
1 July 2019 | Volume 10 | Article 618

ORIGINAL RESEARCH

doi: 10.3389/fgene.2019.00618
published: 10 July 2019

Frontiers in Genetics | www.frontiersin.org

Edited by: 

Anna Murray,  

University of Exeter,  

United Kingdom

Reviewed by: 

Guillaume Lettre,  

Université de Montréal,  

Canada 

Reedik Mägi,  

University of Tartu,  

Estonia

*Correspondence: 

Ping Zeng 

zpstat@xzhmu.edu.cn 

Xiang Zhou 

xzhousph@umich.edu

Specialty section: 

This article was submitted to 

Genomic Medicine,  

a section of the journal  

Frontiers in Genetics

Received: 12 February 2019

Accepted: 13 June 2019

Published: 10 July 2019

Citation: 

Zeng P and Zhou X (2019) Causal 

Association Between Birth Weight 

and Adult Diseases: Evidence From 

a Mendelian Randomization Analysis. 

Front. Genet. 10:618.  

doi: 10.3389/fgene.2019.00618

Causal Association Between Birth 
Weight and Adult Diseases: Evidence 
From a Mendelian Randomization 
Analysis
Ping Zeng 1* and Xiang Zhou 2,3*

1 Department of Epidemiology and Biostatistics, Xuzhou Medical University, Xuzhou, Jiangsu, China, 2 Department of 

Biostatistics, University of Michigan, Ann Arbor, MI, United States, 3 Center for Statistical Genetics, University of Michigan, 

Ann Arbor, MI, United States

Purpose: Birth weight has a profound long-term impact on individual’s predisposition to 

various diseases at adulthood—a hypothesis commonly referred to as the fetal origins of 

adult diseases. However, it is not fully clear to what extent the fetal origins of adult diseases 

hypothesis holds and it is also not completely known what types of adult diseases are 

causally affected by birth weight.

Materials and methods: Mendelian randomization using multiple genetic instruments 

associated with birth weight was performed to explore the causal relationship between 

birth weight and adult diseases. The causal relationship between birth weight and 21 

adult diseases as well as 38 other complex traits was examined based on data collected 

from 37 large-scale genome-wide association studies with up to 340,000 individuals of 

European ancestry. Causal effects of birth weight were estimated using inverse-variance 

weighted methods. The identified causal relationships between birth weight and adult 

diseases were further validated through extensive sensitivity analyses, bias calculation, 

and simulations.

Results: Among the 21 adult diseases, three were identified to be inversely causally 

affected by birth weight after the Bonferroni correction. The measurement unit of birth 

weight was defined as its standard deviation (i.e., 488 g), and one unit lower birth weight 

was causally related to an increased risk of coronary artery disease (CAD), myocardial 

infarction (MI), type 2 diabetes (T2D), and BMI-adjusted T2D, with the estimated odds 

ratios of 1.34 [95% confidence interval (CI) 1.17–1.53], 1.30 (95% CI 1.13–1.51), 1.41 

(95% CI 1.15–1.73), and 1.54 (95% CI 1.25–1.89), respectively. All these identified causal 

associations were robust across various sensitivity analyses that guard against various 

confounding due to pleiotropy or maternal effects as well as reverse causation. In addition, 

analysis on 38 additional complex traits did not identify candidate traits that may mediate 

the causal association between birth weight and CAD/MI/T2D.
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INTRODUCTION

Birth weight is a widely used surrogate measurement of 
intrauterine exposure (Peck et al., 2003) and early life 
development (Scharf et al., 2016), and is an indicator of 
intergenerational in�uences (Hackman et al., 1983). It has long 
been hypothesized that birth weight has a profound long-term 
impact on an individual’s predisposition to various diseases 
at adulthood—a hypothesis commonly referred to as the 
fetal origins of adult diseases (Barker, 1990; Lucas et al., 1999; 
Barker et al., 2002), which complements the selection in utero 
hypothesis (Bruckner and Catalano, 2018). Indeed, early registry 
and other observational studies have provided strong empirical 
evidence supporting an inverse association between birth weight 
and the risks of several adult diseases (Barker, 1990; Lucas et al., 
1999; Barker et al., 2002; Barker, 2004). Exemplary birth weight 
negatively associated diseases include lung disease (Barker et al., 
1991), coronary artery disease (CAD) and stroke (Lawlor et al., 
2005), blood pressure (Curhan et al., 1996; Law and Shiell, 
1996), type 2 diabetes (T2D) (Harder et al., 2007), and asthma 
(Mu et al., 2014). In addition, recent studies have also revealed 
positive associations between birth weight and various types of 
cancers. Exemplary birth weight-associated cancers include renal 
cell cancer (Bergstrom et al., 2001), colorectal cancer (Sandhu 
et al., 2002), primary central nervous system tumor (Georgakis 
et al., 2017), prostate cancer (Zhou et al., 2016), bone tumor 
(Chen et al., 2015), and breast cancer (Xu et al., 2009). However, 
it remains unclear whether the identi�ed associations between 
birth weight and the aforementioned adult diseases represent 
truly causal relationship, or are merely spurious associations 
caused by common confounding factors that occur during 
prenatal life (Barker, 1990; Leon, 1998; Law, 2002; Ruiz-Narvaez 
et al., 2014; Kahn et al., 2017) or confounding due to pleiotropy 
and shared genetic components (Lawlor et al., 2017). Common 
confounding factors, such as family socioeconomic position, 
parental education levels, or maternal lifestyles, can be associated 
with both birth weight and adult diseases and thus cause spurious 
association between the latter two. �ese confounding factors are 
o�en di�cult to fully control for in observational studies (Lucas 
et  al., 1999). As a consequence, some identi�ed associations 
between birth weight and adult diseases in early studies have 
not been validated in recent studies. For example, the inverse 
association between birth weight and adult blood pressure 
identi�ed in early studies are later found to be a consequence of 
failure to adjust for adult weight or other factors (Leon, 1998; 
Lucas et al., 1999). As another example, potentially due to 
di�erent confounding/mediation e�ects, di�erent studies show 
con�icting results with regard to the association between birth 

weight and T2D: T2D risk is positively associated with birth 
weight in some studies but negatively associated with birth 
weight in others (Johnsson et al., 2015; Beaumont et al., 2017). 
Even in a previous twins-pair study that may well control for 
possible confounding due to socioeconomic, environmental, and 
genetic factors, it is not fully understood whether birth weight 
is causally associated with CAD or stroke in adulthood (Oberg 
et al., 2011). �erefore, it is not completely clear to what extent 
the fetal origins of adult diseases hypothesis holds and it is also 
not completely clear what types of adult diseases are causally 
a�ected by birth weight (Law, 2002; Kahn et al., 2017).

Understanding the long-term causal impact of birth weight on 
individual’s predisposition to various disease risks is important 
from a public health perspective, as a better understanding can pave 
ways for using early nutritional intervention that can potentially 
increase birth weight to reduce disease burden in later life 
(Ramakrishnan, 2004). Exemplary early nutritional intervention 
includes iron supplement (Cogswell et al., 2003). However, 
determining the causal impact of birth weight on various adult 
diseases through traditional randomized intervention studies is 
challenging, as such studies necessarily require long-term follow-
ups and are time-consuming, expensive, and o�en times unethical 
(Lucas, 1998; Eriksson et al., 2001; Lawlor et al., 2017). �erefore, 
it is desirable to determine the causal relationship between birth 
weight and various adult diseases through observational studies 
(Sheehan et al., 2008). A powerful statistical tool to determine causal 
relationship and estimate causal e�ects in observational studies is 
Mendelian randomization (MR). MR adapts the commonly used 
instrumental variable analysis method developed in the �eld of 
causal inference to settings where genetic variants are served as 
instrumental variables (Angrist et al., 1996; Greenland, 2000). In 
particular, MR employs genetic variants as proxy indicators (i.e., 
instrumental variables) for the exposure of interest (i.e., birth 
weight) and uses these genetic variants to assess the causal e�ect 
of the exposure on the outcome variable of interest (i.e., adult 
diseases) (Figure 1) (Sheehan et al., 2008). Because genetic variants 
are measured with high accuracy and capture long-term e�ect of 
the exposure, MR analysis results are o�en not susceptible to bias 
caused by measurement errors that are commonly encountered 
in randomized intervention studies (Haycock et al., 2016). In 
addition, because the two alleles of a genetic variant are randomly 
segregated during gamete formation and conception under the 
Mendel’s law and because such segregation is independent of 
many known or unknown confounders, MR analysis results are 
also less susceptible to reverse causation and confounding factors 
compared with other study designs (Davey Smith and Ebrahim, 
2003). As a result, MR has become a popular and cost-e�ective 
analysis tool for causal inference in observational studies, avoiding 

Conclusions: The results suggest that lower birth weight is causally associated with 

an increased risk of CAD, MI, and T2D in later life, supporting the fetal origins of adult 

diseases hypothesis.

Keywords: birth weight, adult diseases, Mendelian randomization, causal association, genome wide association 

study, type 2 diabetes, coronary artery disease, myocardial infarction
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the need to record and control for all possible confounding factors 
present in the study.

Indeed, MR studies have been recently carried out to investigate 
the causal e�ect of birth weight on either CAD or T2D (e.g., Au 
Yeung et al., 2016; Wang et al., 2016), each with a relatively small 
sample size and subsequently a small set of valid instrumental 
variables. Unfortunately, for CAD, the causality result of birth 
weight does not hold in follow-up sensitivity analyses and is not 
robust with respect to the choice of statistical methods (Au Yeung 
et al., 2016; Wang et al., 2016). For T2D, sensitivity analyses were 
not carried out in the study (Scott et al., 2017), and it was thus 
unclear, for example, whether instrumental variable outliers 
selected in the study may impact the estimation of the causal 
e�ect of birth weight. Similar MR analyses on CAD, T2D, and 
breast cancer also were conducted in more recently published 
studies (Kar et al., 2018; Zanetti et al., 2018). Here, we perform 
a large-scale MR study to comprehensively investigate the causal 
e�ects of birth weight on a total of 21 diseases and 38 complex 
traits in adulthood. Our results are validated with a wide range of 
sensitivity analyses and simulations to ensure result robustness.

MATERIALS AND METHODS

We present a brief overview of the analysis procedure with 
technical details provided in Text S1–Text S4.

