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Abstract

Background Low birth weight (LBW)/prematurity have been proposed as risk factors for the development of kidney disease in
adulthood. Whether there is an association between LBW/prematurity and poor renal outcomes in childhood onset nephrotic
syndrome remains unknown.

Methods Children with nephrotic syndrome diagnosed between 1 and 18 years of age were followed prospectively from 1996 to
2016 at The Hospital for Sick Children (N =377). LBW/prematurity was defined as birth weight <2500 g or gestational age <
36 weeks. Normal birth weight (NBW) was defined as birth weight >2500 g. Measures evaluating clinical course of nephrotic
syndrome include initial steroid-resistant nephrotic syndrome (SRNS), time to first relapse, and frequently relapsing nephrotic
syndrome. Kaplan-Meier survival analysis, logistic regression, and Cox proportional hazards regression were used to determine
the association of LBW/prematurity with clinical outcomes.

Results Median birth weights in LBW/premature (n =46) and NBW (1 =331) children were 2098 g (interquartile range [IQR]
17002325 g) and 3317 g (IQR 2977-3685 g), respectively. Odds of having SRNS were 3.78 (95% confidence interval [CI]
1.28-11.21) times higher among LBW/premature children than NBW children. An 8% decrease in odds of developing SRNS
was observed for every 100 g increase in birth weight (adjusted odds ratio [OR] 0.92; 95% CI 0.86—0.98). Median time to first
relapse did not differ (hazard ratio [HR] 0.89; 95% CI 0.53—-1.16).

Conclusions LBW/premature children were more likely to develop SRNS but did not have a difference in time to first relapse
with NBW children. Understanding the impact and mechanism of birth weight and steroid-resistant disease needs further study.
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leading to hypoalbuminemia, hypercholesterolemia, and ede-
ma and is the most common kidney disease diagnosed in
children [1, 2]. Genetic, as well as environmental factors con-
tribute to the development of nephrotic syndrome [3].
Prognosis and clinical outcomes of nephrotic syndrome, how-
ever, are difficult to predict. In 1989, Barker and colleagues
hypothesized that prenatal development can have an effect on
health later in life, such as an increase in systolic blood pres-
sure [4]. Most notably, they found an inverse association be-
tween birth weight and death from cardiovascular disease [5].
More recently, this phenomenon was expanded to kidney dis-
ease [6].
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Birth weight is associated with the number of nephrons and
glomeruli that develop [7]. Nephrogenesis occurs in utero and
is completed at 34-36 weeks of gestation, with 60% of neph-
rons developing in the third trimester, leaving premature chil-
dren at significant risk of incomplete kidney development [§].
In extremely preterm infants, nephrogenesis stops 40 days
after birth [9]. Low birth weight (LBW) and prematurity are
also risk factors for the development of high blood pressure,
proteinuria, and reduction in the number of nephrons [10].
Notably, weight gain in the first 2 years of life has no impact
on the severity of kidney disease, allowing the use of birth
weight as a predictor of disease course [11]. Mechanistically, a
reduction in nephron number leads to a decrease in glomerular
filtration surface area, which results in an adaptive response to
increase single nephron glomerular filtration rate [12]. This
response subsequently increases the risk of developing kidney
disease and renal injury because such hyperfiltration ultimate-
ly results in reduced glomerular filtration rate and functional
renal reserve [10]. The effect of LBW and prematurity on
incomplete kidney development in utero may explain the dif-
ferences in outcomes among children with nephrotic
syndrome.

Early evidence suggests that the perinatal environment has
arole in determining the severity of the nephrotic syndrome as
well as the response to steroids [11]. Previous studies looking
at the effect of birth weight on outcomes of nephrotic syn-
drome have categorized birth weight as small for gestational
age or intrauterine growth retardation; few have used the
LBW criterion [11, 13—15]. These studies have examined
the effect of birth weight and prematurity on the outcomes
of nephrotic syndrome and found that children with lower
birth weights had an aggravated course of nephrotic syndrome
indicated by steroid resistance, steroid dependence, and fre-
quent relapses in cohorts of approximately 40—60 children
[11, 13—15]. These findings, however, need to be further val-
idated in a larger cohort.

