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to understand how early life growth relates to kidney function and size.
Objectives: This study aimed to assess the association of linear growth velocities
among children between 0 and 6 years with kidney function and size among children
aged 10 years.
Methods: The Ethiopian Anthropometric and Body Composition (iABC) birth cohort 
participants were followed up with 13 measurements between birth and 6 years of age.
The latest follow-up was at ages 7-12 years with measurement of serum cystatin C as
a marker of kidney function, and ultrasound assessment of kidney dimensions. Kidney
volume was computed using an ellipsoid formula. Linear spline multi-level modelling
was used to compute linear growth velocities between 0-6 years. Multiple linear
regression modelling was used to examine the associations of linear growth velocities
in selected age periods with cystatin C and kidney size.
Results: Data were captured from 355 children, at a mean age of 10 (range 7-12)
years. The linear growth velocity was high between 0-3 months and then decreased
with age. There was no evidence of an association of growth velocity up to 24 months
with cystatin C at 10 years. Between 24-48 and 48-76 months, serum cystatin C was
higher by 2.3% (95% CI 0.6, 4.2) and 2.1 % (95% CI 0.3, 4.0) for one SD higher linear
growth velocity, respectively. We found a positive association between linear growth
velocities at all intervals between 0-6 years and kidney volume.  
Conclusion: Greater growth between 0-6 years of development was positively
associated with kidney size, however greater growth velocity after 2 years is
associated with higher serum cystatin C level.
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Abstract 1 

Background: The risk of non-communicable diseases accrues from fetal life, with early childhood 2 

growth having an important role for the risk of adult disease. There is a need to understand how early 3 

life growth relates to kidney function and size.  4 

Objectives: This study aimed to assess the association of linear growth velocities among children 5 

between 0 and 6 years with kidney function and size among children aged 10 years.  6 

Methods: The Ethiopian Anthropometric and Body Composition (iABC) birth cohort recruited 7 

infants born at term to mothers living in Jimma, with a birth weight of ≥1500 grams, and without 8 

congenital malformations. Participants were followed up with 13 measurements between birth and 6 9 

years of age. The latest follow-up was at ages 7-12 years with measurement of serum cystatin C as a 10 

marker of kidney function, and ultrasound assessment of kidney dimensions. Kidney volume was 11 

computed using an ellipsoid formula. Linear spline multi-level modelling was used to compute linear 12 

growth velocities between 0-6 years. Multiple linear regression modelling was used to examine the 13 

associations of linear growth velocities in selected age periods with cystatin C and kidney size. 14 

Results: Data were captured from 355 children, at a mean age of 10 (range 7-12) years. The linear 15 

growth velocity was high between 0-3 months and then decreased with age. There was no evidence 16 

of an association of growth velocity up to 24 months with cystatin C at 10 years. Between 24-48 and 17 

48-76 months, serum cystatin C was higher by 2.3% (95% CI 0.6, 4.2) and 2.1 % (95% CI 0.3, 4.0) 18 

for one SD higher linear growth velocity, respectively. We found a positive association between linear 19 

growth velocities at all intervals between 0-6 years and kidney volume.   20 
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Conclusion: Greater growth between 0-6 years of development was positively associated with kidney 21 

size, however and greater growth velocity after 2 years is was associated with higher serum cystatin 22 

C level. 23 

Key words: linear growth velocities, Kidney function, Kidney size, cohort study, Ethiopia. 24 

Introduction  25 

The developmental origins of health and disease (DOHaD) hypothesis states that adverse 26 

environmental factors acting early in life increase the risk of later-life disease vulnerability (1). For 27 

example, stressors in early life may result in structural and functional changes in the developing 28 

kidney,  increasing individuals’ vulnerability to kidney, and cardiovascular disease in later life (2,3).  29 

In humans, kidney development begins during the ninth week of pregnancy and continues until the 30 

36th week (4). Except for extremely preterm neonates, there is no evidence of nephrogenesis in 31 

humans after birth (4). The normal human kidney has an average of 1 million nephrons, which 32 

consisting of a glomerulus (filter unit) and a tubules (controlling urinary composition). Multiple 33 

studies have shown that the total glomerular number may vary by thirteen 13-fold between individuals 34 