Data Sources
We �rst obtained summary statistics in terms of marginal 
e�ect size estimate of single nucleotide polymorphism (SNP) 
and its standard error on birth weight from the Early Growth 
Genetics (EGG) consortium study (Horikoshi et al., 2016). �e 
EGG consortium study is the largest genome-wide association 
study (GWAS) to date on birth weight (a continuous trait) 
and contains association results for 16,245,523 genotyped and 
imputed SNPs based on up to 153,781 individuals collected 
from 35 studies (Table S1). Next, to examine the causal e�ect of 
birth weight on adult diseases, we collected summary statistics 
from corresponding GWASs for 21 diseases (Text S1). �ese 
diseases include advanced age-related macular degeneration 
(AMD) (Fritsche et al., 2016), Alzheimer’s disease (Lambert 
et al., 2013), Parkinson’s disease (Pankratz et al., 2012), chronic 
kidney disease (CKD) (Köttgen et al., 2010), celiac disease 
(Dubois et al., 2010), in�ammatory bowel disease (IBD) (Liu 
et al., 2015), Crohn’s disease (CD) (Liu et al., 2015), ulcerative 
colitis (UC) (Liu et al., 2015), primary biliary cirrhosis (PBC) 
(Cordell et al., 2015), primary sclerosing cholangitis (PSC) (Ji 
et al., 2017), systemic lupus erythematosus (SLE) (Bentham 
et al., 2015), CAD (Nikpay et al., 2015), myocardial infarction 
(MI) (Nikpay et al., 2015), T2D (Scott et al., 2017), rheumatoid 
arthritis (RA) (�e Wellcome Trust Case Control Consortium, 
2007), type 1 diabetes (T1D) (�e Wellcome Trust Case Control 
Consortium, 2007), hypertension (�e Wellcome Trust Case 

FIGURE 1 | Graphical illustration of Mendelian randomization (MR) analysis. Arrows or dot lines represent the presence or absence of associations, respectively. The 

MR analysis estimates the causal effect of birth weight to adult disease risk in the presence of various measured and unmeasured confounding factors by carefully 

selecting single nucleotide polymorphisms (SNPs) that are associated with birth weight to serve as instrumental variables. Valid MR requires these selected SNPs 

to satisfy three conditions: selected SNPs are strongly associated with birth weight (condition i); selected SNPs are not associated with any known or unknown 

confounders that are associated with both birth weight and disease (condition ii); selected SNPs are independent of adult disease conditional on birth weight 

(condition iii). Note that the effects of instrumental variables (G) on the exposure of interest (x) may be indirect and mediated through mediator variables. Exemplary 

traits include BMI (body mass index), T2D (type 2 diabetes), and CAD (coronary artery disease). The notations in the figure are defined further in Text S4.
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Control Consortium, 2007), ankylosing spondylitis (AS) 
(Burton et al., 2007), ischemic stroke (IS) (Malik et al., 2018), 
and multiple sclerosis (MS) (Burton et al., 2007). In addition 
to these diseases, we also explored 57 adult diseases from the 
UK Biobank (Sudlow et al., 2015) (Text S1). However, because 
the UK Biobank data set contains only a small number of cases 
for most of these diseases, we will only brie�y mention our 
results on UK Biobank. Finally, to identify complex traits that 
may mediate the causal e�ect of birth weight on any identi�ed 
adult disease, we obtained a GWAS summary statistics for 38 
complex traits in adulthood (Text S2). �ese traits include 
educational attainment (i.e., EduYears and College) (Rietveld 
et al., 2013), smoking behaviors (�e Tobacco and Genetics 
Consortium, 2010), early growth traits (Cousminer et al., 
2013), blood lipid traits (Teslovich et al., 2010), glycemic and 
harmonic traits (Dupuis et al., 2010), and blood pressures 
(Richey Sharrett).

Selecting Instruments for Mendelian 
Randomization Analyses
We �rst selected 47 independent index SNPs (Table 1) to serve as 
valid instrumental variables for birth weight based on the EGG 
consortium study (Horikoshi et al., 2016) using plink (version 
v1.90b3.38) (Purcell et al., 2007) following previous work (Noyce 
et al., 2017) (Text S3). Next, for each disease in turn, we relied 
on the corresponding disease GWAS and extracted summary 
statistics on the disease for the 47 index SNPs of birth weight. 
For these index SNPs that do not have summary statistics in 
the corresponding disease, we either replaced them with proxy 
SNPs that are in high linkage disequilibrium (LD) with the 
index SNPs or imputed the summary statistics (Pasaniuc et al., 
2014) for the index SNPs—both approaches yield similar results 
(Text S3). While our main MR analyses were performed using 
the above 47 SNPs as instrumental variables, to examine the 
robustness of the results, we also performed an alternative MR 
analysis using a slightly di�erent set of 48 SNPs. �ese 48 SNPs 
are presented in the original GWAS of birth weight (Horikoshi 
et al., 2016) and that are also independent SNPs showing 
strong association with birth weight (p < 5.00E−8) (Table S2).  
For each disease, we also examined another alternative set 
of birth weight instruments by following (Østergaard et al., 
2015) to exclude potentially pleiotropic SNPs, which show 
relatively strong associations with the given disease/trait  
(p < 1.06E−3, which is 0.05/47) (Text S3) (Lawlor et al., 2008; 
Sheehan et al., 2008). In this alternative analysis, the number of 
instruments excluded varies for di�erent diseases and ranges 
from 1 (e.g., for AMD) to 18 (e.g., for height) (Table S3). We 
further performed another alternative analysis by removing 
instruments with possible pleiotropic e�ects with any disease/
outcome (p < 5.00E−8) recorded in the Phenoscanner (Staley 
et al., 2016) and NHGRI-EBI Catalog (MacArthur et al., 2017) 
databases. In this analysis, only a �nal set of 21 instruments 
were kept for birth weight. Additionally, seven independently 
associated SNPs yielded from Horikoshi et al. (2013) (Table S4) 
are also employed to be instruments for further validation.

Mendelian Randomization, Sensitivity 
Analyses, and Multivariable Analyses
With the above data, we performed MR analyses. Details of 
MR are described in Text S3. Brie�y, for each SNP in turn, we 
�rst estimated the proportion of phenotypic variance explained 
(PVE) by the SNP using summary statistics (Shim et al., 2015) 
and computed F statistic to ensure strong instrument (Cragg and 
Donald, 1993; Burgess et al., 2017a). We then performed MR 
analyses using the random-e�ects version of the inverse-variance 
weighted (IVW) methods (Burgess et al., 2017a) to estimate and 
test the causal e�ects of birth weight on each of the 21 adult 
diseases. During the process, we employed Q and I2 statistics 
to measure causal e�ect size heterogeneity across instruments 
(�ompson and Sharp, 1999) and performed power calculation 
using analytic forms (Brion et al., 2013; Freeman et al., 2013; 
Burgess, 2014).

For each disease identi�ed to be causally a�ected by 
birth weight in the MR analyses, we performed a series of 
sensitivity analyses to ensure results robustness. Speci�cally, 
we performed a median-based MR analysis to guard against 
outlying instruments (Bowden et al., 2016a). We conducted a 
leave-one-out (LOO) cross-validation analysis (Noyce et al., 
2017) and Mendelian Randomization Pleiotropy RESidual Sum 
and Outlier (MR-PRESSO) analysis (Verbanck et al., 2018) to 
directly examine potential instrument outliers. We carried out 
MR-Egger regression to examine the assumption of directional 
pleiotropic e�ects (Bowden et al., 2016b; Burgess and �ompson, 
2017). To examine the potential in�uence of maternal genetic 
e�ects (Horikoshi et al., 2016), we performed an additional 
sensitivity analysis by excluding SNPs that a�ect birth weight 
through maternal e�ects (Lawlor et al., 2017; Beaumont et al., 
2018; Zanetti et al., 2018). We attempted to directly control for 
maternal e�ects (Table S5) in the analysis of birth weight e�ect 
on diseases using a genetic-score based approach. We also carried 
out bias calculations and used simulations to examine the impact 
of maternal e�ects on causal e�ect estimations (Vanderweele and 
Arah, 2011; Lawlor et al., 2017) (Text S4). We performed reverse 
causal inference to examine the possible reverse causality from 
diseases to birth weight. We also applied a recently developed 
analysis method iMAP (Zeng et al., 2018) to jointly model all 
genome-wide SNPs to provide supportive evidence on the 
directionality of the causal relationship between birth weight and 
these identi�ed diseases.

Finally, we investigated whether any of the 38 complex traits 
may mediate the causal e�ect of birth weight on the identi�ed 
adult diseases. To do so, we �rst performed MR analysis to 
examine whether birth weight causally a�ect any of the 38 
complex traits. In particular, for each of the 38 traits in turn, we 
extracted summary statistics from the corresponding GWAS 
for the 47 instrumental variables of birth weight. We replaced 
missing SNPs with proxy ones when necessary and applied the 
IVW methods following the same procedure as described above. 
Next, we performed a multivariable MR analysis (Do et al., 2013; 
Burgess and �ompson, 2015; Burgess et al., 2017b) for each 
pair of identi�ed trait and disease to investigate whether any of 
these complex traits may mediate the causal e�ect of birth weight 
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on the identi�ed disease. �e multivariable MR analysis allows 
us to estimate and test both the direct e�ect of birth weight on 
the disease and the indirect e�ect of birth weight on the disease 
through the complex trait (Burgess et al., 2017b).

Note that, for some sensitivity analyses above (e.g., MR-EGGER 
and IMAP), we mostly followed the practical recommendations 
of other Mendelian randomization and performed them only 
when a signi�cant causal association between birth weight and 
an adult disease (e.g., CAD) was detected.

RESULTS

Mendelian Randomization Identifies Three 
Adult Diseases That Are Causally Affected 
by Birth Weight
We �rst selected a set of 47 SNPs from a large-scale GWAS for 
birth weight based on 143,677 individuals to serve as instrumental 
variables for birth weight (Table 1 and Figure S1). We examined 
the strength of these instruments using F statistic based on the 

TABLE 1 | Summary information for the 47 autosomal SNPs that are used as instrumental variables in the MR analysis.

Chr SNP Position Gene Allele MAF BETA SE p N PVE F

7 rs138715366 44,246,271 YKT6-GCK T/C 0.01 −0.2412 0.0229 7.20E−26 132,343 8.38E−04 110.99

17 rs144843919 29,037,339 SUZ12P1-CRLF3 A/G 0.04 −0.0660 0.0116 1.40E−08 121,357 2.67E−04 32.41

3 rs900399 156,798,732 CCNL1-LEKR1 G/A 0.39 −0.0523 0.0039 2.20E−41 143,663 1.25E−03 179.80

22 rs41311445 42,070,374 SREBF2 C/A 0.10 −0.0445 0.0066 1.60E−11 135,729 3.35E−04 45.48

6 rs35261542 20,675,792 CDKAL1 A/C 0.27 −0.0444 0.0041 4.40E−27 143,667 8.16E−04 117.33

2 rs7575873 23,962,647 ATAD2B G/A 0.12 −0.0384 0.0057 1.20E−11 139,425 3.25E−04 45.33

6 rs10872678 152,039,964 ESR1 C/T 0.28 −0.0375 0.0041 6.90E−20 143,672 5.82E−04 83.66

21 rs2229742 16,339,172 NRIP1 C/G 0.13 −0.0360 0.0060 2.20E−09 143,672 2.51E−04 36.07

4 rs4144829 17,903,654 LCORL T/C 0.73 −0.0341 0.0042 5.30E−16 139,426 4.73E−04 65.98

8 rs13266210 41,533,514 ANK1-NKX6-3 G/A 0.21 −0.0308 0.0045 1.30E−11 139,429 3.36E−04 46.86

6 rs1187118 34,169,020 HMGA1 T/A 0.83 −0.0299 0.0051 3.60E−09 137,043 2.51E−04 34.41

10 rs2497304 94,492,716 HHEX-IDE T/C 0.48 −0.0282 0.0037 2.60E−14 143,673 4.04E−04 58.07

9 rs7854962 96,900,505 PTCH1 G/C 0.22 −0.0279 0.0046 1.90E−09 139,424 2.64E−04 36.82

5 rs854037 57,091,783 5q11.2 G/A 0.19 −0.0268 0.0048 2.20E−08 139,429 2.24E−04 31.24

7 rs11765649 23,479,013 IGF2BP3 C/T 0.25 −0.0267 0.0043 5.80E−10 139,428 2.76E−04 38.49

20 rs28530618 31,275,581 C20orl203 G/A 0.51 −0.0261 0.0038 7.70E−12 138,162 3.41E−04 47.13

15 rs7402982 99,193,269 IGF1R G/A 0.57 −0.0232 0.0039 2.30E−09 139,423 2.54E−04 35.42

8 rs12543725 142,247,979 SLC45A4 A/G 0.41 −0.0231 0.0038 1.20E−09 139,431 2.65E−04 36.96

7 rs798498 2,795,882 GNA12 G/T 0.31 −0.0229 0.0040 1.30E−08 139,427 2.35E−04 32.77

3 rs2168443 46,947,087 PTH1R A/T 0.62 −0.0228 0.0039 3.50E−09 139,426 2.45E−04 34.17

15 rs12906125 91,427,612 FES A/G 0.32 −0.0228 0.0040 1.70E−08 141,281 2.30E−04 32.50

22 rs134594 29,468,456 KREMEN1 T/C 0.65 −0.0227 0.0040 1.00E−08 137,340 2.34E−04 32.14

13 rs7998537 40,662,742 LINC00332 A/G 0.32 −0.0222 0.0040 3.90E−08 139,429 2.21E−04 30.82