Our objective is to determine the association of LBW and
prematurity with clinical outcomes of childhood nephrotic
syndrome such as steroid resistance, time to first relapse, fre-
quently relapsing nephrotic syndrome, and the development
of a first relapse.

Methods
Study population

Children were enrolled in the study Insight into Nephrotic
Syndrome: Investigating Genes, Health and Therapeutics
(INSIGHT), a prospective cohort study [16]. Nephrotic syn-
drome was defined as proteinuria (>40 mg/m*/h or urine
protein/creatinine ratio > 200 mg/mL or 3+ protein on urine
dipstick), hypoalbuminemia (<25 g/L), and edema [1]. Our
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population included 423 children diagnosed with nephrotic
syndrome between the ages of 1-18 and followed from
January 1, 1996 to July 1, 2016 at the Hospital for Sick
Children, Toronto. Children with congenital nephrotic syn-
drome, disease involving multiple organs, or secondary causes
of nephrotic syndrome were excluded. The final cohort
consisted of 377 children after excluding those with missing
birth weight, diagnosis date, gestational age, or clinical data
(n=46). The study was approved by the Hospital for Sick
Children’s Research Ethics Board (ClinicalTrials.gov
identifier NCT01605266). Data were obtained by medical
chart review for outcomes and completion of parental self-
reported questionnaires for birth-related information.
Maternal smoking was defined as smoking cigarettes for more
than 5 days in the last 3 months of pregnancy. The indication
for biopsy was SRNS, suspecting other underlying disease,
assessing calcineurin inhibitor toxicity, and if presentation oc-
curred before the age of 1, or over the age of 12. Estimated
glomerular filtration rate (¢GFR) was calculated from patient
height and serum creatinine values. For participants with a
visit date prior to March 17, 2008, the Schwartz formula
was used with a correction factor of 0.85 to account for dif-
ferences in serum creatinine measurements at the Hospital for
Sick Children as previously reported [17, 18]. For participants
with a visit date on or after March 17, 2008, the modified
Schwartz equation was used [18].

Low birth weight/premature birth

Low birth weight and/or prematurity was defined according to
the World Health Organization as a child born weighing <
2500 g or born at a gestational age of < 36 weeks, a gestational
age up to and including 35 weeks and 6/7 days of pregnancy
[19]. Accordingly, children were considered to have normal
birth weight (NBW) if they were born weighing >2500 g.

Outcomes in nephrotic syndrome

Several outcomes of nephrotic syndrome from the INSIGHT
cohort were described previously [20]. Briefly, we defined a
relapse as having >3.0 g/L of protein in urine for three con-
secutive days that requires use of steroids resulting in an in-
crease in steroid dose. Complete remission was defined as no
additional episodes of proteinuria requiring medical interven-
tion after initial treatment. Time to first relapse was defined as
the number of days from diagnosis to first relapse. Initial
steroid-resistant nephrotic syndrome (SRNS) was defined as
the initiation of a second-line medication during the initial
steroid treatment. Frequently relapsing nephrotic syndrome
(FRNS) was defined as > 2 relapses within 6 months of diag-
nosis or > 4 relapses in any 12-month period. FRNS at
12 months after diagnosis was evaluated in our study.
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Statistical analysis

Baseline characteristics between the LBW/premature and
NBW groups were described. A two-sample ¢ test was used
for normally distributed continuous variables, and a
Wilcoxon-Mann-Whitney test for non-normal continuous var-
iables. A x” test was used for categorical variables. If assump-
tions of the X2 test were violated, Fisher’s exact test was used.

We determined the association of LBW/prematurity rela-
tive to NBW with the occurrence of a first relapse, SRNS, and
FRNS at 12 months using logistic regression. Kaplan-Meier
survival analysis was used to compare time to first relapse
between LBW/premature and NBW children. To determine
the association of LBW/prematurity with the time to first re-
lapse, Cox proportional hazards regression was used.
Analyses were adjusted for ethnicity, gender, and maternal
age at time of birth because previous studies identified poten-
tial confounding by these factors on the course of nephrotic
syndrome [20-22].

Birth weight was further assessed as a continuous variable
by determining the odds of developing SRNS per 100-g in-
crease in birth weight using logistic regression. Differences
were considered to be significant if p <0.05. Statistical anal-
ysis was performed using STATA/SE 14.

