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ABSTRACT

Rationale and objective: Chronic kidney disease (CKD), defined as estimated glomerular 
filtration rate (eGFR) <60 mL/min/1.73m2, is a risk factor for cardiovascular morbidity 
and mortality. Little is known about low birth weight and the risk of CKD in middle-
aged adults in the general population. Therefore, we investigated the association 
between birth weight and eGFR in a Dutch cohort of middle-aged men and women. We 
also studied the causal relation between birth weight and eGFR using genetic variants 
associated with birth weight as instrument.

Study design: observational study.

Setting and participants: 6,671 participants of the Netherlands Epidemiology of 
Obesity (NEO) study. Validation study with data on 133,814 participants of the CKDgen 
consortium.

Exposure: Birth weight was both self-reported, and based on an instrument, including 
59 birth weight-associated genetic variants, derived from an independent data source.

Outcome: eGFR at the age of 45-65 years.

Analytical approach: We assessed the association between self-reported birth weight 
and eGFR in the NEO-study by multivariable linear regression, adjusted for age, sex, 
education, smoking, and alcohol use. The effect of the instrument for genetic low birth 
weight on eGFR was estimated by two separate two-sample Mendelian randomization 
analyses: with individual data from the NEO cohort and summary data from the CKDgen 
consortium.

Results: At baseline, mean (SD) eGFR was 86 (12.4) mL/min/1.73m2. After multivariable 
adjustment, self-reported birth weight was not associated with kidney function at 
middle age. Two-sample Mendelian randomization analysis showed that in the NEO 
cohort each 500 gram genetically decreased birth weight was related to a 3.7 (95%-CI: 
0.5; 6.9) mL/min/1.73m2 lower kidney function at the age of 45-65 years. However, using 
CKDgen summary level data, showed no significant relation between birth weight and 
eGFR in middle-aged adults.

Limitations: Birth weight was self-reported.

Conclusion: Each 500 gram genetic lower birth weight was related with 3.7 ml/
min/1.73m2 lower kidney function at middle age. However, we could not validate this 
result in the CKDgen cohort.
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INTRODUCTION

In Europeans ≥45 years, the prevalence of CKD, defined as estimated glomerular 
filtration rate (eGFR) <60 mL/min/1.73m2, is high, at 11%.1-3 CKD increases the 
risk of cardiovascular morbidity, mortality and end-stage renal disease (ESRD).4 
Classic cardiovascular risk factors, such as diabetes, smoking and hypertension 
can only explain part of the risk of CKD in adults. Therefore, identification 
of novel risk factors of CKD is important for targeted prevention of kidney 
function decline.

A low number of glomeruli at birth may predispose for CKD in adults. 
The number of glomeruli varies substantially across individuals, ranging 
from 300,000-2,000,000 per kidney.5 Birth weight is a strong determinant for 
glomerular mass: each additional kg birth weight is associated with about 
250,000 extra glomeruli per kidney.5, 6 Human autopsy studies showed that a 
lower number of glomeruli was associated with a larger nephron volume, which 
suggests hyperfiltration.6-8 Brenner hypothesized that adults with a congenital 
reduction in the number of glomeruli have a greater likelihood of developing 
hypertension and subsequent kidney failure.9, 10 The mechanistic explanation 
for this phenomenon is that compensatory hyperfiltration by the remaining 
glomeruli results in accelerated kidney function decline. In addition, lower birth 
weight has been associated with increased insulin resistance, higher fasting 
insulin concentrations and increased incidence of type 2 diabetes mellitus.11

A recent meta-analysis, including almost 50,000 individuals from 31 
studies, showed that low birth weight was associated with a 70% increased 
risk of CKD in adult life.12 However, the majority of included studies consisted of 
highly selected samples of the population, consisting of subjects with diabetes, 
Pima Indians, or Aboriginals. It cannot be ruled out, that in the positive studies 
other factors caused both low birth weight and impaired kidney function later 
in life.

Since it is not known whether low birth weight causes lower kidney function 
in adults, we studied this relation from three perspectives. First, we examined 
the association between low birth weight and kidney function in a middle-
aged cohort of the general Dutch population: the Netherlands Epidemiology 
of Obesity (NEO) study. Second, we performed a Mendelian randomization 
analysis in the NEO study, using a genetic risk score for low birth weight as 
an instrument in a causal analysis.13 Finally, we validated the results from 
this Mendelian randomization analysis using summary level data of 133,814 
individuals.14, 15

8
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METHODS

Study design and participants
The Netherlands Epidemiology of Obesity (NEO) study is a population-based, 
prospective cohort study designed to investigate pathways that lead to common 
disorders. The NEO study included 6,671 individuals aged 45-65 years, with 
an oversampling of overweight or obese individuals. Men and women aged 
45-65 years with a self-reported body mass index (BMI) ≥27 kg/m2 living in 
the greater area of Leiden (in the West of the Netherlands) were eligible to 
participate. In addition, all inhabitants aged 45-65 years from one municipality 
(Leiderdorp) were invited to participate irrespective of their BMI, allowing a 
reference distribution of BMI. In total, 6,671 participants entered the study, of 
whom 5,000 with a BMI of 27 kg/m2 or higher (Supplementary Figure S1). The 
study design and population are described in detail elsewhere.16 The Medical 
Ethical Committee of the Leiden University Medical Center (LUMC) approved 
the design of the study (approval number P08.109). All participants gave written 
informed consent.

