference group for the analysis (by row), FRNS Frequently relapsing nephrotic syndrome; SDNS Ster-
oid dependent nephrotic syndrome

* Adjusted for age at diagnosis, sex, ethnicity (European vs. other), parental education (less than high school
completion vs. other), and birthweight

*Time to new-onset obesity and short stature by Cox proportional hazards models
® Annual change in BMI and height Z-scores throughout follow-up by generalized linear model

“Multivariable adjusted analysis was not performed for time to new-onset short stature due to the small
number of events
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Fig. 1 Cumulative incidence of a new-onset obesity and b new-onset
short stature. New-onset obesity (Fig. la) was defined using the
WHO definition (BMI Z-score> +2) at any study follow-up visit,
among children who were non-obese (BMI Z-score < +2) at their
initial visit. New-onset short stature (Fig. 1b) was also defined using
the WHO definition (height Z-score <-2) at any study follow-up visit,
among children who did not have short stature (height Z-score>-2)

Sensitivity analyses

Prevalence of obesity and short stature did not change sub-
stantially when restricting the cohort to children with an
initial clinic visit between 0—1 month or 6-12 months after
nephrotic syndrome diagnosis (Supplemental Table 4).

Discussion

Growth impairment and obesity are commonly reported side
effects of systemic steroid treatment but have not been well-
characterized longitudinally among children with nephrotic
syndrome. Within one year from diagnosis, approximately
half of children were overweight, one-quarter were obese,
and less than 5% of children had short stature. Over median
4.1 years of follow-up, 18% went on to develop new-onset
obesity and 3% new-onset short stature. However, the over-
all prevalence of obesity and BMI Z-scores decreased, and
short stature and height Z-scores were relatively unchanged
over the course of follow-up. This suggests that longitudinal
changes in linear growth and BMI in childhood nephrotic

2 5 6 7 8 9 10 1 12
Years since Diagnosis

Number at risk

Never or infrequent relapses{ 310 271 236 193 148 104 84 69 57 41 33 22 17

Strata

FR-orSDNSby 1yr{ 149 140 128 104 89 76 68 54 46 38 32 26 19

3 8 9 10 11 12

Years since Diagnosis

at their initial visit. Children were classified as frequently relapsing
(FR-) or steroid dependent (SD-) nephrotic syndrome within 1-year
of diagnosis (red line) vs. never or infrequent relapses within 1-year
of diagnosis (blue line). Children with steroid resistant nephrotic syn-
drome were excluded from this analysis. Children were censored at
the time of loss to study follow-up or Dec 31, 2019 (administrative
censoring)

syndrome are generally favourable. Children with frequently
relapsing or steroid dependent nephrotic syndrome are at
significantly higher risk of developing new-onset short stat-
ure, compared to those who never or infrequently relapse.
Prior growth and obesity studies in childhood nephrotic
syndrome have reported conflicting results. Obesity is com-
mon among children with nephrotic syndrome and may be
pre-existing at diagnosis or develop early in the disease
course after steroid treatment [10, 17]. The reported preva-
lence of obesity varies significantly, ranging from 2-30%
of cases [10, 17]. In a previous cross-sectional study of 96
patients with childhood nephrotic syndrome and 186 healthy
controls, children with nephrotic syndrome had a signifi-
cantly higher odds of obesity [9], especially those with recent
steroid exposure within 6 months, higher maternal BMI,
females, and non-Black race. Other studies have reported
that obesity prevalence in children with nephrotic syndrome
is similar to the general population [18-20]. Among chil-
dren aged 5-17 years in Canada, the reported prevalence of
obesity was 10.1% and overweight was 17.4% in 2019 [21].
We found that the prevalence of being obese or overweight
within 1 year of nephrotic syndrome diagnosis and at the
end of study follow-up were both approximately double the

@ Springer



2674 Pediatric Nephrology (2024) 39:2667-2677
a b
L] L]
50~ 50~
L]
40- 40-
° L
[72] ° [72]
o}
2 : 2 :
© ° © e
[ ©
: 30~ o+ : 30~
5} 5}
® 4 ®
L0 o]
E E
= =
£ 20- £ 20-
© ©
° °
= =
10- 10~
0- 0-
Nlo Ytlas Nlo Y:as