(5–7). The number of nephrons during adulthood reflects the difference between the number of 35 

nephrons at birth and the number of nephrons lost (8–10). 36 

Trajectories of growth reflect the complex interplay of biological and environmental processes that 37 

influence life course health and development (11,12). Linear growth retardation in early- life is a 38 

good indicator of a poor early early-life environment and is associated with increased risk of 39 

morbidity later in life (13). Previous studies have shown that children with short stature exhibit 40 

reduced kidney size and a lower nephron number (14,15).  41 
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Linear growth failure manifested as stunting is a major public health problem in developing countries 42 

in general and in sub-Saharan Africa in particular (16)(17). Therefore, in this setting, there may be 43 

subclinical differences in kidney function and volume thatwhich may already be detectable in 44 

childhood and may explain the susceptibility of individuals to kidney disease in adulthood (18). 45 

Understanding of the natural history of kidney function, including subclinical differences and 46 

modifiable risk factors, is pivotal to designing and implementing efficient preventive strategies at the 47 

population level. Studies have described a high burden of acute and chronic pediatric kidney disease 48 

in low- and middle-income countries (19–21), but many of the existing studies on childhood 49 

predictors of adult kidney function were conducted in high-income countries (22–24). Evidence from 50 

high-income settings suggests that birth characteristics, fetal growth, and early childhood growth 51 

influence kidney function throughout one's life course (25). Thus, tThe current study was intended to 52 

fill current research paucity gaps by investigating the association of early-life linear growth with a 53 

marker of kidney function and kidney size at 10 years using an Ethiopian birth cohort.  54 

55 
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Methods 56 

Study setting and participants  57 

The study included children from the Ethiopian iABC birth cohort, which has been described earlier 58 

(26,27). Briefly, infants of mothers who lived in Jimma Town, born at term (gestational age at birth 59 

≥37 completed weeks) with a birth weight of ≥1500 gram and without congenital malformations were 60 

included in the cohort. The mother-child pairs were invited to attend a total of 13 study visits at birth, 61 

at 1.5, 2.5, 3.5, 4.5, 6 months, and 1, 1.5, 2, 3, 4, 5,  and 6 years. A total of 644 mother-newborn dyads 62 

were recruited for the study between December 2008 and October 2012.  63 

The current follow-up visits, hereafter referred to as 10-year follow-up, were conducted from June 64 

2019 to December 2020, and included 355 children aged 7-12 years, hereafter referred to as 10-year 65 

follow-up. Families of all children were traced by previously provided phone number or residential 66 

location and invited to bring their children after receiving clear information about the study. In the 67 

eventcases when where phone numbers were not working, a study nurse visited the family’s last 68 

known address.   69 

Data collection tools and procedures 70 

Experienced research nurses and laboratory technicians collected the data. For the 10-year follow-up, 71 

families were requested to bring their children fasting in early morning; samples were taken in the 72 

morning because of postprandial changes in plasma  (28). Maternal and childhood characteristics 73 

were collected using questionnaires. Body dimensions, body composition, and renal size were 74 

measured using anthropometry, air displacement plethysmography, and ultrasound, respectively. 75 

Serum cystatin C was analyzed from blood samples as described below.  76 

Questionnaire data 77 
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A pre-tested interviewer interviewer-administered structured questionnaire was used to collect 78 

information concerning socio-demographic and economic characteristics of the family. The tool 79 

includes questions intended to capture family and child socio-demographic characteristics, status of 80 

the house they live, and ownership of properties. Additional relevant previous maternal and child 81 

characteristics were abstracted from iABC data. 82 

Anthropometric and body composition measurements 83 

Weight from birth to six months was measured to the nearest 1 gram using a PEA POD, an infant air 84 

displacement plethysmograph (ADP; COSMED, Rome, Italy); for the follow-up visits starting from 85 

12 months, it weight was measured to the nearest 0.1 kg using an electronic UNICEF scale (SECA, 86 

Hamburg, Germany). Length was measured in a recumbent position for infants below 24 months to 87 

the nearest 0.1 cm using a SECA 416 Infantometer. In children 24 months and above, standing height 88 

was measured to the nearest 0.1 cm using a SECA 213 portable stadiometer (SECA, Hamburg, 89 