3 rs10935733 148,622,968 CPA3 C/T 0.59 −0.0221 0.0039 9.20E−09 139,426 2.30E−04 32.07

12 rs2306547 26,877,885 ITPR2 T/C 0.46 −0.0211 0.0037 1.80E−08 139,432 2.33E−04 32.49

9 rs1411424 113,892,963 LPAR1 A/G 0.52 0.0212 0.0038 2.20E−08 139,428 2.23E−04 31.10

6 rs9368777 33,788,637 HMGA1 C/G 0.58 0.0215 0.0038 2.20E−08 135,709 2.36E−04 32.03

17 rs72833480 45,964,861 SP6-SP2 A/G 0.29 0.0226 0.0041 4.60E−08 139,426 2.18E−04 30.40

20 rs6040076 10,658,882 JAG1 C/G 0.49 0.0231 0.0039 2.00E−09 139,424 2.52E−04 35.14

16 rs28415607 19,993,015 GPR139 C/T 0.25 0.0233 0.0043 5.00E−08 143,660 2.04E−04 29.31

20 rs6016377 39,172,728 MAFB T/C 0.43 0.0239 0.0039 9.50E−10 139,425 2.69E−04 37.51

5 rs2946179 157,886,627 EBF1 C/T 0.73 0.0240 0.0042 1.30E−08 143,666 2.27E−04 32.62

4 rs2131354 145,599,908 HHIP A/G 0.53 0.0259 0.0037 4.10E−12 139,431 3.51E−04 48.96

1 rs3753639 154,986,091 ZBTB7B C/T 0.24 0.0306 0.0045 7.30E−12 138,162 3.35E−04 46.30

17 rs113086489 7,171,356 CLDN7 T/C 0.56 0.0307 0.0038 9.10E−16 139,426 4.68E−04 65.28

1 rs72480273 161,644,871 FCGR2B C/A 0.17 0.0313 0.0051 8.00E−10 138,380 2.72E−04 37.65

1 rs2473248 22,536,643 WNT4-ZBTB40 C/T 0.87 0.0325 0.0057 1.00E−08 139,428 2.33E−04 32.49

13 rs1819436 78,580,283 RNF219-AS1 C/T 0.87 0.0329 0.0057 6.30E−09 138,979 2.40E−04 33.36

9 rs10818797 126,020,405 STRBP C/T 0.14 0.0345 0.0054 1.20E−10 139,427 2.93E−04 40.86

10 rs740746 115,792,787 ADRB1 A/G 0.73 0.0364 0.0042 3.80E−18 143,672 5.23E−04 75.18

10 rs79237883 104,940,946 NT5C2 C/T 0.08 0.0371 0.0067 3.50E−08 143,666 2.13E−04 30.61

12 rs7964361 102,994,878 IGF1 A/G 0.09 0.0391 0.0067 4.70E−09 139,428 2.44E−04 34.03

3 rs11719201 123,068,744 ADCY5 T/C 0.23 0.0463 0.0044 2.40E−26 143,670 7.70E−04 110.71

2 rs17034876 46,484,310 EPAS1 T/C 0.70 0.0471 0.0042 2.60E−29 134,460 9.34E−04 125.70

11 rs72851023 2,130,620 INS-IGF2 T/C 0.07 0.0476 0.0075 2.90E−10 135,776 2.97E−04 40.34

7 rs111778406 72,957,570 MLXIPL G/A 0.07 0.0492 0.0075 5.80E−11 140,932 3.05E−04 43.00

9 rs3780573 98,239,503 PTCH1 A/G 0.10 0.0555 0.0064 7.00E−18 134,750 5.58E−04 75.23

These SNPs are associated with birth weight at the genome-wide significance level (p < 5.00E−08) in a meta-analysis with up to 143,677 individuals of European ancestry. 

SNPs are ordered based on their effect size estimates. All the genes (fourth column) were reported to be associated with birth weight in previous GWASs (Horikoshi et al., 2013; 

Horikoshi et al., 2016). Chr, chromosome; SNP, single-nucleotide polymorphism id; Position, genome position in base pair; Allele, effect allele and alternative allele; MAF, minor 

allele frequency; BETA, SNP effect size; SE, standard error; PVE, proportion of variance in birth weight explained by the SNP; p, N, and F represent p value, sample size, and F 

statistic, respectively.
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EGG GWAS discovery sample of birth weight following (Noyce 
et al., 2017) (Text S3). For the 47 instrumental variables, their 
F statistics individually range from 29.36 to 179.83 (Table 1) 
with an overall F statistic of 49.22 for all 47 instruments. �ese 
values are all above the usual threshold of 10, suggesting that the 
selected genetic variants have su�ciently strong e�ect sizes to be 
used as instrumental variables and that weak instrument bias is 
unlikely to occur in our analysis.

We examined the causal relationship between birth weight 
and 21 adult diseases through MR analysis using the selected 
instruments. Across 21 diseases, we displayed the causal e�ects of 
lower birth weight instead of birth weight in all �gures and tables 
throughout the text by supplying a negative sign on the estimated 
birth weight e�ect (Figure 2 and Table S6). We found that lower 
birth weight is causally associated with increased risks for three 
diseases a�er Bonferroni correction (i.e., p-value threshold of 
0.05/21 = 2.38E−3). �ese three diseases include CAD (Nikpay 
et al., 2015), MI (Nikpay et al., 2015), and T2D (both in terms 
of the original T2D status and in terms of T2D_BMI, which 
represents the T2D status a�er adjusting for BMI) (Scott et al., 
2017). Because we identi�ed e�ect size heterogeneity across 
the 47 instruments (Table S6; p values based on Q statistic are 
7.41E−1, 1.42E−2, 1.40E−4, and 1.92E−2, and the I2 statistics are 
0%, 33.1%, 48.9%, and 31.8% for CAD, MI, T2D, and T2D_BMI, 
respectively), we choose to mainly present our results from the 
random-e�ects IVW analysis, which properly accounts for causal 
e�ect heterogeneity.

For each of the three diseases, we compute the odds ratio 
(OR) of the disease for one unit decrease of birth weight, 
where the unit is de�ned as the standard deviation of birth 
weight, estimated to be 488  g across 35 studies in the original 

meta-analysis (Table S1) (Horikoshi et al., 2016). We found that 
a unit lower birth weight is causally associated with an increased 
CAD risk with an estimated OR of 1.34 [95% con�dence interval 
(CI) 1.17–1.53, p = 1.54E−5]; a unit lower birth weight is causally 
associated with an increased MI risk with an estimated OR of 
1.30 (95% CI 1.13–1.51, p = 3.31E−4); a unit lower birth weight 
is also causally associated with an increased T2D risk, with an 
estimated OR of 1.41 (95% CI 1.15–1.73, p = 1.11E−3) for the 
original T2D, and with an estimated OR of 1.54 (95% CI 1.25–
1.89, p = 6.07E−5) for the BMI-adjusted T2D (i.e., T2D_BMI). 
�ese causal associations are also supported by the results 
generated using the smaller set of instruments from Horikoshi 
et al. (2013) (Table S6).

Consistent with the fetal origins of adult diseases hypothesis, 
the causal e�ects of lower birth weight on most of the diseases 
investigated are estimated to be positive [14 out of 21 (66.7%), 
Table S6], though most of these estimates are not statistically 
signi�cantly di�erent from one. In addition, the estimated causal 
e�ects of lower birth weight on four diseases (MS, Parkinson’s 
disease, PBC, and PSC) in addition to the three diseases 
mentioned in the above paragraph are above OR of 1.2, though 
these estimates came with large standard errors. Power calculation 
results based on parameters estimated in the MR analysis also 
suggest that the nonsigni�cant results for the remaining diseases 
may be due to a lack of statistical power (Table S6). �e lack of 
power for the remain diseases suggest that a lack of association 
between birth weight and these diseases should not be over-
interpreted and that larger sample sizes are needed to elucidate 
the causal e�ects of birth weight on these diseases.

Finally, besides these 21 diseases, we have also attempted 
to examine additional 57 adult diseases from the UK Biobank 

FIGURE 2 | Causal effect estimates and 95% confidence intervals for lower birth weight on 21 diseases using the random-effects inverse variance weighted 

(IVW) method. Diseases are ordered based on their causal effect estimates. Estimations are carried out using both index SNPs and proxy SNPs. The dot size is 

proportional to the number of instrumental variables used for the given disease while dot color represents significance (p < 0.05 are highlighted in red). Disease 

names (x-axis) are further highlighted in red if the causal effects are significant after Bonferroni correction (p < 0.05/21).
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(Table S7). Unfortunately, due to the extremely low number 
of cases (e.g., only 119 cases of Alzheimer’s disease) for most 
diseases there and the resulting low statistical power (Zhou et al., 
2018), we did not detect any statistically signi�cant associations 
between birth weight and those diseases in the UK Biobank 
(Table S7).

Mendelian Randomization Results Are 
Robust With Respect to Instrument 
Outliers and the Choice of Instrumental 
Variables
We examine the causal relationship between birth weight and the 
three diseases (CAD, MI, T2D, and T2D_BMI) in details here. 
We �rst display the causal e�ects of lower birth weight for each 
of the three diseases estimated using individual instrumental 
variables in Figure 3. We also plot the SNP e�ect sizes on birth 
weight versus the e�ect sizes on these diseases in Figure 4. One 
SNP, rs138715366, appears to be an outlier for all these traits. 
rs138715366 has a low minor allele frequency (MAF = 0.89%), 
is located within the intronic regions of the gene YKT6-GCK 
on Chr 7, and has the largest e�ect size on birth weight among 
all instrument variables (= −0.24; with 95% CI −0.20 to −0.29, 
p = 7.20E−26; Figure S1 and Table 1). In addition, another SNP, 
rs144843919, also appears to be a potential outlier for CAD. 
�e e�ect size of rs144843919 on birth weight is estimated to 
be −0.066 (95% CI −0.09 to −0.04, p = 1.40E−8). However, as 
we will show in the next paragraph, neither SNP has substantial 
in�uence on the estimation of the causal e�ects.

Next, we directly tested whether any instrument is an 
outlier for any of the four diseases using MR-PRESSO. The 
results show that no significant instrument outliers exist 
for the MR analysis of each of the three diseases (CAD, MI, 
T2D, or T2D_BMI) at the nominal significance level of 0.05. 
In addition, we performed LOO analyses, which are also 
stable and demonstrate that no single instrumental variable 
substantially influences the estimation of the casual effects 
of birth weight on the four traits (Figure S2). For example, 
after removing rs138715366, the ORs for a unit decrease 
of birth weight are estimated to be 1.34 (95% CI 1.20–1.49,  
p = 9.70E−8) for CAD, 1.30 (95% CI 1.15–1.47, p = 1.66E−5) 
for MI, 1.48 (95% CI 1.27–1.71, p = 2.66E−7) for T2D, and 
1.57 (95% CI 1.32–1.87, p = 3.95E−7) for T2D_BMI, almost 
identical to the ORs estimated using all these instrumental 
variables together (Figure 2).

Our primary results described in the previous section 
are based on using 47 instrumental variables. For certain 
diseases, summary statistics for some of the 47 index SNPs are 
unavailable. In these cases, we have used proxy SNPs that are in 
high LD using a certain correlation threshold. We found that our 
results are robust with respect to various correlation thresholds 
to obtain these proxy SNPs (Figure S3). Besides using proxy 
SNPs, we imputed summary statistics for the unavailable index 
SNPs and performed analysis using all index SNPs. Results 
with imputed summary statistics remain similar (Figure S4). 
We also performed analysis using only part of the 47 index 
SNPs that are available for the given disease, without using any 

proxy SNPs or imputation; we again obtained consistent results 
(Figure S5). Besides the analysis using a set of 47 instruments, 
we performed an alternative analysis by using another set of 
48 instrumental variables (Table S2) that are presented in the 
original meta-analysis study (Horikoshi et al., 2016). Again, the 
results are largely similar to those in our main analyses (Figures 

S6 and S7).