New-onset obesity

Fig.2 Total number of relapses by a new-onset obesity and b new-
onset short stature status. The total number of relapses was signifi-
cantly higher in children that developed new-onset obesity or short
stature. The mean total number of relapses was 10.7 in children that

Fig.3 Mean BMI and height
Z-scores among INSIGHT
participants from 1996-2019,
by years since nephrotic
syndrome diagnosis. Error

bars represent 95% confidence
interval around the mean. BMI
Z-scores are represented by the
solid line, height Z-scores are
represented by the dashed line.
“N=" represents the number of
children with BMI and height
Z-score data, by the number of
years since nephrotic syndrome 0.5
diagnosis (“Years since Dx”)
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developed new-onset obesity and 5.3 in those that did not (»p <0.001).
The mean total number of relapses was 17.6 in children that devel-
oped new-onset short stature and 5.9 in those that did not (p =0.008)
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Fig.4 Mean a BMI and b height Z-scores among INSIGHT partici-
pants from 1996-2019, by years since nephrotic syndrome diagnosis
among children with no or infrequent relapses vs. frequent relapses
(FR-) or steroid dependence (SD-) within 1-year of diagnosis. Error

national average. However, we also found that mean BMI
Z-scores improved overall within the first 2-3 years after
nephrotic syndrome diagnosis, which may reflect normali-
zation of weight after discontinuing steroids and resolution
of edema from their initial presentation. Repeated steroid
exposures may contribute to the subsequent increase in BMI
Z-scores over later follow-up.

Several prior small studies have found that height Z-scores
decrease after childhood nephrotic syndrome diagnosis [18,
22-24]. Mean final adult height Z-score is reported to be
-0.2t0 -0.8 [18, 19, 22, 24, 25], and short stature prevalence
ranges from 0-16% in long-term cohort studies [10, 18-20,
26]. Among 56 Italian frequently relapsing nephrotic syn-
drome patients, the change in height Z-score from diagnosis
to adulthood was -0.92 and 13% had short stature as adults
[22]. They report that high cumulative steroid exposure and
early age of diagnosis (< 3.5 years) were significant pre-
dictors of growth impairment. Other studies have reported
normal linear growth and final adult height among children
with nephrotic syndrome [19, 27, 28]. Two British longi-
tudinal cohorts found that height velocity remains constant
or increases over mean 3—5-year follow-up [11, 28]. In the
second study of 265 children with nephrotic syndrome, 3.8%
had short stature and 24% had obesity at last follow-up [11].
They found no differences in height or BMI change by age
at diagnosis, sex, steroid sensitivity, or steroid dose. Simi-
larly, we found that height and BMI Z-scores both improved
throughout follow-up among the overall cohort, suggesting
that changes in growth outcomes after nephrotic syndrome
diagnosis are generally favourable. However, height Z-scores
increased to a smaller degree for children with frequently
relapsing or steroid dependent nephrotic syndrome and
decreased for steroid resistant children. In our study, height
Z-scores increased over the first five years after nephrotic

—e—FROrSDNS  —@=Never or infrequent relapses

Mean height Z-score

0-1yr 12yr 2:3yr 3-4yr 4-5yr 5-6yr 6-7yr 7-8yr 89yr  9-10yr

Years since diagnosis

bars represent 95% confidence interval around the mean. BMI
Z-scores are represented by the solid line, height Z-scores are repre-
sented by the dashed line

syndrome diagnosis, which could reflect catch-up growth
after initial steroid discontinuation and improved nutritional
status. Prior studies have demonstrated catch-up growth after
steroids discontinuation in nephrotic syndrome [29].