For the validation study we used data from 133,814 European participants 
of the CKDgen consortium. The CKDgen consortium includes data from 
70 population-based studies, with a mean age between 50-60 years and a 
prevalence of CKD of 5-20%, defined as an eGFR <60 mL/min/1.73m2.14 This study 
was reported according to the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) guidelines.17

Data collection
Participants were invited to a baseline visit at the NEO study centre of the 
LUMC after an overnight fast. At the baseline visit participants were physically 
examined, blood samples were drawn, medication was registered, and 
questionnaires regarding demographic, lifestyle, and clinical information, 
including birth weight, were obtained.16 Patients were asked which of the 
following four broad categories of birth weight was applicable: <2.5, 2.5 to <3.0, 
3.0 to <4.0, or ≥4.0 kg. We defined low birth weight as a birth weight <2.5 kg, 
according to the World Health Organization.18

Kidney function assessment
At baseline, serum creatinine was measured from fasting blood samples, by the 
Jaffé kinetic compensated method, or by the enzymatic method (isotope dilution 
mass spectrometry reference measurement procedure calibrated against 
standard reference material).16 Serum Jaffé results were corrected with a fixed 
compensation factor of -26 µmol/L to compensate for assay non-specificity. 
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Creatinine-based glomerular filtration rate (eGFR) was estimated using the 
2012 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation, 
taking into account age, sex and race.19 Urinary albumin was measured from 
spot morning urine samples. In men and women, moderately increased 
albuminuria was defined as 2.5-25 and 3.5-35 mg/mmol creatinine, and severely 
increased albuminuria as >25 and >35 mg/mmol creatinine, respectively.

Genetic instrument for birth weight
Genotyping was performed in participants of European ancestry only, using the 
Illumina HumanCoreExome-24 BeadChip (Illumina Inc., San Diego, California, 
USA). Genotypes were imputed to the 1000 Genome Project reference panel (v3 
2011) using IMPUTE (v2.2) software.20, 21 We excluded participants with poor 
genotype data (n=927): sample call rate <98%, sex mismatch, heterozygosity 
rate not within 3 SD of mean heterozygosity rate, duplicate samples, 
concordance between samples >0.25, or when participants differed based on 
the first two principal components (±3.5 SD).

In Mendelian randomization, genetic variants are proposed as instruments 
to estimate the causal effect of a risk factor (referred to here as an exposure) 
on an outcome, using observational data.22 Genetic variants are assumed 
to be randomly distributed and become fixed at conception, mimicking the 
distribution of exposure in a randomized trial. Mendelian randomization thus 
bypasses the main limitation of observational studies: confounding and reverse 
causality. An instrument must meet the following assumptions: associated 
with the exposure of interest, only affect the outcome through the exposure 
(absence of horizontal pleiotropy), and not share any causes with the outcome 
and as such is independent of confounding factors (Figure 1A).23 We additionally 
assume that the assumption of monotonicity holds, under which the causal 
estimate represents the average causal effect in the genetic “compliers”.24 
In case of a continuous exposure, such as birth weight, compliers are those 
individuals in whom a higher value of the genetic instrument can only increase 
birth weight, or leave it constant.24

We used as instruments 59 autosomal genetic variants (single-nucleotide 
polymorphisms [SNPs]) reaching genome wide significance in European 
or trans-ancestry data in a recent genome-wide association study (GWAS) 
(Supplementary Table S1).13 In total, these 59 SNPs explained approximately 
2% of the birth weight variance. In the NEO-study, we calculated for each 
participant a weighted risk score by adding up for each individual SNP the 
number of coding alleles multiplied by their absolute effect on birth weight, 
based on European ancestry data reported by Horikoshi et al. (Figure 1B). As 
the weights were equal to the expected association of each variant with birth 

8
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weight in SDs, a 1-unit increase in genetic risk score corresponded to a 1-SD 
increase in genetically determined birth weight. which equals 500 gram of birth 
weight.13, 25 For the CKDgen data, summary effects for each individual SNP were 
pooled into a causal estimate.

Figure 1: Graphical representation of Mendelian randomization assumptions (A), and schematic 
depiction of two-sample Mendelian randomization analyses using individual participant data 
(B) or summary level data (C). A) Basic scheme of the three assumptions of a genetic instrument: 
associated with the exposure of interest, associated with the outcome only through its association with 
the exposure and not via other factors, and independent of confounding factors. B) In the NEO cohort we 
calculated for each participant a weighted genetic risk score, with weights derived from the birth weight 
GWAS by Horikoshi et al., and used linear regression to investigate the relation of the genetic risk score 
with eGFR at middle age. The relation is represented by the slope of the regression line. C) In case of two-
sample Mendelian randomization using summary level data, for each SNP the per-allele effect on birth 
weight is contrasted to the per allele effect on eGFR. Both effects were derived from two different GWAS 
studies. The final causal estimate is represented by the slope of the regression line through all SNPs.  
*The weighted genetic risk score for every participated was calculated by summing 
up for each SNP the effect on birth weight multiplied by the number of risk alleles.  
** Per-allele effects refer to the regression coefficients from univariable linear regression of the 
outcome of interest (eGFR) or birth weight, for each SNP.
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Statistical analyses
All analyses involving NEO study participants were weighted towards the 
BMI distribution of the general population, to adjust for the oversampling of 
individuals with a BMI ≥27 kg/m2.26 The weighing procedure is described in 
detail in Supplementary Figure S2. Baseline characteristics were presented as 
mean (SD), median (25th - 75th percentile) or percentage, for all participants 
and across birth weight strata. Assuming missingness was at random, we used 
multiple imputation for the main analyses. Multiple imputation generally 
results in less bias than analyzing complete cases only.27 Missing values were 
imputed for birth weight (36%), education (1.0%), eGFR (0.7%), urinary albumin 
(0.4%), ethnicity (0.2%), smoking (0.1%), and alcohol use (<0.1%). We used 10 
imputations, including all relevant variables and the outcome into the model. 
Standard errors of pooled estimates were derived using Rubin’s rules.28 As 
sensitivity analysis we performed a complete case analysis.