Germany). More detailed information on specific measurements at different follow-up visits is  90 

published elsewhere (29).   91 

For the current visit at 10 years, the participants' weight was measured to the nearest 0.1 g by the 92 

BOD POD, a child/adult version of ADP, after removing heavy clothes. Height was measured to the 93 

nearest 0.1 cm using a stadiometer, according to the standard procedure without shoes. All 94 

anthropometric measurements were taken twice, and the average values were used.  95 

Body composition assessment 96 

Body composition was assessed at birth at 1.5, 2.5, 3.5, 4.5, and 6 months of age with the PEA- POD, 97 

designed to measure infants between birth and 6 months of age (COSMED, Rome, Italy). BOD- POD, 98 

a child/adult version of ADP, was used to assess body composition at the 4, 5, 6, and 10 years follow-99 

ups. Children were fasting and wearing close-fitting underwear and a swimming cap during 100 
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measurement.  Both the PEA-POD and BOD-POD have high accuracy and precision and are feasible 101 

and safe for assessing body composition in infants and children, respectively (30,31)  102 

Ultrasound measurement 103 

Kidney size was measured by ultrasonography using a C1-5-D 2D convex probe (GE P6) (General 104 

electronics Co.Ltd Boston, USA). The kidney was identified in the sagittal plane along its longitudinal 105 

axis. A mMeasures of maximal bipolar kidney length, width, and thickness were obtained for both 106 

kidneys. Renal width and thickness were measured at the level of the kidney hilum. All dimensions 107 

were measured to nearest 0.1 cm in both kidneys.  All children were examined by the same certified 108 

radiologist. Kidney volume was calculated in cubic centimeters using the formula of an ellipsoid: 109 

length × width × depth × 0.523 (32,33). Total kidney volume was calculated as the sum of the right 110 

and left kidney volumes. 111 

Blood sample collection and analysis 112 

Families were asked ahead of the visit to bring their children fasted overnight for 8 hours. Lab 113 

technicians collected blood samples (4 ml) after confirming that the child had fasted. The study nurses 114 

provided the children with a meal immediately after sample collection. Initially there were more 115 

children without outcome measurements due to children were in non-fasting state and failure of the 116 

ultrasound machine. In that.In cases where children came non-fasting or where the ultrasound 117 

machine was not working, participants were reappointed and given new appointments for outcome 118 

measurements taken. 119 

Samples were stored briefly in the lab fridge for a maximum of 4 hours in K2-EDTA tubes. Blood 120 

samples underwent centrifugation for 10 minutes and were stored at -80°C until further lab analysis 121 

was done. Serum cystatin C was determined using an enhanced immune turbidimetric assay on a 122 

Cobas c 702 analyser (Roche Diagnostic, Germany). Cystatin C is a low molecular weight protein, 123 

produced at a relatively constant rate. The concentration of serum cystatin C is highly correlated with 124 
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directly measured Glomerular Filtration Rate (GFR) values, and small reductions in GFR can be 125 

detected more readily with serum cystatin C (34,35). The estimated glomerular filtration rate was 126 

calculated using Zappitelli’s formula eGFRCyst = 75.94 / [CysC1.17] (36). However, bBecause this 127 

formula is not validated for the target population, the results are unlikely to reflect true eGFR in these 128 

children; further analyses were carried out only using cystatin C as the primary outcome.  129 

Statistical analyses 130 

Data were double-entered in double in Epi Data version 4.4.2.0 (Denmark). Descriptive data were 131 

presented as mean (standard deviation [SD]) for normally distributed data, median (interquartile 132 

range (IQR)) for continuous non-normally distributed data, and. count (proportion) was used to 133 

describefor categorical variables. Since serum cystatin C was not normally distributed, it was log-134 

transformed, before regression analyses. Estimates from these models were back-transformed and 135 

presented as a percentage change. The normality of the residuals was checked visually by histogram, 136 

pnorm, and qnorm plots. Furthermore, rResiduals were plotted against the fitted values to check the 137 