Results
Baseline characteristics

The study cohort of 377 children primarily consisted of males
(63.7%). There were 46 (12%) LBW/premature children with
a median birth weight of 2098 g (interquartile range [IQR]
1700-2325), and those with NBW had a median birth weight
of 3317 g (IQR 2977-3685) (» < 0.01; Table 1). There was a
difference in gender between LBW/premature and NBW chil-
dren. Prevalence of maternal smoking during pregnancy was
significantly different between LBW/prematurity and NBW
groups (p<0.05). Age of diagnosis, age of enrollment,
follow-up time, eGFR, and maternal age at time of birth did
not differ between LBW/premature and NBW children.

Clinical outcomes

The median times to first relapse were 0.42 and 0.58 years for
the LBW/premature and NBW groups, respectively. No sig-
nificant differences in time to first relapse were found between
LBW/premature and NBW children (log-rank p = 0.5; Fig. 1).

Children with LBW/prematurity had a 3.16-times higher
odds of SRNS (95% confidence interval [CI] 1.15-8.61) com-
pared to NBW, which remained high, at 3.78 (95% CI 1.28—
11.24), after adjustment (Table 2). LBW/premature children
also had a higher odds ratio (1.57; 95% CI 0.67-3.67) of

developing a relapse as compared to children with NBW, but
statistical significance was not reached in either unadjusted or
adjusted analyses. The odds of developing FRNS at 12 months
among LBW/premature children was 0.47 times (95% CI
0.16-1.39) that of NBW children. LBW/prematurity was not
associated with time to first relapse (HR 0.89; 95% CI 0.64—
1.25) of LBW/premature children compared to NBW
children.

In unadjusted analyses, each 100 g increase in birth weight
was associated with 7% decrease in odds of SRNS (OR 0.93;
95% CI 0.88-0.99; p <0.05). This association remained sig-
nificant after adjusting for ethnicity, gender, and maternal age
at time of birth (OR 0.92; 95% CI 0.86—-0.98; p <0.05)
(Table 3).

Discussion

Children with nephrotic syndrome born with LBW/
prematurity were almost four times more likely to have
SRNS compared to NBW children. There was, however, no
difference on time to first relapse observed among children
with steroid sensitive disease. Furthermore, we demonstrated
a significant inverse relationship between increasing birth
weight and the odds of having SRNS.

Steroid responsiveness is a major determinant of the long-
term prognosis of childhood nephrotic syndrome [2, 23].
SRNS is the second most frequent cause of end-stage renal
disease in the first 20 years of life, and an especially important
outcome of nephrotic syndrome due to the lifelong repercus-
sions of disease [24]. Our results with respect to SRNS are
consistent with those found in the literature, with multiple
studies demonstrating that there are differences in steroid re-
sponse among children with varying birth weights [11, 13, 14,
25]. However, these studies were inconsistent with the World
Health Organization in their definitions of LBW and have
used small for gestational age and intrauterine growth retarda-
tion as parameters [19]. Furthermore, varying definitions of
SRNS were used. In one study, which defined LBW as birth
weight below the 10th percentile for gestational age and had a
cohort size of 55 children, with only 4 of these children being
LBW, it was found that LBW children were more likely to
have SRNS than NBW children [25]. Furthermore, a study
defining intrauterine growth retardation as birth weight below
the 10th percentile for gestational age and a cohort of 56
children, 8 having intrauterine growth retardation found an
increase in the incidence of SRNS in IUGR children [14]. In
accordance with these studies, another study using small for
gestational age as a parameter, defined as birth weight below
or equal to the 7th percentile, and a cohort size of 62 children
with only 5 of these children being small for gestational age,
found that children born small for gestational age were more
likely to be steroid resistant [11].
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Table 1 Baseline characteristics
and outcomes of 377 children
with nephrotic syndrome born
with normal and low birth weight/
premature births (1996-2016)

Normal birth weight” P
(n=331) value

Low birth weight/premature®
(n=46)

Baseline characteristics
Male

Birth weight (grams)
Age at diagnosis, years
Age of enrollment, years
Follow-up time, years

¢GFR at initial visit*
(mL/min/1.73 m?)
Maternal age at time of birth, years

Maternal smoking during

pregnancy*
Ethnicity

European

South Asian

East/South East Asian
Other ©

n (%)/mean + standard deviation / median [interquartile range]