We performed linear regression to examine the relation between self-
reported birth weight and eGFR or urinary albumin-to-creatinine ratio (UACR). 
Logistic regression was used to examine the relation between birth weight 
and risk of CKD stage 3 (eGFR <60 mL/min/1.73m2) or albuminuria. Analyses 
were adjusted for age and sex (model 1). In model 2, we adjusted in addition 
to model 1, for ethnicity and level of education (high vs low). In model 3, we 
adjusted in addition to model 2, for smoking (current, former, or never) and 
alcohol consumption (g/day). Finally, we repeated all analyses restricted to 
Caucasian individuals.

In addition, we conducted two separate two-sample Mendelian 
randomization analyses, using individual participant data and summary level 
data. In two-sample Mendelian randomization, the associations between 
instrument-exposure and instrument-outcome are derived from two different 
populations or data sources.15 First, we performed a two-sample Mendelian 
randomization analysis using individual participant data from the NEO-
study (Figure 1B). In this analysis the instrument data were derived from 
Horikoshi et al. and the outcome data from the NEO-study. We used ordinal 
logistic regression taking birth weight as outcome, to verify the validity of 
the genetic risk score as instrument for birth weight. We compared age, sex, 
educational level, diabetes, and obesity across quartiles of the genetic risk 
score. Subsequently, linear regression was used to quantify the effect of the 
genetic risk score for birth weight on eGFR at middle age, adjusted for age, sex, 
and the four most prominent principal components of ancestry.

Second, we performed a two-sample Mendelian randomization analysis 
using summary level data from the CKDgen consortium. In this analysis 
instrument-exposure data were derived from Horikoshi et al. and the 

8
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instrument-outcome data were derived from the CKDgen consortium (Figure 
1C).13, 14 A major advantage of two-sample Mendelian randomization using 
summary statistics is the increased power. In case of missing SNPs, LD proxies 
were used (R2 > 0.8) when available, using the 1000 Genomes European sample 
data in SNAP Proxy Search (Supplementary Table S1 and S2).29 The presence of 
LD between SNPs was excluded (n=3) using a threshold of R2 >0.001). Ultimately, 
45 SNPs, including proxies, were available in the CKDgen data. The median 
(25th – 75th percentile) F-statistic for all 59 SNPs was 35.5 (30.9 – 44.4) and for 
the 45 SNPs in CKDgen was 33.2 (30.8 – 43.6). Instruments with an F-statistic 
>10 are generally assumed sufficiently strong to avoid weak instrument bias.30 
The pooled causal estimate in summary level analyses was calculated by 
regressing the SNP-eGFR effect derived from the CKDgen data on the SNP-
birth weight effect derived from Horikoshi et al., weighted by the precision of 
the SNP-eGFR effect, and with the intercept constrained to zero (Figure 1C).13, 

14 The pooled causal estimate represents the effect of a 1-SD (about 500 gram) 
increment of genetically increased birth weight on log-transformed eGFR. The 
IVW method assumes zero horizontal pleiotropy and uses weights that assume 
no measurement error for the association between SNPs and birth weight.31, 32

In addition, we performed several sensitivity analyses. First, we visually 
examined directional horizontal pleiotropy by leave-one-out and funnel plot 
analyses. Second, we performed MR-Pleiotropy RESidual Sum and Outlier 
(MR-PRESSO) analyses, which tests for directional horizontal pleiotropy 
(MR-PRESSO global test) and detects and corrects for outliers.33 Third, MR-Egger 
intercept test was performed, which allows the intercept to deviate from zero to 
indicate pleiotropy.32 The intercept from the MR-Egger test can be interpreted 
as the average pleiotropic effect of all SNPs.34 The slope of the MR-Egger 
regression analysis represents the pleiotropy-corrected causal effect. Fourth, 
we used the weighted median and weighted mode methods. Both methods are 
less sensitive to outliers, compared to mean-based approaches such as the 
IVW and MR-Egger method. The weighted median method provides consistent 
estimates, regardless of horizontal pleiotropy, if at least 50% of the information 
comes from valid instruments.35 The weighted mode estimator requires that 
the most common causal effect estimate comes from valid instruments, even 
if the majority of instruments is invalid.36 Finally, a GWAS may not only tag 
fetal genes associated with birth weight, but also maternal genes, which 
may influence birth weight through effects on the intrauterine environment. 
To reduce potential maternal effects of birth weight SNPs, we repeated the 
analyses excluding SNPs where the maternal effects were strongly associated 
with birth weight, as reported by Horikoshi et al. As threshold we used a 
Bonferroni corrected p-value of 0.0011 for the maternal association between 
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each SNP and birth weight, based on 45 SNPs. Analyses in the NEO-study were 
performed using STATA Statistical Software version 14 (Statacorp, Texas, USA). 
Two-sample Mendelian randomization analyses using summary level data 
were performed in R version 3.4.3 (R Foundation for Statistical Computation, 
Vienna, Austria) using the TwoSampleMR and MR-PRESSO packages.33, 37