homogeneity of variance of the residuals.  138 

Linear growth velocity 0 to 6 years  139 

The non-linear relationship of length/height as a function of age were modeled using a series of linear 140 

splines (37). Linear-spline multilevel (piecewise linear multilevel) models are increasingly used to 141 

model childhood growth since they address many of the challenges associated with analyzing 142 

longitudinal data (38,39) Knot points were placed at 3, 6, 24 and 48 months while taking into 143 

consideration data density, previous knowledge and model fit statistics. Linear growth velocity 144 

between 0 to 3 months is the difference between predicted length at 3 months and length at birth 145 

divided by 3 to get cm/month, and similarly for the other growth periods. These individual specific 146 

monthly linear length velocities over discrete time intervals from 0 to 6 years of age were generated 147 

using R version 4.2.0 (R Foundation for Statistical Computing).  148 
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Association of linear growth velocity with kidney function and size 149 

Linear regression models were used to test associations of cystatin C and kidney size with estimates 150 

of each child’s birth length, and length growth velocity from 0-3, 3-6, 6-24, 24-48, and 48-76 months. 151 

To obtain comparable estimates across the different growth periods, sex-based standardization of 152 

growth velocities was done by subtracting the mean from the individual’s score and dividing by the 153 

standard deviation. These sex-based standardized growth velocities were used for subsequent 154 

multiple linear regression analyses as exposure variables. Thus, the estimates indicate the change in 155 

cystatin C or kidney size per study population SD increase in length/height velocity.  156 

Three models were fitted separately for birth length and each of the length/height velocity exposures. 157 

Model 1 was adjusted for sex and current age. Model 2 additionally adjusted for birth weight, 158 

gestational age, birth order and current fat mass. The adjustment for current fat mass was done to 159 

remove any effect of fat mass on cystatin C measurements (40). Model 3 was additionally adjusted 160 

for maternal education and height at birth. Stata version 14 (StataCorp LLC College Station, Texas, 161 

USA) was used to fit the multiple linear regression models. 162 

 163 

Sensitivity analyses  164 

We investigated whether there was a difference identified in serum cystatin C level between low birth 165 

weight (LBW) and normal birth weight children who attended the 10th follow-up. Cross-sectional 166 

analyses of associations of height at the latest follow-up with kidney parameters were carried to sense-167 

check the results. Instead of total kidney volume, a separate regression model computed for kidney 168 

dimensions of each kidney. To investigate whether associations of growth with kidney size were 169 

driven by body surface area (BSA), sensitivity analyses investigated associations between linear 170 

growth velocities from 0 to 6 years with kidney volume divided by BSA (derived using the Boyd 171 

formula, BSA [m2] = Weight [kg]0.4838 × Height [cm]0.3 × 0.017827)). 172 
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Ethical considerations 173 

Ethical permission was obtained from Jimma University Ethical Review Board (Letter No. 174 

IHRPHD/333/18), and London School of Hygiene and Tropical Medicine ethics committee. 175 

Parents/guardian signed consent forms before entry into iABC and the current 10 year follow-up. 176 

Any abnormal findings detected during clinical and laboratory evaluations were communicated to 177 

families of children and they were linked to Jimma University Medical Center for further evaluation. 178 

Results  179 

Characteristics of study participants and mothers 180 

A total of 644 mother-infant pairs attended the birth visit. We excluded 10 preterm and 63 children 181 

not living in Jimma. The mean maternal age (±SD) at the infant’s birth was 22.1 ± 4.5 years, and at 182 

the time, 61% of the mothers had attended primary school. 183 

Of the remaining 571, 355 (62%) were recruited at age 7-12 for the 10-year follow-up visit for 184 

assessment of kidney function and size. However, 2Two participants were excluded because they 185 

only had 1 only one height measurement from birth to 6 years, leaving 353 for the 10-year analysis 186 