20 (43.5) 220 (66.5) 0.02%

2097.8 [1700.0-2325.6] 3316.8 [2976.7-3685.4] 0.001"

3.6 [2.5-5.4] 3.6 [2.7-5.8] 0.3

7.9[5.2-10.4] 8.2 [4.6-13.9] 0.6

5.6 [2.5-8.07] 49 [2.02-6.9] 02

181.9 [135.1-191.8] 167.0 [143.7-185.3] 0.3

29.9 [27-33] 29.9 [26-34] 0.9

<5 9 (3.8) 0.01°
0.01"

<10 112 (33.8)

23 (50.0) 105 (31.7)

<5 26 (7.8)

15 (32.6) 88 (26.6)

#Low birth weight includes children born <2500 g or born < 36 weeks of gestation
®Normal birth weight includes children born >2500 g
©Estimated glomerular filtration rate in mL/min/1.73 m* at the patient’s initial visit

9 Maternal smoking at least 1 cigarette > 5 days during the last 3 months of pregnancy

¢ Other includes Mixed (n=159), West Indian or Caribbean (n = 19), Middle Eastern (n=11), African (n=6),
Aboriginal (n<5), Mexican or South or Central American (n <5), Unknown (n<5)

*» < 0.05

Reasons for differences in steroid response in LBW/
premature children are not well understood. The immune sys-
tem mediates the relapses seen in nephrotic syndrome and is
targeted to mitigate disease [26]. Most notably, steroids

Fig. 1 Initial time to first relapse
by birth weight. Kaplan-Meier
survival analysis for initial time to
first relapse in low birth weight/
premature and normal birth
weight children. Median initial
times to first relapse are 0.42
(approximately 5 months) and
0.58 years (approximately

7 months), respectively, and
log-rank p value=0.51
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decreased CD4 and CDS8 T cell counts in children with ne-
phrotic syndrome compared to those not treated with steroids
[27]. Furthermore, in a study comparing small for gestational
age infants, and infants born appropriate for gestational age,

Low Birth Weight/Premature Normal Birth Weighq

T
0

Number at risk:

Normal Birth Weight

327

T T T T T I I T
2 3 4 5 6 7 8 9 10

Time (years)

40 24 15 10 6 3 1 1 0

Low Birth Weight/Premature

46

6 6 5 2 2 2 2 0 0
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Table 2 Association of low birth

weight/prematurity with first SRNS? First FRNS (at Time to First
relapse, initial steroid resistance, relapse” 12 Months)* Relapse’
frequently relapsing nephrotic
syndrome at 12 months after Normal birth weight Events, n 15 258 55 257
initial treatment, and time to first (n=331) Odds/hazard ratio  Ref. Ref. Ref Ref.
Sctlapse ag101}gh377 E? iIQren Low birth Events, n 6 39 <5 40
d;iirlf iﬁ 99W£20n f é’) otiesyn Z;e;gilg)PremaMG Odds/hazard ratio ~ 3.16 1.57 0.47 0.89
95% confidence 1.15-8.61 0.67-3.67 0.16-1.39 0.64-1.25
interval
Adjusted 3.78 1.43 0.35 0.79
odds/hazard
ratio®
95% confidence 1.28-11.24 0.59-3.42 0.10-1.18 0.53-1.16
interval

#SRNS is initial steroid resistant nephrotic syndrome

® First relapse refers to the patient ever developing a relapse (>3.0 g/L of protein in urine for 3 consecutive days
that requires the use of steroids resulting in an increased steroid dose)

“FRNS is frequently relapsing nephrotic syndrome

9 Time to first relapse is the number of days from diagnosis to the patient’s first relapse (having > 3.0 g/L of protein
in urine for three consecutive days that requires the use of steroids resulting in an increased steroid dose)

©0dds and hazard ratios are adjusted for ethnicity, gender, and maternal age at time of birth

small for gestational age children had a lower overall percent
of CD4, and a lower CD4 to CDS ratio, further demonstrating
that birth weight may affect immunological profiles [28].
Preterm infants also have altered gut microbiota, which have
a role in the induction of regulatory T cells [29, 30]. Birth
weight has also been considered a factor in the disruption of
gut microbiota [31]. Gut dysbiosis has been found to be more
prevalent in children exhibiting relapses than those in remis-
sion [30, 32]. Dysfunction of the immune system, specifically
regulatory T cells and their role in the development and pro-
gression of idiopathic nephrotic syndrome, has been proposed
in a theoretical framework [32]. However, the effects of the
microbiome on the immune system are only speculative.