RESULTS

Baseline characteristics
Baseline data of all participants and according to four categories of birth 
weight are presented in Table 1. Mean (SD) eGFR of all participants was 86.2 
(12.4) mL/min/1.73m2. The prevalence of moderately and severely increased 
albuminuria, and CKD was 2.2%, 0.8%, and 2.2%, respectively. Participants 
with lower birth weight were more often female, had a lower level of education, 
had more comorbid conditions, and used more medication. Participants with 
low birth weight were less likely Caucasian. About 3.2% of all participants with 
birth weight <2.5 kg were from East-Asian origin. Other ethnic backgrounds 
were equally distributed across categories of birth weight.

8
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Birth weight and kidney function
We found no differences in eGFR across the four birth weight categories (Table 
2). After multivariable adjustment, we observed no association between 
birth weight and risk of CKD stage 3 or albuminuria. Restricting analyses to 
cases with complete data (Supplementary Table S3), or Caucasian individuals 
(Supplementary Table S4), did not essentially change the results.

Table 2: Difference in kidney function, urinary albumin-to-creatinine ratio, risk of 
CKD, and albuminuria, according to birth weight categories at age 45-65 years in 6,671 
participants of the Netherlands Epidemiology of Obesity study.

Birth weight (kg) Crude Model 1 Model 2 Model 3

Difference in eGFR

<2.5 -0.91 (-2.62; 0.80) 0.21 (-1.78; 1.36) -0.45 (-2.02; 1.12) -0.41 (-1.98; 1.16)

2.5 to <3.0 -0.84 (-2.19; 0.52) -0.25 (-1.50; 1.00) -0.36 (-1.61; 0.89) -0.37 (-1.60; 0.86)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.51 (-1.07; 2.10) 0.42 (-1.10; 1.93) 0.44 (-1.07; 1.95) 0.45 (-1.05; 1.95)

Difference in UACR

<2.5 -0.03 (-0.51; 0.46) -0.04 (-0.53; 0.45) -0.10 (-0.61; 0.40) -0.10 (-0.60; 0.40)

2.5 to <3.0 0.11 (-0.28; 0.51) 0.10 (-0.30; 0.50) 0.07 (-0.32; 0.45) 0.07 (-0.31; 0.45)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.27 (-0.34; 0.88) 0.26 (-0.36; 0.89) 0.27 (-0.36; 0.90) 0.25 (-0.37; 0.88)

Odds ratio for CKD a

<2.5 1.18 (0.46; 3.00) 0.99 (0.39; 2.52) 0.99 (0.38; 2.54) 0.98 (0.39; 2.51)

2.5 to <3.0 1.37 (0.75; 2.50) 1.24 (0.69; 2.26) 1.24 (0.68; 2.25) 1.23 (0.69; 2.22)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.77 (0.36; 1.65) 0.80 (0.37; 1.74) 0.80 (0.37; 1.75) 0.78 (0.36; 1.68)

Odds ratio for moderately or severely increased albuminuria b

<2.5 1.16 (0.59; 2.30) 1.30 (0.65; 2.60) 1.21 (0.60; 2.47) 1.25 (0.61; 2.55)

2.5 to <3.0 1.14 (0.68; 1.91) 1.20 (0.72; 2.01) 1.14 (0.68; 1.91) 1.14 (0.69; 1.89)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.85 (0.46; 1.56) 0.77 (0.42; 1.42) 0.78 (0.41; 1.47) 0.78 (0.42; 1.46)
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CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; UACR, urinary albumin-
to-creatinine ratio. * p<0.05.
Results were based on analyses weighted towards the BMI distribution of the general population. 
Mean (SD) baseline eGFR in the reference group is 86.6 (12.3) mL/min/1.73m2. Median (IQR) baseline 
UACR in the reference group is 0.45 (0.30; 0.71) mg/g.
a Analyses were weighted towards the BMI distribution of the general population, therefore no 
absolute numbers were presented. The prevalence of CKD was 2.2%.
b Analyses were weighted towards the BMI distribution of the general population, therefore no 
absolute numbers were presented. The prevalence of albuminuria was 3%.
Model 1: adjusted for age and sex.
Model 2: Model 1, additionally adjusted for race and level of education.
Model 3: Model 2, additionally adjusted for cigarette smoking and alcohol consumption.

Two-sample Mendelian randomization using individual participant 
data
The proportion of participants with a high birth weight (≥4000 gram) increased 
for each incremental quartile of the genetic risk score (Table 3). Ordinal logistic 
regression analyses showed that each 1-SD increase in genetic risk score was 
associated with a 2.9 (95% CI 1.5; 5.5, p=0.001) fold increased risk of being in a 
higher birth weight category. After multivariable adjustment, each 500 gram 
decrease in genetically determined birth weight was related to a 3.7 (95% CI: 0.5; 
6.9, p=0.025) mL/min/1.73m2 lower eGFR at middle age. The genetic risk score 
was not associated with age, sex, educational level, or obesity (Supplementary 
Table S5). Overall, the proportion of participants with diabetes was low (6%), 
and slightly decreased in higher quartiles of the genetic risk score. We found no 
relation between the genetic risk score and proteinuria: per 500 gram decrease 
in genetically determined birth weight the UACR decreased by 0.08 mg/mmol 
(p=0.8).