(Figure 1). Of these 353 children attended the 10th year follow-up, 51.8% were male, the mean (±SD) 187 

age was 9.8 ± 1.0 years, and 48.7% were first born (Table 1).  188 

Children who were lost to follow-up were similar with respect to most variables, but had lower birth 189 

weight and birth length, and were less likely to be second- or third-born children compared to those 190 

who attended the current visit (SupplementarySupplemental Table 1). Reasons for loss to follow-up 191 

were migration out of Jimma, death, and refusal to participate in further follow-up assessments. In 192 

addition, we could not obtain serum cystatin and kidney size measurements for 6 and 3 children 193 

respectively, because participants came from far away which meant that a reappointment was not 194 

possible. 195 



12 
 

Linear growth velocity between 0-6 years 196 

The velocity of linear growth was fastest in the first 3 months of life (4.1cm/month), and then 197 

decreased with age. Males had faster linear growth velocity between 0-3 months while it was faster 198 

in females between 6 to 24 months of age (Table 2).  199 

 Kidney function and volume  200 

The median (IQR) serum cystatin C and estimated glomerular filtration rate were 0.93 (0.83; 1.01) 201 

mg/dl and 82.7 (75.1; 94.4) ml/min per 1.73m², respectively. The median (IQR) combined kidney 202 

volume was 117.2 (103.0; 132.4) cm3 (Table 3). We found no evidence of a difference in serum 203 

cystatin C level between children with LBW and normal birth weight who attended the 10th follow-204 

up (Supplementary table 2). 205 

Association of linear growth velocity with kidney function   206 

Associations of estimated standardized linear growth velocity between 0-3, 3-6, 6-24, 24-48 and 48-207 

76 months with serum cystatin C are presented in Figure 2. In the fully adjusted models, there was 208 

no evidence that linear growth velocities at 0-3, 3-6, and 6-24 months were associated with log-serum 209 

cystatin C. However, between 24-48 and 48-76 months, a one SD higher linear growth velocity was 210 

associated with 2.3 % (95% CI 0.6, 4.2) and 2.1 % (95% CI 0.3, 4.0) higher serum cystatin C, 211 

respectively. Additionally, a positive and significant association is was observed between serum 212 

cystatin C and observed height at the 10th year follow-up (Supplementary Table 3).   213 

Association of linear growth velocity and kidney size (volume) 214 

Across all models, linear growth velocities between different knots from 0 to 6 years were positively 215 

associated with kidney volume at 10 years. However, tThe strongest association was seen for linear 216 

growth velocity from 48-76 months (Figure 3). In sensitivity analyses, linear growth at all intervals 217 
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from 0-6 years was positively associated with both right and left kidney length (supplementary 218 

Supplementary figures1Figures 1 & 2). Conversely, only linear growth velocity after two years of 219 

age was associated with kidney anterior-posterior diameter (depth) (supplementary Supplementary 220 

figures Figures 3 & 4). Likewise, tThere is was a positive association found between observed height 221 

at the 10th year follow-up and kidney size (Supplementary Table 3). As depicted in supplementary 222 

Supplementary Figure 7, once kidney volume was divided by BSA, there was no evidence for an 223 

association with linear growth velocities.  224 

Discussion 225 

In this study, linear growth velocities at 24-48 and 48-76 months, but not at other age intervals, were 226 

positively associated with serum cystatin C level, indicating that greater growth in these periods is 227 

associated with worse kidney function.  comparatively lower kidney function when compared to 228 

peers. On the other hand, the observed positive association between faster linear growth velocity and 229 

cystatin C might partly explained by non-renal factors. Linear growth velocities between 0-6 years 230 

were consistently and positively associated with kidney volume at 7-12 years.     231 

To the best of our knowledge, this study is the first to report the longitudinal relationship between 232 

early life linear growth velocities and cystatin C and kidney size in an African context. Although we 233 

cannot infer causality, our results suggest that faster linear growth beyond 2 years may be related to 234 

later life kidney function deficits. This finding is consistent with multiple studies using otherof 235 

cardiometabolic markers, including blood pressure, which is positively associated  show a positive 236 

association with faster linear growth after 2 years of age (41–44). 237 

The underlying mechanisms for the associations of linear growth between 2 to 6 years, and kidney 238 

function are not well understood. However, oOne potential explanation of the findings is that, faster 239 

growth in children and adolescents imposes a greater functional burden on kidneys, and that demands 240 
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on renal capacity made by rapid childhood growth after 24 months of age may not be entirely met by 241 

renal development, resulting in compensatory increase in blood pressure (45). Likewise, aAlthough 242 

being taller as an adult appears healthier with lower non-communicable disease risk (46), the current 243 

study indicated that, having faster linear growth velocity in childhood after 2 years is not beneficial 244 

for kidney function. In turn, tThat would suggest that the more favorable pathways in terms of kidney 245 

functions are for a child to realize its genetic growth potential before the age of 2 years. 246 