Finally, we evaluated the association between nephrotic
syndrome classification within 1 year and new-onset obesity
and short stature. Prior studies have not found consistent
associations between obesity and cumulative steroid expo-
sure or relapse frequency [18-20, 25]. Cumulative steroid
exposure has previously been associated with linear growth
impairment, although relapse frequency has not [18, 19, 22,
28-31]. Rituximab treatment results in decreases of cumu-
lative steroid dose leading to improvements in height and
BMI Z-scores [32, 33]. We could not evaluate the direct
association between cumulative steroid dose and growth
outcomes due to missing data on total steroid treatment
duration. Instead, relapse count was used as a proxy meas-
ure of cumulative steroid exposure. In our study, we found
that children with frequently relapsing or steroid dependent
nephrotic syndrome were at increased risk of developing
short stature. New-onset obesity was also more common in
this group, although not statistically significant. These chil-
dren may have been treated with other medications (e.g.,
calcineurin inhibitors) that increase the risk of obesity.

Our study has several strengths, including a large sam-
ple size, longitudinal growth parameter measurements,
differentiation of prevalent vs. new-onset outcomes, and
data on several key covariates for adjusted analyses. This
facilitated evaluation of the prevalence, incidence, and
the association between nephrotic syndrome classifica-
tion with adverse growth outcomes. Our diverse child-
hood nephrotic syndrome cohort from multiple Ontario
sites also increases generalizability. However, there are
inherent limitations. Median age at last study follow-up
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was 9.7 years, limiting comparability to studies report-
ing final adult height or obesity prevalence. Nevertheless,
longitudinal data allowed precision in outcomes and trends
in Z-scores over time. We lacked parental height, weight,
or BMI data, preventing evaluation of predicted height or
inclusion of these potential confounders. We also lacked
data on pubertal timing, which could influence longitu-
dinal growth patterns. However, the median age of the
cohort at diagnosis was 3.7 years (IQR 2.8-6.4), so this
data predominantly reflects pre-pubertal growth.

Conclusion

In a large, prospective longitudinal cohort study of chil-
dren with nephrotic syndrome, incidence of new-onset
obesity was 18% and new-onset short stature was 3%
over median 4 years follow-up. Height and BMI Z-scores
improved overall within the first 3—5 years after nephrotic
syndrome diagnosis. The prevalence of obesity and being
overweight at baseline (within 1 year of nephrotic syn-
drome diagnosis) were 24% and 52% respectively, which
is twice that of the general pediatric population in Can-
ada. This is concerning, given future cardiovascular and
metabolic health risks associated with obesity. Those
with frequent relapses and steroid dependence were also
at increased risk of developing short stature during fol-
low-up. Effective relapse prevention and steroid minimiza-
tion is important as we follow children longitudinally to
improve growth outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-024-06370-0.

Acknowledgements We thank the participants and their families for
their time and effort as well as the nurses and staff from the Nephrol-
ogy Clinic at The Hospital for Sick Children, William Osler Health
System (Brampton Civic Hospital and Peel Memorial Centre), Scarbor-
ough Health Network (Centenary Hospital), and McMaster Children's
Hospital.

Author contributions Cal H Robinson conceptualized and designed the
study, performed data analysis, drafted the initial manuscript, and revised
the manuscript. Nowrin Aman, Tonny Banh, Alisha Parikh, Veronique
Rowley, and Jovanka Vasilevska-Ristovska collected data, assisted with
data analysis and interpretation, and critically reviewed and revised the
manuscript. Josefina Brooke, Rahul Chanchlani, Vaneet Dhillon, Valerie
Langlois, Leo Levin, Christoph Licht, Ashlene McKay, Damien Noone,
Rachel Pearl, Seetha Radhakrishnan, and Chia Wei Teoh advised on
study design and critically reviewed and revised the manuscript. Rulan
S Parekh advised on conceptualization and design of the study, assisted
with data interpretation, and critically reviewed and revised the manu-
script. All authors approved the final manuscript as submitted and agree
to be accountable for all aspects of the work.

Funding This research was supported by grants from the Physicians
Services Incorporated (PSI) Foundation, the Hospital for Sick Children

@ Springer

Research Institute, and the Canada Research Chairs program. Dr. Cal
Robinson received salary support from the Cure Glomerulopathy con-
sortium Career Development Fellowship program. The other authors
received no additional funding for this research.