Various Sensitivity Analyses Further Validate 
the Main Mendelian Randomization Results
We performed sensitivity analyses to complement our main MR 
analysis results obtained with IVW. First, to guard against the 
possibility that some instruments are invalid, we conducted a 
MR analysis using the weighted median method (Bowden et al., 
2016a) for CAD, MI, T2D, and T2D_BMI. �e weighted median 
estimate approach yields qualitatively similar results as our main 
analysis (Text S3), suggesting that invalid instruments unlikely 
bias our main results.

To guard against the possibility that the used instruments 
may display horizontal pleiotropy and thus bias causal e�ect 
estimation, we performed the MR-Egger regression (Bowden 
et al., 2016b; Burgess and �ompson, 2017) for the four traits. 
�e results from the MR-Egger regression analysis are again 
consistent with our main results (Text S3 and Figure 2). In 
addition, none of the intercepts from MR-Egger regression are 
signi�cantly deviated from zero: they are estimated to be 0.005 
(95% CI −0.010 to 0.020, p = 0.515) for CAD, −0.003 (95% 
CI −0.019 to 0.013, p = 0.756) for MI, −0.010 (95% CI −0.031 to 
0.012, p = 0.383) for T2D, and −0.003 (95% CI −0.026 to 0.019, 
p = 0.783) for T2D_BMI, respectively. Moreover, funnel plots 
also display symmetric pattern of e�ect size variation around 
the point estimate (Figure S8). Together, MR-Egger regression 
results and funnel plots suggest that horizontal pleiotropy 
unlikely bias our results. Furthermore, using the set of 
instruments that were le� a�er excluding all possible pleiotropic 
instruments based on the Phenoscanner (Staley et al., 2016) and 
NHGRI-EBI Catalog (MacArthur et al., 2017) datasets, we can 
still obtain similar results. For example, the ORs of birth weight 
on CAD, MI, T2D, and T2D_BMI are estimated to be 1.26 (95% 
CI 1.04–1.54, p = 1.98E−2), 1.16 (95% CI 0.93–1.50, p = 0.176), 
1.78 (95% CI 1.32–2.40, p = 1.66E−4), and 1.83 (95% CI 1.30–
2.56, p = 5.14E−4), respectively.

One of the main di�culties in causal inference is to distinguish 
causality from reverse causality (Burgess et al., 2017a). Because 
of the time order and the fact that birth weight precedes adult 
diseases, the issue of reverse causation is unlikely a concern in our 
study. Nevertheless, to guard against the small possibility that our 
results are driven by reverse causality, we performed IVW analysis 
in the reverse direction to examine the causal e�ects of CAD, MI, 
T2D, or T2D_BMI on birth weight. Results show that there are no 
reverse causal associations between any of the four traits and birth 
weight as one would expect (Table S8 and Figure S10).

To complement the MR analysis, we also performed analysis 
using the recently developed iMAP method (Zeng et al., 2018). 
iMAP analyzes a pair of traits jointly and borrows information 
across all genome-wide SNPs to provide additional evidence 
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regarding the causal relationship between the two traits. In 
particular, iMAP estimates the proportion of SNPs associated 
with one trait that is also associated with the other. By estimating 
such proportions, iMAP has the potential to provide evidence 
supporting potentially directional causality between the two 
analyzed traits (Zeng et al., 2018). Here, we applied iMAP to 
analyze birth weight and each of the four traits at a time. We 
estimated the proportion of SNPs associated with birth weight 
that is also associated with CAD, MI, T2D, and T2D_BMI to 
be 0.125, 0.134, 0.452, and 0.472, respectively. In contrast, the 
proportion of SNPs associated with CAD, MI, T2D, and T2D_
BMI that is also associated with birth weight are only 0.053, 0.029, 
0.211, and 0.130, respectively. �e asymmetrical probabilities 
estimated from iMAP suggest that SNPs associated with the birth 
weight are also more likely associated with the disease than the 
other way around. �erefore, iMAP provides additional genome-
wide evidence supporting the causal e�ects of birth weight on the 
identi�ed diseases.

Causal Effects of Birth Weight on the 
Three Identified Diseases Are Not 
Mediated Through Other Complex Traits
We explored the causal pathways through which birth weight 
may causally a�ect the adult diseases. To do so, we obtained 35 
quantitative traits and 3 binary traits that may mediate the causal 
e�ects of birth weight onto diseases (Text S2). For each trait in 
turn, we estimated the casual e�ect of birth weight on the trait 
using all available instruments using IVW (Figure S11 and Table 

S9). Among all examined traits, we only identi�ed adult weight 
to be causally a�ected by birth weight based on the Bonferroni 
adjusted signi�cance threshold (p < 0.05/38). In particular, birth 

weight is positively associated with adult weight with the causal 
e�ect estimated to be 0.36 in the random-e�ects IVW analysis 
(95% CI 0.12–0.60, p = 3.18E−3).

�e lack of signi�cant causal e�ects of birth weight on 
most examined complex traits are consistent with the lack 
of signi�cant causal e�ects of birth weight on some of the 
examined diseases described in the earlier section. For example, 
with currently available GWAS gene data sets for us, owing to 
lack of power resulting from small sample sizes (~9,000), in 
our analysis we cannot �nd evidence that supports the causal 
association between birth weight with both systolic blood 
pressure (SBP) and diastolic blood pressure (DBP) (estimated 
causal e�ect on SBP is 0.35, 95% CI −0.10 to 0.79, p = 0.127; 
estimated causal e�ect on DBP is 0.27, 95% CI −0.17 to 
0.71, p = 0.233) by random-e�ects IVW analysis. �e lack of 
causal association between birth weight and blood pressure is 
consistent with our earlier result on a lack of detectable causal 
association between birth weight and hypertension. In addition, 
the lack of causal association between birth weight and many 
complex traits suggests that the causal e�ects of birth weight on 
CAD, MI, or T2D are unlikely to be mediated by blood pressures 
or many other complex traits, which is further con�rmed by the 
following multivariable regression.

To examine the possibility that some complex traits (e.g., adult 
weight, BMI, blood pressures, blood lipids, or hypertension) 
may mediate the causal e�ect of birth weight on each of the 
four traits (i.e., CAD, MI, T2D, and T2D_BMI), we performed a 
comprehensive multivariable MR analysis for all the 38 complex 
traits (Text S2) (Burgess et al., 2017b). �e results do not provide 
evidence supporting the mediator role of those complex traits 
in the relationship between birth weight and the three diseases 
including CAD, MI, and T2D (Table S10). For example, the 

FIGURE 3 | Causal effect estimates and 95% confidence intervals for lower birth weight on (A) CAD, (B) MI, (C) T2D, and (D) T2D_BMI. Estimations are carried out 

either using all SNPs (first column on x-axis) or using individual SNPs (the remaining columns on x-axis) based on Equation (14) in Text S3. Dot size is proportional 

to the effect size estimates, while dot color represents significance (p < 0.05 are highlighted in red). SNP that yields the largest causal effect estimate is also 

highlighted in red (x-axis).
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estimated direct e�ect for a unit lower birth weight for CAD, MI, 
T2D, and T2D_BMI are 1.28 (95% CI 1.09–1.50, p = 4.57E−3), 
1.28 (95% CI 1.07–1.52, p = 8.48E−3), 1.66 (95% CI 1.17–2.37, 
p = 6.84E−3), and 1.73 (95% CI 1.19–2.51, p = 6.28E−3). �e 
estimated indirect e�ect of birth weight on CAD, MI, T2D, and 
T2D_BMI are 1.05 (95% CI 0.85–1.30, p = 0.653), 1.02 (95% CI 

0.84–1.23, p = 0.852), 0.85 (95% CI 0.56–1.28, p = 0.432), and 
0.89 (95% CI 0.58–1.37, p = 0.606), respectively. �erefore, the 
lack of detectable indirect e�ect suggests that either adult weight 
unlikely mediate the causal e�ect of birth weight on any of the 
three diseases or that we do not have su�cient power to detect 
such mediation e�ect.

FIGURE 4 | Relationship between the effect size estimates on lower birth weight (x-axis) and the effect size estimates on diseases (y-axis) for the 47 SNPs that 

serve as instrumental variables. Examined diseases include (A) CAD, (B) MI, (C) T2D, and (D) T2D_BMI. 95% confidence intervals for the estimated SNP effect 

sizes on disease are shown as vertical black lines, while the 95% confidence intervals for the estimated SNP effect sizes on birth weight are shown as horizontal 

black lines. The vertical and horizontal red dotted lines represent zero effects. The slope of fitted lines represents the estimated the casual effects of birth weight 

on the corresponding disease obtained using either the random-effects IVW method (red solid lines) or the MR-Egger regression (blue dotted lines). SNP outlier 

rs13875366 (chocolate dot) was not included in MR-Egger regression to avoid outlier influence. Due to the inclusion of an intercept in the MR-Egger regression, the 

fitted lines by MR-Egger regression (blue dotted lines) do not necessarily pass the origin.
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Special Sensitivity Analyses to Examine 
the Influence of Maternal Effects on the 
Main Mendelian Randomization Results
Finally, we performed additional sensitivity analyses to examine 
the in�uence of maternal e�ects on MR results (Text S4). First, 
we excluded among the set of 47 instruments those instruments 
that may potentially exhibit maternal e�ects on birth weights 
relying on a recent GWAS of maternal e�ects on birth weights 
(Beaumont et al., 2018). We deleted a total of 10 instruments 
and with the remaining 37 instruments, we estimated the ORs 
(again, a�er removing the potentially pleiotropic instruments as 
done above) for a unit decrease in birth weight to be 1.37 (95% 
CI 1.17–1.61, p = 8.18E−5) for CAD, 1.31 (95% CI 1.10–1.55, 
p = 1.90E−3) for MI, 1.42 (95% CI 1.11–1.80, p = 4.62E−3) for 
T2D, and 1.41 (95% CI 1.10–1.80, p = 6.35E−3) for T2D_BMI, 
respectively. �e results are consistent with the main results, 
suggesting that maternal e�ects unlikely bias our estimates.

Second, we directly controlled for maternal e�ects in the 
analysis of birth weight on T2D using a genetic-score based 
approach. Specially, we �rst obtained two sets of birth weight 
instruments: one set contains instruments for o�spring’s e�ect 
on birth weight (Horikoshi et al., 2016) (i.e., 47 index SNPs in 
Table 1) and another set contains for instruments for mother’s 
e�ect on birth weight (i.e., 10 index SNPs in Table S5). We 
constructed two genetic scores using these instruments in the 
Genetic Epidemiology Research on Aging (GERA) cohort 
(Banda et al., 2015): one genetic score is obtained using the 
o�spring’s instruments and represents o�spring e�ect, while 
another genetic score is obtained using mother’s instruments 
and represents maternal e�ect. A�erwards, we examined the 
relationship between o�spring’s birth weight and adult T2D by 
�tting a logistic model, treating T2D as outcome and o�spring’s 
genetic score as predictor, while controlling for mother’s genetic 
score and other covariates. �e adjusted OR for lower birth 
weight on T2D is estimated to be 1.07 (95% CI 1.04–1.11, p = 
3.91E−6), again supporting our observation that the lower birth 
weight is a risk factor of adult diseases. We can only apply this 
analysis to T2D because we only have individual-level data for 
T2D in the GERA cohort.

�ird, we performed simulations to evaluate the extent to 
which the maternal e�ects may in�uence the birth-weight causal 
e�ect estimation in MR (Figure S12) (Lawlor et al., 2017). �e 
simulation results show that the causal e�ects of birth weight are 
indeed approximately unbiased when the maternal e�ect is in a 
reasonable range (Figure S13) (Horikoshi et al., 2016; Beaumont 
et al., 2018) (e.g., each instrument has a maternal e�ect that 
explains 0.1% or 0.01% of phenotypic variance in birth weight). 
Only when the maternal e�ect is unrealistically strong (e.g., each 
instrument explains 1% or 10% of phenotypic variance in birth 
weight due to maternal e�ects), then the causal e�ect estimates 
can be slightly biased upward. �e approximate unbiasedness 
results in simulations suggest that our main MR results are 
unlikely biased by realistic maternal e�ects.