In this study, faster growth velocities between 0-6 years were positively associated with kidney 247 

volume at 10 years. Our results are similar to other studies that performed radiological measurements 248 

of renal size (47,48). Kidney size, though an imperfect proxy for nephron number, is positively 249 

associated with kidney function (49). It is well known that in the context of reduced nephron number, 250 

the remaining nephrons increase in size (50). We speculate that the persisting positive association of 251 

linear growth with kidney size, as observed in this study, may be related to this compensatory 252 

mechanism to meet the child’s metabolic requirements to reach the required BSA, but at the expense 253 

of kidney function.  This is in line with associations of linear growth velocities and kidney volume 254 

appearing to be mediated by BSA at the latest follow-up.  255 

Regression models for each kidney dimension separately (data shown in supplementary 256 

Supplementary Figures 1-6) confirm that associations are robust for both kidneys. On the other hand, 257 

only linear growth velocity after two years of age was associated with kidney anterior-posterior 258 

diameter (depth). Combined with the higher serum cystatin C levels with greater linear growth after 259 

two years, the results are consistent with a previous study of 8-year-old children in Nepal, in that 260 

“thicker” kidneys appear to be less favorable for cardio-metabolic health when compared to longer 261 

kidneys (51).  262 

Strengths and limitations  263 
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A major strength of the study is that it used prospectively measured growth data. To date, most such 264 

research has been conducted in high-income countries and studies that associated linear growth with 265 

the later development of non-communicable diseases generally and kidney diseases, particularly, are 266 

scarce. The observed effect estimates in the present study are not in the range where one would 267 

consider these to explain overt kidney disease in children, i.e. are associations within the norm. These 268 

associations may be important from an etiological and developmental perspective because the 269 

subclinical variation of kidney function in childhood may well impact later life kidney function, 270 

similar to the tracking of pediatric blood pressure measurements with later cardiovascular risk.(52) 271 

(53)(54). Future follow-ups of this cohort will investigate this as the children reach adulthood.   272 

This study also has some limitations that could affect the interpretation of the results. The observed 273 

association between linear growth velocity with cystatin C and size could be confounded by other 274 

potential prenatal factors such as maternal morbidity status and diet.  At this age, we cannot ascertain 275 

whether the observed associations represent early subclinical kidney function deficits or normal 276 

growth-related phenomena.  We cannot exclude the possibility of reverse causality in the absence of 277 

kidney phenotyping prior to the current assessment. We used cystatin C instead of estimating the 278 

glomerular filtration rate as the existing formulas are not validated for our study setting. We were 279 

unable to obtain pubertal status, which in high income settings, has been associated with cystatin C 280 

in healthy children (55) . Additionally, the loss to follow-up of substantial number of children with 281 

LBW may introduce bias. However, we found no association between serum cystatin C level and 282 

LBW- status amongst children who attended the 10th follow-up, though this analyses may have been 283 

underpowered. 284 

In conclusion, based on our findings, greater growth between 0 and 6 years favors kidney size to meet 285 

requirements of a given BSA, however greater growth after 2 years of age is associated with serum 286 
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cystatin C level. Thus, existing programs that target the first 1000 days of life are still important and 287 

should be strengthened, but interventions to address linear growth in children over the age of two 288 

should also be in place. Additionally, we recommend other researchers to carry out similar studies 289 

with a sizable sample size in contexts of LMICs.  290 
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Table1: Description of child and maternal characteristics. 