We find that there is no significant difference between
LBW/premature and NBW children with respect to time to
first relapse. This result is consistent with a study that reported
no difference in this parameter in children with [IUGR and
those appropriate for gestational age [14]. Another study
found that LBW children had 129 days to first relapse of
which was not significantly different from that in NBW chil-
dren of 163 days. However, these results were determined

from sample sizes of less than 60 children [25]. Our cohort
of 377 participants gave comparable results with respect to
time to first relapse.

The prevalence of maternal smoking was found to differ
between LBW/premature children and NBW children. This is
in accordance with the US Department of Health and Human
Services, which concluded that there is a casaul relationship
between maternal smoking and fetal growth restriction [33].
Possible epigenetic mechanisms may explain this phenome-
non as smoking affects mitochondrial DNA methylation
which results in altered ATP production and placental func-
tion, leading to differences in birth weight [34].

The strengths of our study include a large, a multi-ethnic
cohort recruited across a large urban area. We used a common
treatment protocol that eliminates clinical treatment provided
to patients as a potential confounding factor [20]. Limitations
of this study are parental self-reported birth weights and the
lack of kidney size measurement at birth. Nonetheless, studies
have concluded that parental self-reported birth weights are
valid to use for both clinical as well as epidemiological pur-
poses, with findings proving the accuracy of parental self-

Table 3 Birth weight (per 100 g)

evaluated as a continuous variable Events, Odds 95% confidence p Adjusted odds  95% confidence P

for 377 children diagnosed with n Ratio interval value  ratio® interval value
nephrotic syndrome from 1996 to

2016 with respect to initial steroid ~ SRNS* 21 0.93 0.88-0.99 0.04* 092 0.86-0.98 0.01%*

resistance

#SRNS is initial steroid resistant nephrotic syndrome

® Odds ratio is adjusted for ethnicity, gender, and maternal age at time of birth

"p<0.05
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reported birth weights [35]. Studies have found that parental
recalled birth weights were correct within 50 g of the hospital
records 75% of the time, and gestational ages were correct
within 1 week, with findings irrespective of parental socioeco-
nomic status, age, or education level [35, 36]. Furthermore,
studies have found a linear relationship between nephron
number and birth weight between the 10th to 90th percentiles
for gestational age as well as a direct correlation between birth
weight and number and size of glomeruli [7, 37]. The evi-
dence from these studies allows us to use birth weight as a
reliable indicator of renal development to explain differences
in clinical outcomes. In future studies, sensitivity analyses
using IUGR and very low birth weight could be studied.
However, we are not powered to complete these analyses.
Additionally, we were not powered to compare ethnic differ-
ences by birth weight and prematurity; nonetheless, we report
differences in birth weight based on ethnicity (Table 1). In a
previous study at our center, incidence and outcomes of ne-
phrotic syndrome differed by ethnicity; however, this study
included historical data where parental report on birth infor-
mation was not available [20]. Future studies should also con-
sider the gestational age in weeks for a more specific measure
of the clinical outcomes of nephrotic syndrome.

Low birth weight and prematurity are important clinical
factors to consider in the history of children with nephrotic
syndrome. We conclude that LBW/premature children with
nephrotic syndrome are more likely to be steroid resistant,
and thus should be followed closely to ensure prompt assess-
ment and suitable treatment. LBW/prematurity can be used by
physicians as indicator for increased risk of steroid resistance.
These steroid-resistant children could be treated with ACE
inhibitors or calcineurin inhibitors sooner, as demonstrated
in randomized control trials to decrease proteinuria and in-
crease the likelihood of complete or partial remission in
SRNS compared to treatment with cyclophosphamide or pla-
cebo [26]. However, these trials did not specify if these chil-
dren were LBW/premature—further studies are needed to ver-
ify the effects of ACE and calcineurin inhibitors in this spe-
cific patient group. Long-term health risks of LBW/
prematurity in children with chronic kidney disease need to
be studied further.
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