Table 3: According to quartiles of the genetic risk score, the proportion of participants 
within incremental categories of birth weight in participants of the Netherlands 
Epidemiology of Obesity study.

Genetic risk score

Birth weight (kg) Quartile 1 (<2.17) Quartile 4 (≥2.36)

<2.5 11.9 9.1

2.5 to <3.0 25.9 22.1

3.0 to <4.0 50.0 49.1

≥4.0 12.3 19.8

Results were based on analyses weighted towards the BMI distribution of the general Dutch 
population.

8
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Two-sample Mendelian randomization using summary level data
We found no significant relation between genetically determined birth 
weight and creatinine based eGFR using summary level data from the 
CKDgen consortium (Figure 2, Table 4). The pooled effect per 1-SD genetically 
increased birth weight (about 500g) on log-transformed eGFR was 0.009 
(-0.002; 0.019, p=0.11), which equals a 1.01% higher eGFR. Thus at middle age, 
each 500 gram genetically decreased birth weight was related to a 1% lower 
eGFR. After excluding 20 SNPs (Supplementary Table S1) with strong maternal 
effects, we found slightly weaker results: IVW estimator 0.004 (-0.009; 0.018, 
p=0.5). Leave-one-out analysis and funnel plot analysis were not suggestive 
for directional horizontal pleiotropy (Supplementary Figure S3 and S4). The 
MR-Egger intercept test indicated no directional horizontal pleiotropy (p=0.37). 
MR-PRESSO indicated no directional horizontal pleiotropy (p=0.20) and 
detected no outliers. Results of the weighted median and mode method were 
comparable to the IVW method (Table 4).

Table 4: Causal effect per 500 gram genetically increased birth weight on log-
transformed eGFR at middle age, by different instrumental variable estimators.

Estimator Beta Standard error p-value

Inverse variance weighted 0.0088 0.0055 0.11

Weighted median 0.0133 0.0072 0.06

Weighted mode 0.0157 0.0107 0.15

MR-Egger (intercept) -0.0005 0.0006 0.37

MR-Egger (slope) 0.0253 0.0191 0.19

The Beta coefficient is the pooled causal estimate from the two-sample summary data Mendelian 
randomization analyses, and should be interpreted as the effect per 500 gram genetically increased 
birth weight on log-transformed eGFR.
MR-PRESSO analysis did not show evidence for directional horizontal pleiotropy (p=0.20), and did 
not detect any statistically significant (threshold p<0.05) outliers.
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Figure 2: Per-allele effects (95%-CI) on the outcome plotted against per-allele effects (95%-CI) 
on the exposure. The slope of the line represents the causal association. The slope of the inverse-
variance weighted line (solid line) was 0.009 (SE 0.0055, p=0.11), and for the MR-Egger (dotted line) 
was 0.025 (SE 0.019, p=0.19). The intercepts and slopes of the inverse-variance weighted method and 
MR-Egger method differ only slightly, which is confirmed by a non-significant p-value for horizontal 
pleiotropy (p=0.37).
MR, Mendelian randomization; SNP, single nucleotide polymorphism

DISCUSSION

In a Dutch population-based cohort of middle-aged mainly Caucasian adults, 
self-reported birth weight was not associated with kidney function. In contrast, 
two-sample Mendelian randomization analysis, showed that each 500 gram of 
genetically decreased birth weight was related with a 3.7 mL/min/1.73m2 lower 
kidney function at middle-age in a Dutch cohort. However, we could not validate 
this finding in the CKDgen consortium data including 133,814 individuals, 
showing a small but not significant effect of genetically lower birth weight on 
kidney function: 1% lower eGFR per 500 gram lower birth weight.

8
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Our results are not in line with a large meta-analysis (including 31 studies), 
stating that low birth weight increases the risk of CKD and ESRD.12 However, 
this meta-analysis included only 2 studies representative for the general adult 
population. Due to high heterogeneity of included studies, suboptimal and 
incomplete birth weight data collection, and difficulties pooling all included 
studies, estimates may have been inflated.

The Nord Trøndelag Health (HUNT 2) study explored the association of 
birth weight with kidney function at age 20-30 years among 7,457 individuals 
from the general population. Its main strength was the accurate measurement 
of birth weight.38 The authors of the HUNT 2 study showed that in men each 
additional kg of birth weight was associated with an additional eGFR increase 
of 1.0 (-0.1; 2.1) mL/min/1.73m2, after adjusting for maternal factors. In women 
there was no association between birth weight and kidney function. The 
discrepancy between our results and those of the HUNT-2 study may be related 
to the different ages of the cohorts (20-30y vs 45-65y). In general, after age 40y 
there is an age-related annual kidney function decline of 1.0 mL/min/1.73m2.39, 

40 In addition, risk factors such as diabetes, hypertension and smoking may 
accelerate kidney function decline. Taken together, the age-related kidney 
function decline and known risk factors of accelerated kidney function decline, 
may have diluted any effect of low birth weight in our older cohort of the NEO 
study.