Data availability Research supporting data are not available for pub-
lic sharing. Individual investigators can connect with Drs Parekh and
Robinson for potential collaborations.

Declarations

Conflict of interest The authors have no conflicts of interest relevant to
this article to disclose.

References

1. Noone DG, Iijima K, Parekh R (2018) Idiopathic nephrotic syn-
drome in children. Lancet 392:61-74. https://doi.org/10.1016/
S0140-6736(18)30536-1

2. Veltkamp F, Rensma LR, Bouts AHM, LEARNS consortium
(2021) Incidence and relapse of idiopathic nephrotic syndrome:
Meta-analysis. Pediatrics 148:¢2020029249. https://doi.org/10.
1542/peds.2020-029249

3. Banh THM, Hussain-Shamsy N, Patel V et al (2016) Ethnic dif-
ferences in incidence and outcomes of childhood nephrotic syn-
drome. Clin J Am Soc Nephrol 11:1760-1768. https://doi.org/10.
2215/CIN.00380116

4. Carter SA, Mistry S, Fitzpatrick J et al (2020) Prediction of short-
and long-term outcomes in childhood nephrotic syndrome. Kidney
Int Rep 5:426-434. https://doi.org/10.1016/j.ekir.2019.12.015

5. Khullar S, Banh T, Vasilevska-Ristovska J et al (2021) Impact of
steroids and steroid-sparing agents on quality of life in children
with nephrotic syndrome. Pediatr Nephrol 36:93-102. https://doi.
org/10.1007/s00467-020-04684-3

6. (1981) Primary nephrotic syndrome in children: clinical signifi-
cance of histopathologic variants of minimal change and of diffuse
mesangial hypercellularity. A report of the international study of
kidney disease in children. Kidney Int 20:765-771. https://doi.
org/10.1038/ki.1981.209

7. Mushtaq T (2002) The impact of corticosteroids on growth and
bone health. Arch Dis Child 87:93-96. https://doi.org/10.1136/
adc.87.2.93

8. John K, Marino JS, Sanchez ER, Hinds TD (2016) The gluco-
corticoid receptor: cause of or cure for obesity? Am J Physiol
Endocrinol Metab 310:E249-E257. https://doi.org/10.1152/ajpen
do.00478.2015

9. Foster BJ, Shults J, Zemel BS, Leonard MB (2006) Risk factors
for glucocorticoid-induced obesity in children with steroid-sen-
sitive nephrotic syndrome. Pediatr Nephrol 21:973-980. https://
doi.org/10.1007/s00467-006-0100-z

10. Lee JM, Kronbichler A, Shin JI, OhJ (2020) Review on long-term
non-renal complications of childhood nephrotic syndrome. Acta
Paediatr 109:460-470. https://doi.org/10.1111/apa.15035

11. Goknar N, Webb H, Waters A, Tullus K (2022) Long-term obe-
sity prevalence and linear growth in children with idiopathic
nephrotic syndrome: is normal growth and weight control pos-
sible with steroid-sparing drugs and low-dose steroids for
relapses? Pediatr Nephrol 37:1575-1584. https://doi.org/10.1007/
s00467-021-05288-1

12. Rovin BH, Adler SG, Barratt J et al (2021) KDIGO 2021 clinical
practice guideline for the management of glomerular diseases.
Kidney Int 100:S1-S276. https://doi.org/10.1016/j.kint.2021.05.
021