Finally, we performed direct calculation to estimate bias 
due to maternal e�ect confounding with realistic assumption. 
Intuitively, if we know what the maternal e�ect (denoted by ϑ) 

is and if we know the probability that a mother gives birth to 
an o�spring with low birth weight (denoted by π), then, even 
if we do not observe the maternal alleles, we can still compute 
the estimation bias induced by maternal e�ect (Text S4). As an 
extreme example, if we set ϑ to be as high as 0.30 and set π to 
be either 6.9% (which represents the corresponding estimate 
in developed countries (Johnson et al., 2017)) or 28% (which 
represents corresponding estimate in developing countries 
(WHO, 2014)), then the estimation bias due to maternal e�ects 
is expected to be only 7.87% or 2.16%, respectively. �erefore, 
potential estimation bias due to maternal e�ects is expected to be 
small under realistic assumptions.

DISCUSSION

A Summary of Our Mendelian 
Randomization Analyses
We have investigated the fetal origins of adult diseases hypothesis 
by performing a series of comprehensive MR analyses to examine 
the causal e�ects of birth weight on 21 adult diseases and 38 other 
complex traits. Our study relies on summary statistics obtained 
from 37 GWASs with sample sizes ranging from 4,798 (for RA, 
�e Wellcome Trust Case Control Consortium, 2007) to 339,224 
(for BMI, Locke et al., 2015), thus representing one of the largest 
and most comprehensive MR analyses performed on birth 
weight to date. �e large sample size used in our study allows 
us to fully establish an inverse causal relationship between birth 
weight and three adult diseases that include CAD, MI, and T2D. 
�ese inferred causal relationships are robust with respect to the 
selection of instrumental variables and to the choice of statistical 
methods, and are carefully validated in the present study through 
various sensitive analyses. In addition, our analysis also suggests 
that the lack of causality evidence between birth weight and the 
other diseases may be partly due to a lack of statistical power 
resulting from relatively small sample sizes for the remaining 
diseases. Finally, we investigate the possibility that any of the 
analyzed 38 complex traits may mediate the causal e�ects of 
birth weight on CAD, MI, or T2D. Overall, our study provides 
important causality evidence supporting the fetal origins 
hypothesis for three adult diseases and suggests that increasing 
sample size is likely needed to reveal causal e�ects of birth weight 
for the other disorders.

�e mechanisms underlying the causal associations between 
low birth weight and adult diseases (e.g., CAD or T2D) are not 
fully understood. Many previous studies have suggested that a 
lot of risk factors may mediate the causal e�ect of birth weight 
on adult diseases. For example, it has been shown that insulin 
resistance is likely a mediator of low birth weight e�ect on 
T2D (Dabelea et al., 1999). As another example, rapid weight 
gain during childhood following the low birth weight has been 
shown to be associated with increased risk of obesity and CAD 
(Andersen et al., 2010). �erefore, while we did not detect 
statistically signi�cant traits that may mediate the e�ects of birth 
weight on adult diseases in the present study, we acknowledge 
that we were only able to analyze 38 complex traits that likely 
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represent only a small proportion of possible mediators and that 
our analysis on these complex traits may also lack power due to 
the relatively small sample sizes for these traits.

Comparison of Our Findings With Those  
in Previous Studies
�e �nding of the identi�ed causal association between birth 
weight and CAD in our study is consistent with an early twin 
study (Oberg et al., 2011). �is early twin study shows that there 
is statistically signi�cant association between CAD risk di�erence 
and birth weight di�erence in dizygotic twin pairs, but there is no 
statistically signi�cant association between the two in monozygotic 
twin pairs. Intuitively, if birth weight e�ect on CAD is indeed 
causal, then the genetic component of birth weight would be 
associated with the risk of CAD. Because monozygotic twins share 
the identical genetic component, genetics does not contribute to the 
birth weight di�erence between monozygotic twins. Subsequently, 
if birth weight is indeed causally associated with CAD, then one 
would expect no association between birth weight di�erence and 
CAD risk di�erence in monozygotic twins. In contrast, because 
dizygotic twins do not share identical genetic component, the 
genetic component underlying birth weight di�erence between 
dizygotic twins becomes a good indicator of CAD risk di�erences 
between dizygotic twins. From this aspect, the results from the 
previous twin study are consistent with the causal relationship 
between birth weight and CAD identi�ed in the present study.

Our �ndings are complementary to and consistent with 
the previous observation study that showed an inverse genetic 
correlation between birth weight and adult diseases (Horikoshi et 
al., 2016). Our causality results are also consistent with some of 
the previous association results obtained using standard logistic 
regressions. For example, we have estimated the OR of T2D per 
488  g lower of birth weight to be 1.41, which is very close to a 
previous meta-analysis estimate obtained using logistic regression 
where the OR of T2D per 500 g lower of birth weight is estimated 
to be 1.47 (Harder et al., 2007). We have estimated the OR of CAD 
per 488 g lower of birth weight to be 1.34, which is also close to 
that obtained from a birth cohort study where the OR of CAD for a 
500 g decrease in birth weight is estimated to be 1.27 (Lawlor et al., 
2005). Our conclusions of T2D and CAD here are also consistent 
with those previously derived by a genetic risk score regression 
(Wang et al., 2016) and a similar MR analysis (Zanetti et al., 2018). 
In addition, our results suggest that the inverse causal associations 
of birth weight with CAD, MI, or T2D are not likely mediated by 
other risk factors such as blood pressures or adult weight, again in 
line with previous studies (Ruiz-Narvaez et al., 2014). Nevertheless, 
we also acknowledge that our results may appear to be inconsistent 
with those in (Zanetti et al., 2018) in terms of detecting the causal 
e�ects of birth weight on LDL, BMI, and 2-h glucose. However, 
for LDL and BMI, we note that our results are based on a more 
stringent p-value signi�cance threshold adjusted by Bonferroni 
correction (to adjust for the multiple traits examined). Our results 
of birth weight on LDL or BMI are indeed marginally signi�cant 
based on the normal p-value threshold of 0.05 with expected e�ect 
direction (i.e., negative e�ect on LDL and positive e�ect on BMI), 
and are thus consistent with (Zanetti et al., 2018). For 2-h glucose, 

we suspect that the di�erence in the SNP instruments used may 
lead to di�erent power and thus di�erent results. Importantly, 
compared to those previous MR studies (Au Yeung et al., 2016; 
Wang et al., 2016; Zanetti et al., 2018), our study has the following 
unique advantages: i) we employed a larger number of valid 
instruments that were obtained from larger scale GWASs; ii) we 
performed a more comprehensive analysis by considering a larger 
set of adult diseases and mediators; and iii) we carried out much 
more extensive sensitivity analyses and simulations to guarantee 
the robustness of our results, including sensitivity analyses with 
regard to pleiotropy and maternal e�ects.

Public Health Implications of Our Results
Our results on the causal e�ects of birth weight on multiple 
adult diseases have important implications from a public health 
perspective. �e bene�ts of reasonably high birth weight in terms 
of reducing the risks of adult diseases suggest that strategies to 
increase birth weight (e.g., through iron supplement; Cogswell 
et al., 2003) may achieve health gains in later life. Importantly, 
such public health policy towards improving birth weight may 
have added more bene�ts in the developing counties than in the 
developed counties. For example, half of world’s low birth weight 
infants are born in South Asia (Sachdev, 2001); nutrition-based 
intervention towards improving birth weight (Ramakrishnan, 
2004) there may help curb the unusually high risks of CAD 
(Nair and Prabhakaran, 2012), MI (Wilkinson et al., 1996), 
and T2D (Gujral et al., 2013) in these developing counties (e.g., 
India, Pakistan, and Nepal). Additionally, as birth weight is o�en 
tied with social/economic status (Chomitz et al., 1995), some of 
these strategies intervening the modi�able risk factors to birth 
weight may have a higher impact in developing countries than in 
developed countries. Nevertheless, we also caution that, despite 
the potential bene�ts, increasing birth weight may have unwanted 
side e�ects. For example, it has been shown that extremely high 
birth weight can lead to childhood obesity, which is itself related 
to a series of poor health outcomes, likely due to the potentially 
U-shaped relationship between birth weight and various adult 
diseases (Harder et al., 2007). In addition, from a theoretical 
evolutionary biology perspective, growth and reproduction may 
be expected to trade-o� against longevity; thus, growth promotion 
may reduce longevity. Careful examination of the potential bene�ts 
and side e�ects of high birth weight is needed in future studies.

Confounding of the Maternal Effects
Maternal e�ect is an important confounder for causal e�ect 
estimation of birth weight on adult diseases. In the present study, we 
have performed extensive simulations under realistic assumptions 
to examine the extent to which maternal e�ects may in�uence 
or bias causal e�ect estimation. In addition, we have carried out 
sensitivity analysis by carefully removing instruments that may 
exhibit potential maternal e�ects on o�spring’s birth weights as 
well as sensitivity analysis by using a genetic-score based approach 
to directly control for maternal genetic e�ects. Our simulations 
and sensitivity analyses support the robustness of our causal e�ect 
estimation results and suggest that maternal e�ects unlikely a�ect 
causal e�ect estimation in the present study. �e robustness of our 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Association Between Birth Weight and Adult DiseasesZeng and Zhou

13 July 2019 | Volume 10 | Article 618Frontiers in Genetics | www.frontiersin.org

results with respect to maternal e�ect confounding is consistent 
with the early study of Horikoshi et al. (2016), which discovered 
that fetal e�ects, rather than maternal e�ects, mainly drive the 
discovered causal associations between birth weight and adult 
diseases. In particular, Horikoshi et al. (2016) provided two lines 
of supporting evidence: i) fetal SNPs explain about six times more 
heritability of birth weight than maternal e�ects [0.24 (se = 0.11) 
vs. 0.04 (se = 0.10)]; and ii) among all identi�ed loci associated with 
birth weight, 93% SNPs exhibit larger fetal e�ects than maternal 
e�ects. Nevertheless, despite the strong evidence, we acknowledge 
that we do not have access to individual-level genotype information 
in the present study and that the data sets we have analyzed here 
do not contain mother–child pairs. Accurate disentangling of 
maternal and o�spring e�ects on adult outcomes in the absence of 
child–mother pairs and/or individual-level genotype information 
is challenging and remains an active area of research (Eaves et al., 
2014; Lawlor et al., 2017; Warrington et al., 2018). �erefore, we 
remain cautious on our results and leave the study of maternal 
e�ect confounding as an important topic for future investigations.