Our observational cohort study has several limitations. First, birth weight 
of NEO-study participants was collected by means of questionnaires at the age 
of 45-65. Most likely, this may have led to measurement error of birth weight 
resulting in non-differential misclassification. In general, non-differential 
misclassification results in underestimation of the association between 
birth weight and eGFR.41 Therefore, we performed Mendelian randomization 
analyses to avoid measurement error of birth weight in the NEO-study. Second, 
eGFR was not measured directly, but was estimated by the CKD-EPI equation, 
which may underestimate kidney function in participants with an eGFR higher 
than 90 mL/min/1.73m2.42 However, measured GFR is rarely available in large 
epidemiological studies, and even daily iothalamate measurements can vary 
up to 8%.43 Third, we assessed middle-aged individuals, in whom age-related 
kidney function decline together with other risk factors of accelerated kidney 
function decline may have diluted any effect of low birth weight. Fourth, for 
smaller individuals, a “low” birth weight may be regarded as normal in relation 
to an individual’s body mass and circulating volume. This is not taken into 
account by currently used absolute cut-offs for low birth weight. Finally, we had 
no information about confounding factors such as gestational age, and lifestyle 
during pregnancy such as cigarette smoking, alcohol use, and malnutrition. 
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These factors are important causes of low birth weight, and not taking them 
into account could lead to overestimation of a potential negative effect of low 
birth weight. However, in our study we found no relevant association between 
low birth weight and kidney function.

Limitations of our Mendelian randomization analyses are mainly related to 
the used instrument. First, the GWAS investigating SNPs associated with birth 
weight excluded individuals with a birth weight <2.5 kg and >4.5 kg from part of 
the used data sources. This may have resulted in exclusion of SNPs associated 
with low or high birth weight. Second, some of the SNPs could have an effect via 
a maternal pathway, rather than direct fetal effects on birth weight. However, 
Horikoshi et al. showed that the fetal genetic variation had a greater impact on 
birth weight than maternal variation at 55/59 genetic loci.13 Excluding SNPs 
with strong maternal effects did not change our results. Third, the Mendelian 
randomization assumption of no directional horizontal pleiotropy requires 
that an instrument affects the outcome only via the exposure of interest 
(birth weight), and not via other mechanisms. An instrument consisting of 59 
different SNPs may therefore be particularly prone to directional horizontal 
pleiotropy. However, MR-Egger and MR-PRESSO analyses showed no evidence 
for directional horizontal pleiotropy. Fourth, our genetic instrument explained 
only 2% of the birth weight variance, which may result in limited power. 
Importantly, confidence intervals were informative both in the NEO-study 
and in the CKDgen data, which implies sufficient power in both cases. Fifth, 
using many genetic instruments increases the risk of weak instrument bias. 
If an instrument is weak, any association between the instrument and the 
outcome may be explained by unbalanced confounders, rather than by the 
instrument itself.30 In the present study, the instruments were chosen based 
on a large-scale independent genome-wide association study on birth weight, 
which is reflected by the high F-statistics (F >10). Of note, patient overlap 
between populations may hamper the interpretation of bias in case of weak 
instruments. In the present study, there was 2.8% overlap of participants 
between Horikoshi et al. and the NEO study, and 4.6% between Horikoshi et al. 
and the CKDgen consortium. Given the relatively small proportion of overlap, 
and the sufficiently strong instruments that we used, any influence of weak 
instrument bias is most likely negligible.

The most important strength of our study is that we used three 
complementary approaches.. We performed an observational study with a 
large sample, representative for the general population. For the two-sample 
Mendelian randomization analyses we used an instrument based on a previously 
validated genetic score for birth weight, and we validated our findings in the 
NEO-study using summary level data of the CKDgen consortium.

8
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Self-reported birth weight was not associated with kidney function. In contrast, 
each 500 gram of genetically decreased birth weight was related with a 3.7 mL/
min/1.73m2 lower kidney function at middle-age in a Dutch cohort. However, 
we could not validate this finding in another cohort of the CKDgen consortium.
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Chapter 8 | Low birth weight and kidney function

Chr, chromosome; SNP, single-nucleotide polymorphism; SE, standard error; EAF, effect allele 
frequency
* per allele effect on birth weight per SD: 1 SD is about 500 gram birth weight.
** explained variance in birth weight (%): R2 = 2 • β2 • EAF • (1-EAF) [2]

*** calculated as follows:    (where N = sample size, derived from the 

supplemental data in Horikoshi et al., and K = number of SNPs, e.g. K = 1 if single SNPs are tested) [2]
a SNP not available in NEO study (n=2)
b SNP not available in CKDgen data, proxy used (n=8), proxies are specified in Supplementary Table 2
c SNP not available in CKDgen data and no proxy found (n=11)
d SNP excluded in sensitivity analysis, based on statistically significant maternal effects, 
as reported in the supplemental data in Horikoshi et al. (n=20). The threshold for statistical 
significance was a Bonferroni corrected p-value of 0.0011, based on 45 SNPs.
1. Horikoshi M, Beaumont RN, Day FR, et al. Genome-wide associations for birth weight and
  correlations with adult disease. Nature. 2016;538(7624):248-252.
2. Burgess S, Dudbridge F, Thompson SG. Combining information on multiple instrumental 
 variables in Mendelian randomization: comparison of allele score and summarized data 
 methods. Stat Med. 2016;35:1880-1906

Table S2: List of used proxies for genetic variants not available in the CKDgen data. 
Only variants with an R2>0.80 were selected.