Characteristics  N  Mean (±SD) or n (%) 

Maternal characteristics at birth 

Age at delivery (years)                                                        343 22.1 ± 4.5 

Height (cm) 342 157.6 ± 5.9 

Education   353  

   No school                                                                                                                                           21 (6.0) 

   Primary school  214 (60.6) 

   Secondary school                                                                                                                             67 (19.0) 

   Higher education  51 (14.4) 

Child characteristics at birth    

Gestational age (weeks) 353 39.0 ± 1.0 

Fat mass (kg) 349 0.22 ±  0.2 

Fat free mass (kg) 349 2.84 ± 0.3 

Birth weight  (kg)                                                         351  

  <=2.5  30 (8.5) 

  >2.5 <=3.0  116 (33.1) 

  >3.0 <=3.5  152 (43.3) 

  >3.5  53 (15.1) 

Birth order 351  

  First born  171(48.7) 

  Second born   94 (26.8) 



 

  >= Third born                                                                                                                                      86 (24.5) 

Current child characteristics    

Sex (male)  353 183 (51.8) 

Age (years) 353 9.79 ± 1.0 

Weight (kg) 353 27.3 ± 6.0 

Height (cm) 353 132.2 ± 7.7 

BMI (kg/m2) 353 15.5 ±  2.2  

Fat mass (kg) 351 5.6 ± 3.5  

Fat free mass (kg) 351 21.7 ± 3.4 

1 Abbreviations: BMI, body mass index. 2 Data are mean (±SD) for continuous  and count (%) for 

categorical variables  

 

 

 



 

Table 2. Length at birth and Nonnon-standardized linear growth at birth and growth velocity 0-6 years. 

 Male (N=183)  Female (N=170) P-value 

Length at birth (cm)                                     49.61 ± 1.6 49.0 ± 1.5 <0.001   

Growth velocity 0-3 months (cm/month) 4.09 ± 0.3 3.93 ± 0.22 <0.001 

Growth velocity 3-6 months (cm/month)                                  1.72 ± 0.2 1.74 ± 0.19 0.6333 

Growth velocity 6-24 months (cm/month)                                 0.91 ± 0.1 0.94 ± 0.11 0.03264 

Growth velocity 24-48 months (cm/month)                 0.60 ± 0.2 0.60 ± 0.06 0.4611 

Growth velocity 48-76 months (cm/month)  0.56 ± 0.02 0.56 ± 0.02 0.848785 

1 Data presented by mean (±SD). 2 Independent samples t-test. 

Table 3:  Markers of kidney function and kidney volume at the age of 7-12 years 

Kidney outcomes                  Median (IQR) 

Male  Female 

Serum cystatin C (mg/dl )                                  0.93 (0.83; 1.00) 0.94 (0.83; 1.01) 

Estimated GFRcystatin C (ml/min per 1.73m²) 82.6783 (75.5076; 94.43) 81.6482 (75.06; 94.44) 

Right kidney volume (cm3) 53.5054 (46.7247; 63.24) 53.43 (45.36; 60.7361) 

Left kidney volume (cm3) 63.62 64 (55.9156; 

73.7374) 

62.8263 (56.6257; 

72.24) 

Combined kidney volume (cm3) 116.63117 (103.62104; 

135.58136) 

117.36 (102.79103; 

131.74132) 

1Abbreviations: GFR, Glomerular Filtration Rate. 2 Data are presented on median (Interquartile range) 



 

Figure legends 

Fig 1: Flow diagram showing number of participants followed up at different time points. Out of 355 

recruited at 10-year follow-up, 2 were excluded analysis they only had 1 height measurement from birth 

to 6 years, which makes the final sample for the 10-year analysis 353. 

Fig 2: Association of standardized linear growth velocities 0-76 months with Log serum cystatin C at 

age of 10 years. The Y-axis represents the estimate with 95% CI. Model 1: Adjusted for sex and Current 

age. Model 2: as model 1, further adjusted for birth weight, gestational age, birth order and fat mass at 

10th follow-up. Model 3: as model 2, further adjusted for maternal education and maternal post-partum 

height. 