Limitations of Our Study
Our analysis results are not without limitations. First, we 
acknowledge that there was a small overlap between individuals 
used in the EGG GWAS for birth weight (Table S1) and individuals 
used in the DIAGRAM GWAS for T2D (Table S11), suggesting that 
a small set of individuals are simultaneously used to obtain SNP 
e�ect size estimates for both birth weight and T2D. In particular, 
the European Prospective Investigation into Cancer and Nutrition 
(EPIC) study was included in both these two aforementioned 
GWASs with an overlapping sample size of ~9,000 individuals 
(8,939 in EGG and 9,292 in DIAGRAM). Sample overlapping is 
commonly encountered in GWAS-based MR analysis (Burgess 
et al., 2016) and can result in model over�tting and biased causal 
e�ect estimates. However, the proportion of individuals in the 
EPIC study is relatively small and represents only 6.22% of the 
EGG study and 5.86% of the DIAGRAM study, suggesting that 
the bias resulting from overlapped samples is neglectable (Burgess 
et al., 2016). In addition, there is no overlap between samples 
used in EGG (for birth weight) (Table S1) and samples used in 
CARDIoGRAMplusC4D (for CAD and MI) (Table S12). Second, 
for some complex traits, we had to use GWASs with relatively small 
samples due to data availability reasons. For example, we had to use 
summary statistics for blood pressures from the Atherosclerosis 
Risk in Communities (ARIC) GWAS cohort data (Text S2) (Richey 
Sharrett, 1992) with only 8,749 individuals. �e ARIC sample 
size is small compared with the previous largest GWAS meta-
analysis for blood pressure that includes ~200,000 individuals 
(�e International Consortium for Blood Pressure Genome-Wide 
Association Studies., 2011). However, this largest GWAS for blood 
pressure only released summary statistics in terms of the absolute 
e�ect size estimate but without the e�ect size direction/sign, and 
thus cannot be used in the present study. Besides the largest GWAS 
of blood pressure, we also examined the UK Biobank data (Sudlow 
et al., 2015) and obtained summary statistics available from the 
online MR-Base platform (Hemani et al., 2018) for blood pressures. 
Unfortunately, these two data sources contain part of the samples in  

the EGG study of birth weight without releasing detailed individual 
overlapping information, and thus cannot be used in the present 
study. �erefore, we had to use the ARIC data with a relatively 
small sample size and we emphasize that future research with larger 
samples to investigate blood pressures will likely be bene�cial. 
�ird, like many other MR applications, we have assumed a linear 
relationship between birth weight and adult diseases. It is certainly 
possible that non-linear relationships exist; for example, a U-shaped 
association pattern between birth weight and T2D was observed in a 
case control study for low birth weight (i.e., birth weight <2,500 g 
vs. > 2,500 g) (Harder et al., 2007). However, because birth weights 
for most individuals collected in the EGG study (Horikoshi 
et  al., 2016) are in the normal range (95% range is 2,492–4,405 
g; Table S1), a linearity assumption is likely a sensible choice for 
our study. Fourth, due to the use of GWAS summary statistics, 
we unfortunately cannot perform strati�ed analysis by gender 
and cannot estimate the causal e�ects of birth weight on adult 
diseases in males and females separately. �erefore, we are unable 
to validate di�erent gender-speci�c causal e�ects of birth weight on 
adult diseases that are observed in early studies (Barker et al., 2002). 
Fi�h, similar to other MR studies, our study cannot also be fully 
immune to confounding biases that are commonly encountered in 
observational studies. For example, birth weight is typically related 
to the socioeconomic position, which may not completely be ruled 
out in MR studies. Sixth, our study focuses only on European 
population, and future studies are needed to investigate whether 
our conclusions can be generalized to other human populations.

CONCLUSION

Our results suggest that lower birth weight is causally associated 
with an increased risk of CAD, MI, and T2D in later life, 
supporting the fetal origins of adult diseases hypothesis.

DATA AVAILABILITY

All datasets generated for this study are included in the 
manuscript and the supplementary �les.

AUTHOR CONTRIBUTIONS

PZ and XZ conceived the idea for the study. PZ obtained the 
genetic data. PZ and XZ developed the study methods. PZ 
performed the data analyses. PZ and XZ interpreted the results 
of the data analyses. PZ and XZ wrote the manuscript.

FUNDING

�is study was supported by the National Institutes of Health 
(R01HG009124 and R01GM126553 to XZ), the National Science 
Foundation (DMS1712933 to XZ), Youth Foundation of Humanity 
and Social Science funded by Ministry of Education of China 
(18YJC910002 to PZ), the Natural Science Foundation of Jiangsu 
(BK20181472 to PZ), the project funded by China Postdoctoral 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Association Between Birth Weight and Adult DiseasesZeng and Zhou

14 July 2019 | Volume 10 | Article 618Frontiers in Genetics | www.frontiersin.org

Science Foundation (2018M630607 and 2019T120465 to PZ), the 
Project funded by Postdoctoral Science Foundation of Xuzhou 
Medical University (to PZ), QingLan Research Project of Jiangsu 
for Outstanding Young Teachers (to PZ), the National Natural 
Science Foundation of China (81402765 to PZ),the Statistical 
Science Research Project from National Bureau of Statistics of 
China (2014LY112 to PZ), and the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD) 
for Xuzhou Medical University (to PZ).

ACKNOWLEDGMENTS

We are very grateful to Dr. Zhongshang Yuan for help to 
download the UK Biobank summary data. We thank all the 

GWAS consortium studies for making the summary data 
publicly available and are grateful to all the investigators and 
participants who contributed to those studies. �e GWAS 
summary data source to these data consortium is given in Text 
S5 of Supplementary text. �is manuscript has been released as a 
Pre-Print at https://www.biorxiv.org/content/10.1101/447573v1.

SUPPLEMENTARY MATERIAL

�e Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fgene.2019.00618/
full#supplementary-material
Supplementary Texts for method details, supplementary Results, 
Tables, and Figures.

REFERENCES

Andersen, L. G., Ängquist, L., Eriksson, J. G., Forsen, T., Gamborg, M., Osmond, C., 
et al. (2010). Birth weight, childhood body mass index and risk of coronary 
heart disease in adults: combined historical cohort studies. PLoS One 5 (11), 
e14126. doi: 10.1371/journal.pone.0014126

Angrist, J. D., Imbens, G. W., and Rubin, D. B. (1996). Identi�cation of causal 
e�ects using instrumental variables. J. Am. Stat. Assoc. 91 (434), 444–455. doi: 
10.1080/01621459.1996.10476902

Au Yeung, S. L., Lin, S. L., Li, A. M., and Schooling, C. M. (2016). Birth weight and 
risk of ischemic heart disease: a Mendelian randomization study. Sci. Rep. 6, 
38420. doi: 10.1038/srep38420

Banda, Y., Kvale, M. N., Ho�mann, T. J., Hesselson, S. E., Ranatunga, D., Tang, H., 
et al. (2015). Characterizing race/ethnicity and genetic ancestry for 100,000 
subjects in the Genetic Epidemiology Research on Adult Health and Aging 
(GERA) cohort. Genetics 200 (4), 1285–1295. doi: 10.1534/genetics.115.178616

Barker, D. J. (1990). �e fetal and infant origins of adult disease. Br. Med. J. 301 
(6761), 1111–1111. doi: 10.1136/bmj.301.6761.1111

Barker, D. J. (2004). �e developmental origins of chronic adult disease. Acta. 

Paediatrica. Suppl. 93 (s446), 26–33. doi: 10.1080/08035320410022730
Barker, D. J. P., Eriksson, J. G., Forsén, T., and Osmond, C. (2002). Fetal origins of 

adult disease: strength of e�ects and biological basis. Int. J. Epidemiol. 31 (6), 
1235–1239. doi: 10.1093/ije/31.6.1235

Barker, D. J., Godfrey, K. M., Fall, C., Osmond, C., Winter, P. D., and Shaheen, S. O. 
(1991). Relation of birth weight and childhood respiratory infection to adult 
lung function and death from chronic obstructive airways disease. Br. Med. J. 
303 (6804), 671–675. doi: 10.1136/bmj.303.6804.671

Beaumont, R. N., Horikoshi, M., McCarthy, M. I., and Freathy, R. M. (2017). How 
can genetic studies help us to understand links between birth weight and type 2 
diabetes? Curr. Diab. Rep. 17 (4), 22. doi: 10.1007/s11892-017-0852-9

Beaumont, R. N., Warrington, N. M., Cavadino, A., Tyrrell, J., Nodzenski, M., 
Horikoshi, M., et al. (2018). Genome-wide association study of o�spring birth 
weight in 86 577 women identi�es �ve novel loci and highlights maternal 
genetic e�ects that are independent of fetal genetics. Hum. Mol. Genet. 27 (4), 
742–756. doi: 10.1093/hmg/ddx429

Bentham, J., Morris, D. L., Cunninghame Graham, D. S., Pinder, C. L., Tombleson, P., 
Behrens, T. W., et al. (2015). Genetic association analyses implicate aberrant 
regulation of innate and adaptive immunity genes in the pathogenesis of 
systemic lupus erythematosus. Nat. Genet. 47 (12), 1457–1464. doi: 10.1038/
ng.3434

Bergstrom, A., Lindblad, P., and Wolk, A. (2001). Birth weight and risk of 
renal cell cancer. Kidney Int. 59 (3), 1110–1113. doi: 10.1046/ j. 1523-1755. 
2001.0590031110.x

Bowden, J., Davey Smith, G., Haycock, P. C., and Burgess, S. (2016a). Consistent 
estimation in Mendelian randomization with some invalid instruments using 
a weighted median estimator. Genet. Epidemiol. 40 (4), 304–314. doi: 10.1002/
gepi.21965

Bowden, J., Del Greco M, F., Minelli, C., Davey Smith, G., Sheehan, N. A., and 
�ompson, J. R. (2016b). Assessing the suitability of summary data for two-
sample Mendelian randomization analyses using MR-Egger regression: the role 
of the I2 statistic. Int. J. Epidemiol. 45 (6), 1961–1974. doi: 10.1093/ije/dyw220

Brion, M.-J. A., Shakhbazov, K., and Visscher, P. M. (2013). Calculating statistical 
power in Mendelian randomization studies. Int. J. Epidemiol. 42 (5), 1497–
1501. doi: 10.1093/ije/dyt179

Bruckner, T. A., and Catalano, R. (2018). Selection in utero and population health: 
theory and typology of research. SSM Popul. Health 5, 101–113. doi: 10.1016/j.
ssmph.2018.05.010

Burgess, S. (2014). Sample size and power calculations in Mendelian randomization 
with a single instrumental variable and a binary outcome. Int. J. Epidemiol. 43, 
922–929. doi: 10.1093/ije/dyu005

Burgess, S., Davies, N. M., and �ompson, S. G. (2016). Bias due to participant 
overlap in two-sample Mendelian randomization. Genet. Epidemiol. 40 (7), 
597–608. doi: 10.1002/gepi.21998

Burgess, S., Small, D. S., and �ompson, S. G. (2017a). A review of instrumental 
variable estimators for Mendelian randomization. Stat. Methods Med. Res. 26 
(5), 2333–2355. doi: 10.1177/0962280215597579

Burgess, S., �ompson, D. J., Rees, J. M. B., Day, F. R., Perry, J. R., and Ong, K. K. 
(2017b). Dissecting causal pathways using Mendelian randomization with 
summarized genetic data: application to age at menarche and risk of breast 
cancer. Genetics 207 (2), 481–487. doi: 10.1534/genetics.117.300191

Burgess, S., and �ompson, S. G. (2015). Multivariable Mendelian randomization: 
the use of pleiotropic genetic variants to estimate causal e�ects. Am. J. 

Epidemiol. 181 (4), 251–260. doi: 10.1093/aje/kwu283
Burgess, S., and �ompson, S. G. (2017). Interpreting �ndings from Mendelian 

randomization using the MR-Egger method. Eur. J. Epidemiol. 32 (5), 377–389. 
doi: 10.1007/s10654-017-0255-x

Burton, P. R., Clayton, D. G., Cardon, L. R., Craddock, N., Deloukas, P., Duncanson, A., 
et al. (2007). Association scan of 14,500 nonsynonymous SNPs in four diseases 
identi�es autoimmunity variants. Nat. Genet. 39 (11), 1329–1337. doi: 10.1038/
ng.2007.17

Chen, S., Yang, L., Pu, F., Lin, H., Wang, B., Liu, J., et al. (2015). High birth weight 
increases the risk for bone tumor: a systematic review and meta-analysis. Int. J. 