SNP Proxy Gene Chr Effect/other allele EAF R2

rs3753639 rs905938 ZBTB7B 1 C/T 0.27 0.876

rs11719201 rs11708067 ADCY5 3 G/A 0.20 0.950

rs7742369 rs1776877 HMGA1 6 G/A 0.16 1.000

rs6959887 rs988270* TBX20 7 C/T 0.68 0.962

rs7847628 rs3933326* PHF19 9 G/A 0.63 0.895

rs2324499 rs7998537* LINC00332 13 G/A 0.68 0.962

rs12906125 rs6227 FES 15 C/T 0.63 0.965

rs7402982 rs2017500 IGF1R 15 G/A 0.45 0.935

Chr, chromosome; EAF, effect allele frequency; SNP, single-nucleotide polymorphism
* Removed from analysis because in LD (R2>0.001) with other SNP.
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Table S3: According to four birth weight categories, difference in kidney function, 
urinary albumin-to-creatinine ratio, risk of CKD, and albuminuria, at age 45-65 years 
in 6,671 participants of the Netherlands Epidemiology of Obesity study, including only 
complete cases.

Birth weight 
(kg)

Crude Model 1 Model 2 Model 3

Difference in eGFR

<2.5 -0.25 (-2.11; 1.61) -0.04 (-1.81; 1.73) -0.18 (-1.97; 1.61) -0.10 (-1.90; 1.70)

2.5 to <3.0 -0.56 (-1.82; 0.70) -0.38 (-1.61; 0.85) -0.44 (-1.68; 0.80) -0.42 (-1.66; 0.81)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.70 (-0.78; 2.18) 0.10 (-1.30; 1.51) 0.19 (-1.21; 1.59) 0.20 (-1.20; 1.59)

Difference in UACR

<2.5 -0.16 (-0.34; 0.02) -0.14 (-0.30; 0.01) -0.20 (-0.37; 0.03) -0.20 (-0.37; -0.02)*

2.5 to <3.0 0.09 (-0.29; 0.46) 0.10 (-0.27; 0.46) 0.08 (-0.31; 0.46) 0.09 (-0.30; 0.47)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.34 (-0.42; 1.10) 0.35 (-0.41; 1.12) 0.38 (-0.39; 1.15) 0.36 (-0.41; 1.12)

Odds ratio for CKD a

<2.5 0.86 (0.29; 2.53) 0.81 (0.26; 2.46) 0.79 (0.26; 2.39) 0.79 (0.26; 2.37)

2.5 to <3.0 0.98 (0.50; 1.94) 1.02 (0.52; 2.02) 1.01 (0.51; 2.01) 1.02 (0.51; 2.02)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.60 (0.25; 1.43) 0.73 (0.31; 1.74) 0.73 (0.31; 1.74) 0.72 (0.30; 1.71)

Odds ratio for moderately or severely increased albuminuria b

<2.5 1.25 (0.67; 2.32) 1.48 (0.79; 2.78) 1.40 (0.74; 2.64) 1.47 (0.77; 2.79)

2.5 to <3.0 1.08 (0.63; 1.83) 1.19 (0.70; 2.02) 1.17 (0.70; 1.98) 1.17 (0.70; 1.96)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.68 (0.37; 1.26) 0.64 (0.34; 1.21) 0.65 (0.34; 1.24) 0.66 (0.35; 1.26)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; UACR, urinary albumin to 
creatinine ratio. * p<0.05. Results were based on analyses weighted towards the BMI distribution of the 
general population. Mean (95%-CI) baseline eGFR in the reference group is 86.5 (85.8; 87.3) mL/min/1.73m2. 
Mean (95%-CI) baseline UACR in the reference group is 0.82 (0.66; 0.99) mg/g.
a Analyses were weighted towards the BMI distribution of the general population, therefore no absolute 
numbers were presented. The prevalence of CKD was 2.2%.
b Analyses were weighted towards the BMI distribution of the general population, therefore no absolute 
numbers were presented. The prevalence of albuminuria was 3%.
Model 1: adjusted for age and sex.
Model 2: Model 1, additionally adjusted for race and level of education.
Model 3: Model 2, additionally adjusted for cigarette smoking and alcohol consumption.
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Table S4: According to four birth weight categories, difference in kidney function, 
urinary albumin-to-creatinine ratio, risk of CKD, and albuminuria, at age 45-65 
years restricted to Caucasian participants (95% of the cohort) of the Netherlands 
Epidemiology of Obesity study.