Fig 3: Association of standardized linear growth velocities 0-6 years with kidney volume at 10 years at 

age of 10 years. The Y-axis represents the estimate with 95% CI. Model 1: Adjusted for sex and current 

age. Model 2: as model 1, further adjusted for birth weight, gestational age, birth order, and fat mass at 

10th follow-up. Model 3: as model 2, further adjusted for maternal education and maternal post-partum 

height. 
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Supporting information’s  

Supplementary Table 1: Comparison of child and maternal characteristics between children who 

attended the 10th year visit and not. 

 

 

 

 

 Attended 7-12 years 
follow-up(N=347) 

Missed 7-12 years follow-up 
(N=224) 

P-value 

Birth characteristics     
Gender    0.33 

   Male  180 (51.9) 107 (47.8)  
   Female 167 (48.1) 117 (52.2)  

Birth weight  3.06 ± 0.41 2.98 ± 0.41 0.03 
Length at birth  49.2 ± 1.96 48.8 ±  1.99 0.01 
Gestation  38.99 ± 0.92 39.05 ± 1.02 0.48 
Birth order    0.01 

    First born 166 (48.1) 134 (61.5)  
    Second born  94 (27.2) 45 (20.6)  
   >= Third born                                                                                                                                    85 (24.6) 39 (17.9)  

Maternal characteristics     
Height at birth  157.6 ± 5.79 157.47 ±  5.91 0.75 
School   0.38 

   No school 19 (5.5) 19  (8.5)  
   Primary school 212 (61.1) 139 (62.1)  
   Secondary school                                                                                                                            66 (19.0) 37 (16.5)  
   Higher education 50 (14.4) 29 (12.9)  

 

1 Data are mean (±SD) for continuous and count (%) for categorical variables. 2 Chi-square test or 
independent samples t-test. 
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Supplementary Table 2: T-test Comparing low birth weight and normal birth weight children on serum 
cystatin C level.  

Group  Mean SD CI (95%) for mean difference                 P-value 

Normal Birth weight 0.912 0.145 -0.084, 0.024 0.28 

Low Birth Weight  0.942 0.143 

 

 

 

 

Supplementary Table 3: Association of standardized height with Log serum cystatin C and kidney 
size at age of 10 years.                         

1 Model 1 adjusts for age and gender. 2 Model 2 is Model 1 plus head circumference at birth, birth order 
and gestational age. 3 Model 3 is Model 2 plus maternal schooling at birth, wealth index at birth, and 
school type.  
 

 

 

 

 

 

 

 

 

Exposure                                 Outcome  

Height at 10th year follow-up Log Cystatin C Kidney volume  

 β CI   (95%)                  β CI (95%)                  

Model 1 0.003 0.0004,   0.006 1.48 1.10,   1.87 

Model 2  0.003 0.0004,   0.006 1.36 0.96,  1.76 

Model 3  0.003 0.00003,  0.006 1.47 1.06,  1.90 



 

Supplementary figure 1: Association standardized linear growth velocities 0-6yrs with Right kidney 

length at 10 years. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  

 



 

Supplementary figure 2: Association standardized linear growth velocities 0-6yrs with Left kidney 

length at the age of 10 yrs. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  

 



 

Supplementary figure 3: Association of standardized linear growth velocities 0-6yrs with right kidney 

depth at 10 yrs. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  

 



 

Supplementary figure 4: Association of standardized linear growth velocities 0-6yrs with left kidney 

depth at the age of 10 yrs. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  

 



 

Supplementary figure 5: Association of standardized linear growth velocities 0-6yrs with right kidney 

width at the age of 10 yrs. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  

 



 

Supplementary figure 6: Association of standardized linear growth velocities 0-6yrs with left kidney 

width at the age of 10 yrs. 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter). 

 



 

Supplementary figure 7:  Association of standardized linear growth velocities 0-6yrs with body size 

normalized kidney volume at the age of 10 yrs. 

Body Surface Area BSA [m2] = Weight [kg] 0.4838 × Height [cm] 0.3 × 0.017827) 

The vertical bars from left to right represent models 1, 2, and 3, respectively.  

Model 1: Adjusted for sex and current age (years). Model 2: as model 1, further adjusted for birth weight 

(Kg), Gestational age (weeks), Birth order, and Fat mass (Kg) at 10th follow-up. Model 3: as model 2, 

further adjusted for maternal education and maternal post-partum height (meter).  
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