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Abstract

Background Preserving optimal growth has long been a significant concern for children with chronic kidney disease (CKD). We
aimed to examine the incidence of and risk factors for short stature in Asian pediatric patients with CKD.

Methods We analyzed growth status by height, weight, and body mass index (BMI) standard deviation scores (SDSs) for 432
participants in the KoreaN cohort study for Outcome in patients With Pediatric Chronic Kidney Disease.

Results The median height, weight, and BMI SDSs were — 0.94 (interquartile range (IQR) — 1.95 to 0.05), — 0.58 (IQR — 1.46 to
0.48), and — 0.26 (IQR — 1.13 to 0.61), respectively. A high prevalence of short stature (101 of 432 patients, 23.4%) and
underweight (61 of 432 patients, 14.1%) was observed. In multivariable logistic regression analysis, CKD stages 4 and 5
(adjusted odds ratio (aOR) 2.700, p = 0.001), onset before age 2 (aOR 2.928, p < 0.0001), underweight (aOR 2.353, p =
0.013), premature birth (aOR 3.484, p < 0.0001), LBW (aOR 3.496, p = 0.001), and low household income (aOR 1.935, p =
0.030) were independent risk factors associated with short stature in children with CKD.

Conclusions Children with CKD in Korea were shorter and had lower body weight and BMI than the general population. Short
stature in children with CKD was most independently associated with low birth weight, followed by premature birth, onset before
age 2, CKD stages 4 and 5, underweight, and low household income. Among these, underweight is the only modifiable factor.
Therefore, we suggest children with CKD should be carefully monitored for weight, nutritional status, and body composition to
achieve optimal growth.
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Introduction

Maintaining optimal growth is a primary concern in children
with chronic kidney disease (CKD). Previous studies have
shown that factors affecting the growth of children with
CKD include genetic factors, hormonal factors, nutritional
disorders, metabolic derangements, and inflammatory disor-
ders [1-3]. Although the clinical management of CKD has
improved over the years, growth restriction remains a preva-
lent complication in children with CKD [4-6].

There is a significant link between the height of children
with CKD and their quality of life and psychosocial health. In
a previous study, the KoreaN cohort study for Outcome in
patients With Pediatric Chronic Kidney Disease (KNOW-
Ped CKD), short stature showed an inverse association with
quality of life scores and a negative correlation with mental
health and psychosocial adjustment problems [7, 8]. Height
impairment is also an excellent clinical indicator that reflects
the overall quality of care in children with CKD. Previous
studies have also shown that pediatric CKD patients with short
stature have higher morbidity and mortality [9, 10].

Most studies on the growth of children with CKD target
patients on dialysis or those who have undergone transplanta-
tion, and very limited epidemiological data exist for Asian
children [11-13]. We therefore aimed to examine the inci-
dence of and risk factors for short stature in children with
CKD in an Asian population using the baseline data from
the KNOW-Ped CKD.

Methods
Study design and definitions

The nationwide observational study, the KNOW-Ped CKD, is
a 10-year prospective cohort study launched in 2011 and
funded by the Korea Centers for Disease Control and
Prevention [14]. We enrolled 432 CKD children who had
not received kidney replacement therapy and were younger
than 18 years from seven major pediatric nephrology centers
in Korea from April 2011 to February 2016.

We calculated the estimated glomerular filtration rate
(eGFR) using the creatinine-cystatin C—based CKiD equation
derived from the Chronic Kidney Disease in Children (CKiD)
study [15]. CKD was defined and staged according to the
Kidney Disease Improving Global Outcomes criteria [16].
Standard deviation scores (SDSs) of age-sex-specific height,
age-sex-specific weight, and BMI expressed relative to
height-age were calculated using the 2017 Korean National
Pediatric and Adolescent Standard Growth Chart
(KNGC2017) and WHO Child Growth Standards [17, 18].
Body mass index (BMI) SDS was calculated relative to
height-age, at which a child would be of average height
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(50th percentile) for age [19]. Growth abnormalities were de-
fined according to the screening criteria in the KNGC2017 as
follows: short stature, height SDS < — 1.88 (3rd percentile);
underweight, BMI SDS < — 1.65 (5th percentile); overweight,
1.04 (85th percentile) < BMI SDS < 1.65 (95th percentile);
obesity, BMI SDS > 1.65 (95th percentile) [18]. Puberty onset
was defined as the volume of the testes at Tanner stage 2 in
boys and breast development at Tanner stage 2 in girls. The
duration of CKD refers to the time from when the patient was
diagnosed with CKD to the time of the baseline visit. Data
including primary diseases leading to CKD, medication, pa-
rental heights, Tanner stage, birth history, and household in-
come status (high, $4500 per month or more; middle, between
$1500 and $4500 per month; and low, $1500 per month or
less) were collected. Premature birth was defined as birth be-
fore the gestational age of 37 weeks, while low birth weight
(LBW) was defined as birth weight < 2500 g. Finally, small
for gestational age (SGA) was defined as the 10th percentile of
birth weight according to gestational age using Korean refer-
ences [20, 21].