Birth weight 
(kg)

Crude Model 1 Model 2 Model 3

Difference in eGFR

<2.5 -0.86 (-2.58; 0.86) -0.06 (-1.67; 1.55) -0.14 (-1.75; 1.47) -0.11 (-1.71; 1.50)

2.5 to <3.0 -0.68 (-2.08; 0.72) -0.08 (-1.37; 1.21) -0.15 (-1.45; 1.14) -0.14 (-1.42; 1.13)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.67 (-0.90; 2.24) 0.56 (-0.95; 2.06) 0.57 (-0.92; 2.06) 0.57 (-0.90; 2.05)

Difference in UACR

<2.5 -0.03 (-0.57; 0.52) -0.05 (-0.60; 0.51)-0.07 (-0.62; 0.48)-0.07 (-0.62; 0.48)

2.5 to <3.0 -0.01 (-0.34; 0.22) -0.02 (-0.36; 0.31) -0.05 (-0.38; 0.28) -0.04 (-0.37; 0.29)

3.0 to <4.0 (ref) 0 0 0 0

≥4.0 0.28 (-0.35; 0.91) 0.26 (-0.38; 0.91) 0.27 (-0.38; 0.91) 0.25 (-0.39; 0.89)

Odds ratio for CKD a

<2.5 1.23 (0.47; 3.21) 1.01 (0.38; 2.65) 0.99 (0.37; 2.61) 0.98 (0.37; 2.58)

2.5 to <3.0 1.37 (0.74; 2.53) 1.24 (0.68; 2.26) 1.23 (0.67; 2.25) 1.22 (0.67; 2.22)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.76 (0.34; 1.66) 0.79 (0.36; 1.74) 0.79 (0.36; 1.75) 0.77 (0.35; 1.69)

Odds ratio for moderately or severely increased albuminuria b

<2.5 1.26 (0.65; 2.44) 1.39 (0.71; 2.73) 1.35 (0.69; 2.64) 1.39 (0.70; 2.73)

2.5 to <3.0 1.11 (0.64; 1.94) 1.17 (0.67; 2.04) 1.13 (0.65; 1.95) 1.13 (0.66; 1.94)

3.0 to <4.0 (ref) 1 1 1 1

≥4.0 0.83 (0.45; 1.54) 0.75 (0.40; 1.40) 0.76 (0.40; 1.42) 0.76 (0.40; 1.43)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; UACR, urinary albumin to 
creatinine ratio. * p<0.05. Results were based on analyses weighted towards the BMI distribution of the 
general population. Mean (95%-CI) baseline eGFR in the reference group is 86.5 (85.8; 87.3) mL/min/1.73m2. 
Mean (95%-CI) baseline UACR in the reference group is 0.82 (0.66; 0.99) mg/g.
a Analyses were weighted towards the BMI distribution of the general population, therefore no absolute 
numbers were presented. The prevalence of CKD was 2.2%.
b Analyses were weighted towards the BMI distribution of the general population, therefore no absolute 
numbers were presented. The prevalence of albuminuria was 3%.
Model 1: adjusted for age and sex.
Model 2: Model 1, additionally adjusted for race and level of education.
Model 3: Model 2, additionally adjusted for cigarette smoking and alcohol consumption.
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Table S5: Proportion of risk factors for CKD according to quartiles of the genetic risk 
score for birth weight, in participants of the Netherlands Epidemiology of Obesity 
study.

Proportion of participants with risk factor for CKD, per 
quartile of genetic risk score for birth weight

Quartile 1 
(<2.17)

Quartile 2
(2.17 to 2.26)

Quartile 3
(2.27 to 2.35)

Quartile 4 
(≥2.36)

Women 53.8 55.3 57.5 57.2

≥55 years 56.2 58.6 58.6 57.2

Lower education 52.2 52.4 54.2 51.6

BMI ≥30.0 kg/m2 13.6 16.6 15.7 16.3

Diabetes 6.3 5.9 5.0 4.3

BMI, body mass index; CKD, chronic kidney disease.
Results were based on analyses weighted towards the BMI distribution of the general Dutch 
population.

Figure S1: Flow chart of 6,671 participants of the Netherlands Epidemiology of Obesity study.
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Figure S2: BMI distribution of the NEO participants (blue) compared to the general Dutch 
population (red), and derivation of the weights for weighted analyses. Owing to the oversampling 
of overweight individuals, the BMI distribution of NEO participants substantially deviates from the 
general population. For generalizability purposes, analyses in NEO participants were weighted towards 
the distribution of the general population. For example, the weight for analysis in NEO participants 
with a BMI< 25 kg/m2 was calculated as follows: in NEO participants the ratio of those with a BMI <25 
kg/m2 compared to those with a BMI >30 kg/m2 was 11.6/45.2=0.257. In the general population this 
ratio was 42.1/16.0=2.63. The weight for participants of the NEO study with BMI <25 kg/m2 was then 
2.63/0.257=10.3. In this manner, the BMI distribution of NEO participants (blue) becomes similar to 
the general population (red).

8
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Figure S3: Leave-one-out sensitivity analysis to identify potential influential outliers. For each 
SNP the summary effect estimate is plotted after excluding a single SNP. In case of influential outliers, 
leaving the single SNP out, may result in a large deviation of the effect estimate, compared to the 
overall effect estimate of all SNPs. In the present study, all effect estimates excluding one single SNP are 
roughly comparable to the overall effect including all SNPs. Therefore, this analysis is not suggestive 
for pleiotropy owing to outliers.
eGFR, estimated glomerular filtration rate; SD, standard deviation; SNP, single-nucleotide 
polymorphism.
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Figure S4: Funnel plot analysis to detect directional pleiotropy. For each SNP, the causal estimate 
(β) is plotted against the precision of the causal estimate. Asymmetry may arise when certain SNPs 
have very strong effects on the outcome, which may indicate directional horizontal pleiotropy. In the 
present study, the funnel plot is symmetrical, which is reflected also by the non-significant MR-Egger 
intercept test (p=0.37).
eGFR, estimated glomerular filtration rate; SD, standard deviation; SNP, single-nucleotide 
polymorphism. 8