https://doi.org/10.1007/s00467-024-06370-0
https://doi.org/10.1016/S0140-6736(18)30536-1
https://doi.org/10.1016/S0140-6736(18)30536-1
https://doi.org/10.1542/peds.2020-029249
https://doi.org/10.1542/peds.2020-029249
https://doi.org/10.2215/CJN.00380116
https://doi.org/10.2215/CJN.00380116
https://doi.org/10.1016/j.ekir.2019.12.015
https://doi.org/10.1007/s00467-020-04684-3
https://doi.org/10.1007/s00467-020-04684-3
https://doi.org/10.1038/ki.1981.209
https://doi.org/10.1038/ki.1981.209
https://doi.org/10.1136/adc.87.2.93
https://doi.org/10.1136/adc.87.2.93
https://doi.org/10.1152/ajpendo.00478.2015
https://doi.org/10.1152/ajpendo.00478.2015
https://doi.org/10.1007/s00467-006-0100-z
https://doi.org/10.1007/s00467-006-0100-z
https://doi.org/10.1111/apa.15035
https://doi.org/10.1007/s00467-021-05288-1
https://doi.org/10.1007/s00467-021-05288-1
https://doi.org/10.1016/j.kint.2021.05.021
https://doi.org/10.1016/j.kint.2021.05.021

Pediatric Nephrology (2024) 39:2667-2677

2677

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

de Onis M (2007) Development of a WHO growth reference for
school-aged children and adolescents. Bull World Health Organ
85:660-667. https://doi.org/10.2471/BLT.07.043497

WHO Multicentre Growth Reference Study Group (2006) WHO
child growth standards based on length/height, weight and age.
Acta Paediatr Suppl 450:76-85. https://doi.org/10.1111/j.1651-
2227.2006.tb02378.x

Dong Y, Peng C-YJ (2013) Principled missing data methods
for researchers. Springerplus 2:222. https://doi.org/10.1186/
2193-1801-2-222

van Buuren S, Groothuis-Oudshoorn K (2011) mice: Multivari-
ate Imputation by Chained Equations in R. J Stat Soft 45:1-67.
https://doi.org/10.18637/jss.v045.103

Soliman AT, Hamed N, De Sanctis V et al (2022) The long-
term (five years) effects of prednisone therapy in children with
frequently relapsing nephrotic syndrome: A controlled study of
anthropometric parameters and metabolic abnormalities. Acta
Biomed 93:€2022303. https://doi.org/10.23750/abm.v93i5.13459
Ishikura K, Yoshikawa N, Nakazato H et al (2015) Morbidity in
children with frequently relapsing nephrosis: 10-year follow-up
of a randomized controlled trial. Pediatr Nephrol 30:459-468.
https://doi.org/10.1007/s00467-014-2955-8

. Riith E-M, Kemper MJ, Leumann EP et al (2005) Children with

steroid-sensitive nephrotic syndrome come of age: long-term
outcome. J Pediatr 147:202-207. https://doi.org/10.1016/j.jpeds.
2005.03.050

Skrzypczyk P, Panczyk-Tomaszewska M, Roszkowska-Blaim
M et al (2014) Long-term outcomes in idiopathic nephrotic syn-
drome: from childhood to adulthood. Clin Nephrol 81:166—173.
https://doi.org/10.5414/CN108044

Statistics Canada (2020) Overweight and obesity based on meas-
ured body mass index, by age group and sex. https://doi.org/10.
25318/1310037301-eng

Emma F, Sesto A, Rizzoni G (2003) Long-term linear growth
of children with severe steroid-responsive nephrotic syn-
drome. Pediatr Nephrol 18:783-788. https://doi.org/10.1007/
s00467-003-1176-3

Donatti TL, Koch VH, Fujimura MD, Okay Y (2003) Growth in
steroid-responsive nephrotic syndrome: a study of 85 pediatric
patients. Pediatr Nephrol 18:789-795. https://doi.org/10.1007/
s00467-003-1142-0

Motoyama O, litaka K (2007) Final height in children with ster-
oid-sensitive nephrotic syndrome. Pediatr Int 49:623-625. https://
doi.org/10.1111/5.1442-200X.2007.02429.x

25.

26.

217.

28.

29.

30.

31.

32.

33.