Statistical analyses

We used the median and interquartile range (IQR) to summa-
rize continuous variables and percentages to summarize cate-
gorical variables. The Mann-Whitney test was used to evalu-
ate differences in continuous variables between groups and an
independent 7 test was used to evaluate the overall association
between categorical variables. Logistic regression analysis
was performed to identify the factors associated with short
stature to generate odds ratios (ORs) and 95% confidence
intervals (Cls). Based on a literature review of previous re-
ports, we examined the following variables as potential risk
factors for short stature in children with CKD: CKD stages 4
and 5, onset before age 2, underweight, CKD due to congen-
ital anomalies of the kidney and urinary tract (CAKUT), pre-
mature birth, LBW, SGA, low household income, duration of
CKD, and steroid therapy [1-6]. In the multivariable logistic
regression analysis, each variable was adjusted for mid-
parental height, and potential confounders were selected a
priori using directed acyclic graphs (Supplementary
Figures S1-6) [22]. For the association between CKD stages
4 and 5 and short stature, age, sex, CKD due to CAKUT, onset
before age 2, low household income, duration of CKD, and
premature birth were adjusted for. CKD due to CAKUT was
adjusted for the association between onset before age 2 and
short stature. For the association between underweight and
short stature, CKD stages 4 and 5, low birth weight, and low
household income were adjusted for. CKD due to CAKUT
was adjusted for the association between premature birth and
short stature. For the association between low birth weight and
short stature, premature birth was adjusted for. We used SPSS
software version 26.0 for Windows (SPSS, Chicago, IL,
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USA) for all analyses. A p value < 0.05 was considered
significant.

Results
Baseline characteristics of the cohort

Table 1 presents the demographic and clinical characteristics
of'the 432 children. Our cohort had a median age of 10.9 years
(IQR, 5.2 to 14.6) and 68.1% were boys. The median baseline
eGFR was 53.9 mL/min/1.73 m* (IQR 32.16 to 80.87), CKD
was due to CAKUT in 248 (57.4%) children, and CKD was
due to glomerular problems in 109 (25.2%) children. CKD
stages 1 and 2 were present in 45.6% of patients (197 of
432), 33.1% (143 of 432) of children were in CKD stage 3,
and 21.3% (92 of 432) of children were in CKD stages 4 and
5. Compared with normative data from Korean children, par-
ticipants in the KNOW-Ped CKD were shorter (median height
SDS — 0.94; IQR — 1.95 to 0.05), had lower body weight
(median weight SDS — 0.58; IQR — 1.46 to 0.48), and had
lower BMI (median BMI SDS — 0.26; IQR — 1.21 to 0.62).
Short stature was observed in 101 children (23.4%), and 61
children (14.1%) were underweight. On the other hand, 28
children (6.5%) were overweight, and 38 children (8.8%)
were obese. A total of 83 children (48.2%) reached puberty.
Premature birth, LBW, and SGA were observed in 83 children
(19.5%), 74 children (17.5%), and 113 children (26.7%), re-
spectively. Of the cohorts, 33 children (7.6%) were treated
with recombinant human growth hormone (thGH) and 31
children (7.2%) were treated with steroids.

Baseline characteristics of children with short stature

The median height, weight, and BMI SDS of children with
short stature were — 2.80 (IQR —4.11 to — 2.39), — 1.44 (IQR
—2.61 to — 0.08), and — 0.74 (IQR — 1.73 to 0.32), respec-
tively. Children with short stature had a higher proportion of
patients with onset before age 2, underweight, CKD stages 4
and 5, premature birth, and LBW than children without short
stature (p < 0.0001). The proportion of patients with low
household income, CKD due to CAKUT, prepuberty,
SGA, and rthGH therapy were also higher in children
with short stature than in children without short stature
(Table 1). In addition, children with short stature had
higher blood urea nitrogen (BUN) and cystatin C levels
(p < 0.0001), lower hemoglobin levels (p = 0.018),
lower carbon dioxide levels (p = 0.003), higher parathy-
roid hormone levels (p = 0.014), and higher urinary
protein-creatinine ratios than children without short stat-
ure (p = 0.003) (Fig. 1).