Environ. Res. Public Health 12 (9), 11178–11195. doi: 10.3390/ijerph120911178
Chomitz, V. R., Cheung, L. W., and Lieberman, E. (1995). �e role of lifestyle in 

preventing low birth weight. Future Child 5 (1), 121–138. doi: 10.2307/1602511
Cogswell, M. E., Parvanta, I., Ickes, L., Yip, R., and Brittenham, G. M. (2003). Iron 

supplementation during pregnancy, anemia, and birth weight: a randomized 
controlled trial. Am. J. Clin. Nutr. 78 (4), 773–781. doi: 10.1093/ajcn/78.4.773

Cordell, H. J., Han, Y., Mells, G. F., Li, Y., Hirsch�eld, G. M., Greene, C. S., et al. 
(2015). International genome-wide meta-analysis identi�es new primary 
biliary cirrhosis risk loci and targetable pathogenic pathways. Nat. Commun. 
6, 8019. doi: 10.1038/ncomms9019

Cousminer, D. L., Berry, D. J., Timpson, N. J., Ang, W., �iering, E., Byrne, E. M., 
et al. (2013). Genome-wide association and longitudinal analyses reveal genetic 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.biorxiv.org/content/10.1101/447573v1
https://www.frontiersin.org/articles/10.3389/fgene.2019.00618/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00618/full#supplementary-material
https://doi.org/10.1371/journal.pone.0014126
https://doi.org/10.1080/01621459.1996.10476902
https://doi.org/10.1038/srep38420
https://doi.org/10.1534/genetics.115.178616
https://doi.org/10.1136/bmj.301.6761.1111
https://doi.org/10.1080/08035320410022730
https://doi.org/10.1093/ije/31.6.1235
https://doi.org/10.1136/bmj.303.6804.671
https://doi.org/10.1007/s11892-017-0852-9
https://doi.org/10.1093/hmg/ddx429
https://doi.org/10.1038/ng.3434
https://doi.org/10.1038/ng.3434
https://doi.org/10.1046/j.1523-1755.2001.0590031110.x
https://doi.org/10.1046/j.1523-1755.2001.0590031110.x
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyw220
https://doi.org/10.1093/ije/dyt179
https://doi.org/10.1016/j.ssmph.2018.05.010
https://doi.org/10.1016/j.ssmph.2018.05.010
https://doi.org/10.1093/ije/dyu005
https://doi.org/10.1002/gepi.21998
https://doi.org/10.1177/0962280215597579
https://doi.org/10.1534/genetics.117.300191
https://doi.org/10.1093/aje/kwu283
https://doi.org/10.1007/s10654-017-0255-x
https://doi.org/10.1038/ng.2007.17
https://doi.org/10.1038/ng.2007.17
https://doi.org/10.3390/ijerph120911178
https://doi.org/10.2307/1602511
https://doi.org/10.1093/ajcn/78.4.773
https://doi.org/10.1038/ncomms9019


Association Between Birth Weight and Adult DiseasesZeng and Zhou

15 July 2019 | Volume 10 | Article 618Frontiers in Genetics | www.frontiersin.org

loci linking pubertal height growth, pubertal timing and childhood adiposity. 
Hum. Mol. Genet. 22 (13), 2735–2747. doi: 10.1093/hmg/ddt104

Cragg, J. G., and Donald, S. G. (1993). Testing identi�ability and speci�cation in 
instrumental variable models. Economet. �eor. 9 (2), 222–240. doi: 10.1017/
S0266466600007519

Curhan, G. C., Chertow, G. M., Willett, W. C., Spiegelman, D., Colditz, G. A., 
Manson, J. E., et al. (1996). Birth weight and adult hypertension and obesity in 
women. Circulation 94 (6), 1310–1315. doi: 10.1161/01.CIR.94.6.1310

Dabelea, D., Pettitt, D. J., Hanson, R. L., Imperatore, G., Bennett, P. H., and Knowler,  W. C. 
(1999). Birth weight, type 2 diabetes, and insulin resistance in Pima Indian children 
and young adults. Diab. Care 22 (6), 944–950. doi: 10.2337/diacare.22.6.944

Davey Smith, G., and Ebrahim, S. (2003). ‘Mendelian randomization’: can genetic 
epidemiology contribute to understanding environmental determinants of 
disease? Int. J. Epidemiol. 32 (1), 1–22. doi: 10.1093/ije/dyg070

Do, R., Willer, C. J., Schmidt, E. M., Sengupta, S., Gao, C., Peloso, G. M., et al. 
(2013). Common variants associated with plasma triglycerides and risk for 
coronary artery disease. Nat. Genet. 45 (11), 1345–1352. doi: 10.1038/ng.2795

Dubois, P. C. A., Trynka, G., Franke, L., Hunt, K. A., Romanos, J., Curtotti, A., et al. 
(2010). Multiple common variants for celiac disease in�uencing immune gene 
expression. Nat. Genet. 42 (4), 295–302. doi: 10.1038/ng.543

Dupuis, J., Langenberg, C., Prokopenko, I., Saxena, R., Soranzo, N., Jackson, A. U., 
et  al. (2010). New genetic loci implicated in fasting glucose homeostasis and their 
impact on type 2 diabetes risk. Nat. Genet. 42 (2), 105–116. doi: 10.1038/ng.520

Eaves, L. J., Pourcain, B. S., Smith, G. D., York, T. P., and Evans, D. M. (2014). 
Resolving the e�ects of maternal and o�spring genotype on dyadic outcomes 
in genome wide complex trait analysis (“M-GCTA”). Behav. Genet. 44 (5), 445–
455. doi: 10.1007/s10519-014-9666-6

Eriksson, J. G., Forsén, T., Tuomilehto, J., Osmond, C., and Barker, D. J. P. (2001). 
Early growth and coronary heart disease in later life: longitudinal study. 
Br. Med. J. 322 (7292), 949–953. doi: 10.1136/bmj.322.7292.949

Freeman, G., Cowling, B. J., and Schooling, C. M. (2013). Power and sample 
size calculations for Mendelian randomization studies using one genetic 
instrument. Int. J. Epidemiol. 42 (4), 1157–1163. doi: 10.1093/ije/dyt110

Fritsche, L. G., Igl, W., Bailey, J. N. C., Grassmann, F., Sengupta, S., Bragg-
Gresham, J. L., et al. (2016). A large genome-wide association study of age-
related macular degeneration highlights contributions of rare and common 
variants. Nat. Genet. 48 (2), 134–143. doi: 10.1038/ng.3448

Georgakis, M. K., Kalogirou, E. I., Liaskas, A., Karalexi, M. A., Papathoma, P., 
Ladopoulou, K., et al. (2017). Anthropometrics at birth and risk of a primary 
central nervous system tumour: a systematic review and meta-analysis. Eur. J. 

Cancer Care 75, 117–131. doi: 10.1016/j.ejca.2016.12.033
Greenland, S. (2000). An introduction to instrumental variables for 

epidemiologists. Int. J. Epidemiol. 29, 722–729. doi: 10.1093/ije/29.4.722
Gujral, U. P., Pradeepa, R., Weber, M. B., Narayan, K. M. V., and Mohan, V. 

(2013). Type 2 diabetes in South Asians: similarities and di�erences with white 
Caucasian and other populations. Ann. N. Y. Acad. Sci. 1281 (1), 51–63. doi: 
10.1111/j.1749-6632.2012.06838.x

Hackman, E., Emanuel, I., van Belle, G., and Daling, J. (1983). Maternal birth 
weight and subsequent pregnancy outcome. JAMA 250 (15), 2016–2019. doi: 
10.1001/jama.1983.03340150058027

Harder, T., Rodekamp, E., Schellong, K., Dudenhausen, J. W., and Plagemann, A. 
(2007). Birth weight and subsequent risk of type 2 diabetes: a meta-analysis. 
Am. J. Epidemiol. 165 (8), 849–857. doi: 10.1093/aje/kwk071

Haycock, P. C., Burgess, S., Wade, K. H., Bowden, J., Relton, C., and Smith, G. D. 
(2016). Best (but o�-forgotten) practices: the design, analysis, and interpretation 
of Mendelian randomization studies. Am. J. Clin. Nutr. 103 (4), 965–978. doi: 
10.3945/ajcn.115.118216

Hemani, G., Zheng, J., Elsworth, B., Wade, K. H., Haberland, V., Baird, D., et al. 
(2018). �e MR-Base platform supports systematic causal inference across the 
human phenome. Elife 7, e34408. doi: 10.7554/eLife.34408

Horikoshi, M., Beaumont, R. N., Day, F. R., Warrington, N. M., Kooijman, M. N., 
Fernandez-Tajes, J., et al. (2016). Genome-wide associations for birth weight 
and correlations with adult disease. Nature 538 (7624), 248–252. doi: 10.1038/
nature19806

Horikoshi, M., Yaghootkar, H., Mook-Kanamori, D. O., Sovio, U., Taal, H. R., 
Hennig, B. J., et al. (2013). New loci associated with birth weight identify 
genetic links between intrauterine growth and adult height and metabolism. 
Nat. Genet. 45 (1), 76–82. doi: 10.1038/ng.2477

Ji, S.-G., Juran, B. D., Mucha, S., Folseraas, T., Jostins, L., Melum, E., et al. (2017). 
Genome-wide association study of primary sclerosing cholangitis identi�es 
new risk loci and quanti�es the genetic relationship with in�ammatory bowel 
disease. Nat. Genet. 49 (2), 269–273. doi: 10.1038/ng.3745

Johnson, C. D., Jones, S., and Paranjothy, S. (2017). Reducing low birth weight: 
prioritizing action to address modi�able risk factors. J. Public Health 39 (1), 
122–131. doi: 10.1093/pubmed/fdv212

Johnsson, I. W., Haglund, B., Ahlsson, F., and Gustafsson, J. (2015). A high birth 
weight is associated with increased risk of type 2 diabetes and obesity. Pediatr. 

Obes. 10 (2), 77–83. doi: 10.1111/ijpo.230
Köttgen, A., Pattaro, C., Böger, C. A., Fuchsberger, C., Olden, M., Glazer, N. L., 

et al. (2010). New loci associated with kidney function and chronic kidney 
disease. Nat. Genet. 42 (5), 376–384. doi: 10.1038/ng.568

Kahn, L. G., Buka, S. L., Cirillo, P. M., Cohn, B. A., Factor-Litvak, P., Gillman, M. W., 
et al. (2017). Evaluating the relationship between birth weight for gestational 
age and adult blood pressure using participants from a cohort of same-sex 
siblings, discordant on birth weight percentile. Am. J. Epidemiol. 186 (5), 550–
554. doi: 10.1093/aje/kwx126

Kar, S. P., Andrulis, I. L., Brenner, H., Burgess, S., Chang-Claude, J., Considine, D., 
et al. (2018). �e association between weight at birth and breast cancer risk 
revisited using Mendelian randomisation. Eur. J. Epidemiol. 34 (6), 591–600. 
doi: 10.1007/s10654-019-00485-7

Lambert, J.-C., Ibrahim-Verbaas, C. A., Harold, D., Naj, A. C., Sims, R., Bellenguez, C., 
et al. (2013). Meta-analysis of 74,046 individuals identi�es 11 new susceptibility 
loci for Alzheimer’s disease. Nat. Genet. 45 (12), 1452–1458. doi: 10.1038/ng.2802

Law, C. M. (2002). Signi�cance of birth weight for the future. Arch. Dis. Child. Fetal 

Neonatal Ed. 86 (1), F7–F8. doi: 10.1136/fn.86.1.F7
Law, C. M., and Shiell, A. W. (1996). Is blood pressure inversely related to birth 

weight? �e strength of evidence from a systematic review of the literature. 
J. Hypertens. 14 (8), 935–941. doi: 10.1097/00004872-199608000-00002

Lawlor, D., Richmond, R., Warrington, N., McMahon, G., Davey Smith, G., 
Bowden, J., et al. (2017). Using Mendelian randomization to determine causal 
e�ects of maternal pregnancy (intrauterine) exposures on o�spring outcomes: 
sources of bias and methods for assessing them [version 1; referees: 4 approved]. 
Wellcome Open Res. 2, 11. doi: 10.12688/wellcomeopenres.10567.1

Lawlor, D. A., Harbord, R. M., Sterne, J. A., Timpson, N., and Davey Smith, G. 
(2008). Mendelian randomization: using genes as instruments for making causal 
inferences in epidemiology. Stat. Med. 27 (8), 1133–1163. doi: 10.1002/sim.3034

Lawlor, D. A., Ronalds, G., Clark, H., Davey Smith, G., and Leon, D. A. (2005). 
Birth weight is inversely associated with incident coronary heart disease and 
stroke among individuals born in the 1950s: �ndings from the Aberdeen 
Children of the 1950s prospective cohort study. Circ. J. 112 (10), 1414–1418. 
doi: 10.1161/CIRCULATIONAHA.104.528356

Leon, D. (1998). Fetal growth and adult disease. Eur. J. Clin. Nutr. 52, S72–78. 
discussion S78–82. 