Aydin M, Franke I, Kurylowicz L et al (2019) The long-term
outcome of childhood nephrotic syndrome in Germany: a cross-
sectional study. Clin Exp Nephrol 23:676-688. https://doi.org/10.
1007/s10157-019-01696-8

Fakhouri F, Bocquet N, Taupin P et al (2003) Steroid-sensitive
nephrotic syndrome: from childhood to adulthood. Am J Kidney
Dis 41:550-557. https://doi.org/10.1053/ajkd.2003.50116
Donatti TL, Koch VH (2009) Final height of adults with
childhood-onset steroid-responsive idiopathic nephrotic syn-
drome. Pediatr Nephrol 24:2401-2408. https://doi.org/10.1007/
s00467-009-1301-z

Simmonds J, Grundy N, Trompeter R, Tullus K (2010) Long-
term steroid treatment and growth: a study in steroid dependent
nephrotic syndrome. Arch Dis Child 95:146-149. https://doi.org/
10.1136/adc.2007.129957

Constantinescu A, Maruntelu S, Velis E et al (2019) Strategies
to minimize growth retardation in children with steroid-sensitive
nephrotic syndrome. J Clin Exp Nephrol 4:06

Ribeiro D, Zawadynski S, Pittet LF et al (2015) Effect of gluco-
corticoids on growth and bone mineral density in children with
nephrotic syndrome. Eur J Pediatr 174:911-917. https://doi.org/
10.1007/s00431-014-2479-z

Kyrieleis HAC, Lowik MM, Pronk I et al (2009) Long-term out-
come of biopsy-proven, frequently relapsing minimal-change
nephrotic syndrome in children. Clin J Am Soc Nephrol 4:1593—
1600. https://doi.org/10.2215/CJN.05691108

Topaloglu R, Giilhan B, Celegen K et al (2019) Rituximab for
children with difficult-to-treat nephrotic syndrome: Its effects on
disease progression and growth. Front Pediatr 7:313. https://doi.
org/10.3389/fped.2019.00313

Sinha A, Bhatia D, Gulati A et al (2015) Efficacy and safety of
rituximab in children with difficult-to-treat nephrotic syndrome.
Nephrol Dial Transplant 30:96-106. https://doi.org/10.1093/ndt/
efu267

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.2471/BLT.07.043497
https://doi.org/10.1111/j.1651-2227.2006.tb02378.x
https://doi.org/10.1111/j.1651-2227.2006.tb02378.x
https://doi.org/10.1186/2193-1801-2-222
https://doi.org/10.1186/2193-1801-2-222
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.23750/abm.v93i5.13459
https://doi.org/10.1007/s00467-014-2955-8
https://doi.org/10.1016/j.jpeds.2005.03.050
https://doi.org/10.1016/j.jpeds.2005.03.050
https://doi.org/10.5414/CN108044
https://doi.org/10.25318/1310037301-eng
https://doi.org/10.25318/1310037301-eng
https://doi.org/10.1007/s00467-003-1176-3
https://doi.org/10.1007/s00467-003-1176-3
https://doi.org/10.1007/s00467-003-1142-0
https://doi.org/10.1007/s00467-003-1142-0
https://doi.org/10.1111/j.1442-200X.2007.02429.x
https://doi.org/10.1111/j.1442-200X.2007.02429.x
https://doi.org/10.1007/s10157-019-01696-8
https://doi.org/10.1007/s10157-019-01696-8
https://doi.org/10.1053/ajkd.2003.50116
https://doi.org/10.1007/s00467-009-1301-z
https://doi.org/10.1007/s00467-009-1301-z
https://doi.org/10.1136/adc.2007.129957
https://doi.org/10.1136/adc.2007.129957
https://doi.org/10.1007/s00431-014-2479-z
https://doi.org/10.1007/s00431-014-2479-z
https://doi.org/10.2215/CJN.05691108
https://doi.org/10.3389/fped.2019.00313
https://doi.org/10.3389/fped.2019.00313
https://doi.org/10.1093/ndt/gfu267
https://doi.org/10.1093/ndt/gfu267

	Impact of childhood nephrotic syndrome on obesity and growth: a prospective cohort study
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study design
	Population
	Growth outcomes
	Exposure and comparator
	Baseline characteristics
	Statistical analysis

	Results
	Patient characteristics
	Weight and obesity outcomes
	Linear growth outcomes
	Sensitivity analyses

	Discussion
	Conclusion
	Acknowledgements 
	References