Factors associated with short stature in children with
CKD

Table 2 demonstrates the univariable and multivariable logis-
tic regression analyses performed to examine the factors asso-
ciated with short stature in children with CKD. Short stature
was strongly associated with CKD stages 4 and 5 (OR 2.549,
p < 0.0001), onset before age 2 (OR 2.502, p < 0.0001),
underweight (OR 3.187, p < 0.0001), premature birth (OR
3.494, p < 0.0001), LBW (OR 4.453, p < 0.0001), and low
household income (OR 1.883, p = 0.025) in a univariable
analysis. The variables that were statistically significant by
univariable analysis were included in a multivariable analysis.
In a multivariable logistic regression analysis, CKD stages 4
and 5 (adjusted odds ratio (aOR) 2.700, p = 0.001), onset
before age 2 (aOR 2.928, p < 0.0001), underweight (aOR
2.353, p = 0.013), premature birth (aOR 3.484, p < 0.0001),
LBW (aOR 3.496, p = 0.001), and low household income
(aOR 1.935, p = 0.030) were independent risk factors associ-
ated with short stature in children with CKD after adjustments
for mid-parental height and potential confounders
(Supplementary Figures S1-6). Among the potential risk fac-
tors, CKD due to CAKUT, SGA, duration of CKD, and ste-
roid therapy were not shown in the table because they had no
statistically significant association with short stature in the
analysis.

Discussion

In this cross-sectional study using the baseline data from the
KNOW-Ped CKD, we demonstrate that underweight is sig-
nificantly associated with short stature in children with CKD,
independent of other known risk factors for short stature.
Underweight is a well-known risk factor for short stature in
the general population, and this study confirmed that under-
weight also acts as a significant independent risk factor for
short stature in children with CKD [23, 24]. Currently, data
on the prevalence of underweight and the effect of under-
weight on the height of children with CKD are limited. This
is the first large-scale study that comprehensively confirms
underweight as a significant independent risk factor for short
stature in a pediatric CKD cohort.

In our study, children with CKD were shorter and had a
higher prevalence of short stature than the general population,
as previously reported in Western studies [3, 6, 11, 12].
However, our cohort had a difference in the proportion of
underweight, overweight, and obese children compared to
other reports [11, 25]. A CKiD study reported that the median
BMI SDS for the cohort was 0.44 (IQR — 0.33 to 1.23), with
13% being overweight and 16% being obese, but the study did
not comment on underweight. According to a European study
of the Cardiovascular Comorbidity in Children with Chronic
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Table 1 Baseline demographics

and clinical characteristics of 432 Overall (n = 432) Short stature Height SDS>—1.88  p value
study participants from the (n=101) (n=331)
KNOW-Ped CKD stratified by
height status Demographics
Boys 294 (68.1) 60 (61.2) 234 (70.1) 0.099*
Age, years 10.9 [5.2, 14.6] 7.5[2.4,13.7] 11.5 [6.0, 14.7] 0.001°
Household income
Low 71 (23.8) 23 (23.5) 48 (14.4) 0.030°
Middle 258 (59.7) 59 (60.2) 199 (59.6)
High 103 (16.4) 16 (16.3) 87 (26.0)
Clinical characteristics
Onset age, years
<2 112 (25.9) 38 (38.8) 74 (22.2) <0.0001*
2~6 83(19.2) 20 (20.4) 63 (18.9)
6~12 149 (34.5) 29 (29.6) 120 (35.9)
>12 88 (20.4) 11(11.2) 77 (23.1)
BMI SDS -026[-121,062] —0.74[-1.73,032] —0.17[-1.06,0.71] 0.001°
Underweight 61 (14.1) 25 (25.5) 36 (10.8) <0.0001*
Normal weight 305 (70.6) 61 (62.2) 244 (73.1)
Overweight 28 (6.5) 56.1) 23 (6.9)
Obese 38 (8.8) 7(7.1) 31(9.3)
Primary disease
CAKUT 248 (57.4) 57 (58.2) 191 (57.2) 0.05*
Glomerular 109 (25.2) 18 (18.4) 91 (27.2)
Others 75 (17.4) 23 (23.5) 52 (15.6)
eGFR, 53.9 [32.2, 80.9] 38.9[22.8,1.2] 60.4 [36.3, 86.4] <0.0001°
mL/min/1.73m’
CKD stage
12 197 (45.6) 26 (26.5) 171 (51.2) <0.0001"
3a-3b 143 (33.1) 38 (38.8) 105 (31.4)
4-5 92 (21.3) 34 (34.7) 58 (17.4)
Mid-parental height,cm  170.0 [162.0, 173.5]  167.8 [160.5, 172.9]  170.5[163.0,174.0]  0.037°
Puberty 198 (48.2) 28 (31.1) 170 (53.0) 0.0001*
Premature birth 83 (19.5) 35(35.7) 48 (14.7) <0.0001*
LBW 74 (17.5) 34 (34.7) 40 (12.3) <0.0001*
SGA 113 (26.7) 36 (36.7) 77 (23.7) 0.010°
Duration of CKD, 1.5[0.4,4.3] 1.33 [0.33, 4.00] 1.5[0.42, 4.35] 0.739°
years
rhGH therapy 33 (7.6) 14 (14.3) 19 (5.7) 0.002°
Steroid therapy 31(7.2) 6 (6.1) 25(7.5) 0.583*

Data are presented as median (interquartile range) or n (%). BMI, body mass index; SDS, standard deviation
scores; eGFR, estimated glomerular filtration rate; CAKUT, congenital anomalies of the kidney and urinary tract;
CKD, chronic kidney disease; LBW, low birth weight; SGA, small for gestational age; #AGH, recombinant human
growth hormone. * Independent  test; > Mann-Whitney test

Kidney Disease (4C study) cohort, the mean BMI SDS for the
cohort was 0.08 + 1.32, the proportion of underweight indi-
viduals in the cohort was 8.7%, and the combined proportion
of overweight and obese individuals was 22.0%. On the other
hand, our cohort had a median BMI SDS of — 0.26 (IQR —
1.21 to 0.62), with 14.1%, 6.5%, and 8.8% being
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underweight, overweight, and obese, respectively. Because
of the difference in the proportion of underweight, over-
weight, and obesity among cohorts, being underweight may
be a significant contributing factor to the short stature in our
cohort. We cannot clearly explain the differences in these
proportions; however, the cohort’s baseline characteristics,
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Fig. 1 Baseline laboratory findings of 432 study participants from the
KNOW-Ped CKD stratified by height status. a BUN level. b Cystatin C
level. ¢ Hemoglobin level. d Calcium level. e Parathyroid hormone level.
f 25-Hydroxyvitamin D level. g Carbon dioxide level. h Urinary protein-

including region, ethnicity, and CKD severity, may have
played a role [11, 26].

Underweight and low weight for height are the recom-
mended indicators of malnutrition in both the general popula-
tion and children with illness [24, 27], and there is a body of
evidence showing an association between height impairment
and underweight [28]. In children with CKD, not only is the
proper intake and absorption of nutrients reduced, but protein-
energy wasting (PEW) may also occur, leading to under-
weight, which can worsen linear growth in these populations
[29]. The International Society of Renal Nutrition and
Metabolism has defined PEW as the loss of body protein mass
and fuel reserves [30]. In children with CKD, metabolic aci-
dosis, chronic inflammation, and endocrine perturbation are
considered the leading causes of PEW [29, 31]. A recent study
of CKiD confirmed this trend. Children with advanced CKD
stages had lower protein intake and reduced muscle mass;

No Yes No *s

Short stature Short stature

creatinine ratio. BUN, blood urea nitrogen; Hb, hemoglobin; Ca, calcium;
PTH, parathyroid hormone; VitD, 25-hydroxy vitamin D; TCO,, carbon
dioxide; PCR, urinary protein-creatinine ratio

thus, they had a below-average BMI at the baseline visit
[32]. While protein intake and muscle mass were not evaluat-
ed in our study, we assume that the high incidence of being
underweight (14.1%) in our cohort seems to be related to
CKD because the incidence of underweight in the Korean
general population is only 2.2% before 2 years of age and
2.8% between 2 and 18 years of age [17]. Underweight is of
great importance for clinical practice compared to other fac-
tors contributing to short stature found in previous cohort
studies in that there is room for improvement through early
and intensive dietary intervention and nutritional support [19].
Otherwise, thGH is the only proven effective treatment for
growth failure in children with CKD [33, 34].

Our findings confirmed that advanced CKD stages are a
significant independent risk factor related to height deficits in
children with CKD. This result is generally consistent with
prior reports from Western and Asian countries [3, 13, 35],

Table 2 Factors associated with

short stature in the KNOW-Ped Variables Univariable logistic regression Multivariable logistic regression
CKD participants
OR 95% CI p value Adjusted OR 95% CI p value

CKD stages 4 and 5 2549  1.547-4.200  <0.0001  2.700 14834918  0.001
Onset age (< 2 years) 2.502 1.555-4.028  <0.0001 2.928 1.692-5.066  <0.0001
Underweight 3.187  1.810-5.612  <0.0001  2.353 1.202-4.605  0.013
Premature birth 3494 2.096-5.824  <0.0001 3.484 1.992-6.095  <0.0001
LBW 4453  2.621-7.567  <0.0001 3.496 1.690-7.234  0.001
Low household income ~ 1.883 1.084-3.272  0.025 1.935 1.064-3.517  0.030

OR, odds ratio; CI, confidence interval; CKD, chronic kidney disease; LBW, low birth weight

Each variable included in a multivariable analysis was adjusted for mid-parental height and potential confounders:
age, sex, CKD due to congenital anomalies of the kidney and urinary tract (CAKUT), onset before age 2, low
household income, duration of CKD and premature birth for CKD stages 4 and 5; CKD due to CAKUT for onset
before age 2; CKD stages 4 and 5, low birth weight and low household income for underweight; CKD due to
CAKUT for premature birth; and premature birth for low birth weight
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revealing that advanced CKD stages are risk factors for short
stature. Although it is not clear how linear growth is affected
as CKD progresses, decreased eGFR acts on a variety of
growth-related factors, ultimately disrupting the normal phys-
iology of long bones at the epiphyseal growth plate [1]. We
also confirmed that abnormal birth histories, LBW, and pre-
mature birth were significant independent risk factors for short
stature in children with CKD. In the general population, pre-
mature birth is well known to disrupt endocrine regulation,
which affects linear growth and adiposity. Previous reports
of pediatric CKD cohorts have also reported an association
between LBW and short stature in children with CKD
[36-39]. There are few studies on the link between linear
growth and onset age and income level in children with
CKD. Rees et al. reported impaired growth and final height
in infants with severe CKD who received a kidney diagnosis
within the first 6 months of life [40]. In a report from the CKiD
cohort, children with low household income (under $30,000
per year) were unable to overcome height deficits over time
and had a higher risk of growth impairment [41]. This is in line
with our results showing that low household income was as-
sociated with a higher risk of short stature in children with
CKD. However, further analysis of longitudinal data is re-
quired to confirm these results in our cohort.

Among potentially modifiable factors associated with
growth, such as thGH and steroid therapy, steroid therapy
was not found to be significantly associated with short stature
in this study, probably because of the small number of cases
(Table 1). The administration of thGH in patients with CKD is
known to accelerate growth and improve final adult height
[33]. In our study, thGH therapy was administered in only
14.3% of children with short stature and 7.6% of the entire
cohort. Considering the effect of rhGH therapy, physicians
should pay more attention to the growth status of children with
CKD and prescribe thGH when indicated.

While this study has the strength of including a large group
of pediatric CKD patients in the Asian population, there are
some limitations. First, this is a cross-sectional analysis using
baseline data from the KNOW-Ped CKD; further longitudinal
data analysis is required in future studies. Second, data on
nutritional status, body composition change, dietary intake,
and physical activity were not collected in this cohort.
Therefore, we were not able to determine whether under-
weight was associated with malnutrition or PEW. Third, the
influence of possible comorbidities on growth, such as chro-
mosomal anomalies or syndromic diseases, was not consid-
ered for evaluation in the study.

In summary, this study using baseline data from the
KNOW-Ped CKD showed that children with CKD were
shorter and had lower body weight and BMI than the
general population. Short stature in children with CKD
was most associated with low birth weight, followed by
premature birth, onset before age 2, CKD stages 4 and
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5, underweight, and low household income. Our study
highlights the need for underweight to receive consider-
ably more attention in children with CKD. For these
patients, we should carefully monitor the nutritional sta-
tus and body composition changes and consider early
intensive dietary intervention and nutritional support
along with thGH treatment.
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