Liu, J. Z., van Sommeren, S., Huang, H., Ng, S. C., Alberts, R., Takahashi, A., et al. 
(2015). Association analyses identify 38 susceptibility loci for in�ammatory 
bowel disease and highlight shared genetic risk across populations. Nat. Genet. 
47 (9), 979–986. doi: 10.1038/ng.3359

Locke, A. E., Kahali, B., Berndt, S. I., Justice, A. E., Pers, T. H., Day, F. R., et al. 
(2015). Genetic studies of body mass index yield new insights for obesity 
biology. Nature 518 (7538), 197–206. doi: 10.1038/nature14177

Lucas, A. (1998). Programming by early nutrition: an experimental approach. 
J. Nutr. 128 (2), 401S–406S. doi: 10.1093/jn/128.2.401S

Lucas, A., Fewtrell, M. S., and Cole, T. J. (1999). Fetal origins of adult disease—the 
hypothesis revisited. Br. Med. J. 319 (7204), 245–249. doi: 10.1136/bmj.319.7204.245

MacArthur, J., Bowler, E., Cerezo, M., Gil, L., Hall, P., Hastings, E., et al. (2017). �e 
new NHGRI-EBI Catalog of published genome-wide association studies (GWAS 
Catalog). Nucleic Acids Res. 45 (D1), D896–D901. doi: 10.1093/nar/gkw1133

Malik, R., Chauhan, G., Traylor, M., Sargurupremraj, M., Okada, Y., Mishra, A., 
et al. (2018). Multiancestry genome-wide association study of 520,000 subjects 
identi�es 32 loci associated with stroke and stroke subtypes. Nat. Genet. 50 (4), 
524–537. doi: 10.1038/s41588-018-0058-3

Mu, M., Ye, S., Bai, M.-J., Liu, G.-L., Tong, Y., Wang, S.-F., et al. (2014). Birth weight 
and subsequent risk of asthma: a systematic review and meta-analysis. Heart 

Lung Circ. 23 (6), 511–519. doi: 10.1016/j.hlc.2013.11.018
Nair, M., and Prabhakaran, D. (2012). Why do South Asians have high risk for 

CAD? Global Heart 7 (4), 307–314. doi: 10.1016/j.gheart.2012.09.001

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1093/hmg/ddt104
https://doi.org/10.1017/S0266466600007519
https://doi.org/10.1017/S0266466600007519
https://doi.org/10.1161/01.CIR.94.6.1310
https://doi.org/10.2337/diacare.22.6.944
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1038/ng.2795
https://doi.org/10.1038/ng.543
https://doi.org/10.1038/ng.520
https://doi.org/10.1007/s10519-014-9666-6
https://doi.org/10.1136/bmj.322.7292.949
https://doi.org/10.1093/ije/dyt110
https://doi.org/10.1038/ng.3448
https://doi.org/10.1016/j.ejca.2016.12.033
https://doi.org/10.1093/ije/29.4.722
https://doi.org/10.1111/j.1749-6632.2012.06838.x
https://doi.org/10.1001/jama.1983.03340150058027
https://doi.org/10.1093/aje/kwk071
https://doi.org/10.3945/ajcn.115.118216
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1038/nature19806
https://doi.org/10.1038/nature19806
https://doi.org/10.1038/ng.2477
https://doi.org/10.1038/ng.3745
https://doi.org/10.1093/pubmed/fdv212
https://doi.org/10.1111/ijpo.230
https://doi.org/10.1038/ng.568
https://doi.org/10.1093/aje/kwx126
https://doi.org/10.1007/s10654-019-00485-7
https://doi.org/10.1038/ng.2802
https://doi.org/10.1136/fn.86.1.F7
https://doi.org/10.1097/00004872-199608000-00002
https://doi.org/10.12688/wellcomeopenres.10567.1
https://doi.org/10.1002/sim.3034
https://doi.org/10.1161/CIRCULATIONAHA.104.528356
https://doi.org/10.1038/ng.3359
https://doi.org/10.1038/nature14177
https://doi.org/10.1093/jn/128.2.401S
https://doi.org/10.1136/bmj.319.7204.245
https://doi.org/10.1093/nar/gkw1133
https://doi.org/10.1038/s41588-018-0058-3
https://doi.org/10.1016/j.hlc.2013.11.018
https://doi.org/10.1016/j.gheart.2012.09.001


Association Between Birth Weight and Adult DiseasesZeng and Zhou

16 July 2019 | Volume 10 | Article 618Frontiers in Genetics | www.frontiersin.org

Nikpay, M., Goel, A., Won, H.-H., Hall, L. M., Willenborg, C., Kanoni, S., et al. (2015). 
A comprehensive 1000 Genomes-based genome-wide association meta-analysis 
of coronary artery disease. Nat. Genet. 47 (10), 1121–1130. doi: 10.1038/ng.3396

Noyce, A. J., Kia, D. A., Hemani, G., Nicolas, A., Price, T. R., De Pablo-Fernandez, E., 
et al. (2017). Estimating the causal in�uence of body mass index on risk of 
Parkinson disease: a Mendelian randomisation study. PLoS Med. 14 (6), 
e1002314. doi: 10.1371/journal.pmed.1002314

Oberg, S., Cnattingius, S., Sandin, S., Lichtenstein, P., and Iliadou, A. N. (2011). 
Birth weight predicts risk of cardiovascular disease within dizygotic but not 
monozygotic twin pairs a large population-based co-twin-control study. 
Circulation 123 (24), 2792–2798. doi: 10.1161/CIRCULATIONAHA.110.987339

Østergaard, S. D., Mukherjee, S., Sharp, S. J., Proitsi, P., Lotta, L. A., Day, F., et al. 
(2015). Associations between potentially modi�able risk factors and Alzheimer 
disease: a Mendelian randomization study. PLoS Med. 12 (6), e1001841. doi: 
10.1371/journal.pmed.1001841

Pankratz, N., Beecham, G. W., DeStefano, A. L., Dawson, T. M., Doheny, K. F., 
Factor, S. A., et al. (2012). Meta-analysis of Parkinson’s disease: identi�cation 
of a novel locus, RIT2. Ann. Neurol. 71 (3), 370–384. doi: 10.1002/ana.22687

Pasaniuc, B., Zaitlen, N., Shi, H., Bhatia, G., Gusev, A., Pickrell, J., et al. (2014). Fast 
and accurate imputation of summary statistics enhances evidence of functional 
enrichment. Bioinformatics 30 (20), 2906–2914. doi: 10.1093/bioinformatics/
btu416

Peck, J. D., Hulka, B. S., Savitz, D. A., Baird, D., Poole, C., and Richardson, B. E. 
(2003). Accuracy of fetal growth indicators as surrogate measures of steroid 
hormone levels during pregnancy. Am. J. Epidemiol. 157 (3), 258–266. doi: 
10.1093/aje/kwf183

Purcell, S., Neale, B., Todd-Brown, K., �omas, L., Ferreira, M. A. R., Bender, D., 
et al. (2007). Plink: a tool set for whole-genome association and population-
based linkage analyses. Am. J. Hum. Genet. 81 (3), 559–575. doi: 10.1086/519795

Ramakrishnan, U. (2004). Nutrition and low birth weight: from research to 
practice. Am. J. Clin. Nutr. 79 (1), 17–21. doi: 10.1093/ajcn/79.1.17

Richey Sharrett, A. (1992). �e atherosclerosis risk in communities (ARIL) study 
introduction and objectives of the hemostasis component. Ann. Epidemiol. 
2 (4), 467–469. doi: 10.1016/1047-2797(92)90096-9

Rietveld, C. A., Medland, S. E., Derringer, J., Yang, J., Esko, T., Martin, N. W., et al. 
(2013). GWAS of 126,559 individuals identi�es genetic variants associated 
with educational attainment. Science 340 (6139), 1467–1471. doi: 10.1126/
science.1235488

Ruiz-Narvaez, E. A., Palmer, J. R., Gerlovin, H., Wise, L. A., Vimalananda, V. G., 
Rosenzweig, J. L., et al. (2014). Birth weight and risk of type 2 diabetes in the 
Black Women’s Health Study: does adult BMI play a mediating role? Diab. Care 
37 (9), 2572–2578. doi: 10.2337/dc14-0731

Sachdev, H. (2001). Low birth weight in South Asia. Int. J. Diabet. Dev. Ctries 
21 (1), 13–31. 

Sandhu, M. S., Luben, R., Day, N. E., and Khaw, K. T. (2002). Self-reported birth 
weight and subsequent risk of colorectal cancer. Cancer Epidemiol. Biomarkers 

Prev. 11 (9), 935–938. 
Scharf, R. J., Stroustrup, A., Conaway, M. R., and DeBoer, M. D. (2016). Growth 

and development in children born very low birthweight. Arch. Dis. Child. Fetal 

Neonatal Ed. 101 (5), F433–F438. doi: 10.1136/archdischild-2015-309427
Scott, R. A., Scott, L. J., Mägi, R., Marullo, L., Gaulton, K. J., Kaakinen, M., et al. 

(2017). An expanded genome-wide association study of type 2 diabetes in 
Europeans. Diabetes 66 (11), 2888–2902. doi: 10.2337/db16-1253

Sheehan, N. A., Didelez, V., Burton, P. R., and Tobin, M. D. (2008). Mendelian 
randomisation and causal inference in observational epidemiology. PLoS Med. 
5 (8), e177. doi: 10.1371/journal.pmed.0050177

Shim, H., Chasman, D. I., Smith, J. D., Mora, S., Ridker, P. M., Nickerson, D. A., 
et al. (2015). A multivariate genome-wide association analysis of 10 LDL 
subfractions, and their response to statin treatment, in 1868 Caucasians. PLoS 

One 10 (4), e0120758. doi: 10.1371/journal.pone.0120758
Staley, J. R., Blackshaw, J., Kamat, M. A., Ellis, S., Surendran, P., Sun, B. B., et al. 

(2016). PhenoScanner: a database of human genotype-phenotype associations. 
Bioinformatics 32 (20), 3207–3209. doi: 10.1093/bioinformatics/btw373

Sudlow, C., Gallacher, J., Allen, N., Beral, V., Burton, P., Danesh, J., et al. (2015). 
UK Biobank: an open access resource for identifying the causes of a wide range 
of complex diseases of middle and old age. PLoS Med. 12 (3), e1001779. doi: 
10.1371/journal.pmed.1001779

Teslovich, T. M., Musunuru, K., Smith, A. V., Edmondson, A. C., Stylianou, I. M., 
Koseki, M., et al. (2010). Biological, clinical and population relevance of 95 loci 
for blood lipids. Nature 466 (7307), 707–713. doi: 10.1038/nature09270

�e International Consortium for Blood Pressure Genome-Wide Association 
Studies (2011). Genetic variants in novel pathways in�uence blood pressure 
and cardiovascular disease risk. Nature 478 (7367), 103–109. doi: 10.1038/
nature10405

�e Tobacco and Genetics Consortium (2010). Genome-wide meta-analyses 
identify multiple loci associated with smoking behavior. Nat. Genet. 42 (5), 
441–447. doi: 10.1038/ng.571

�e Wellcome Trust Case Control Consortium (2007). Genome-wide association 
study of 14,000 cases of seven common diseases and 3,000 shared controls. 
Nature 447 (7145), 661–678. doi: 10.1038/nature05911

�ompson, S. G., and Sharp, S. J. (1999). Explaining heterogeneity in meta-
analysis: a comparison of methods. Stat. Med. 18 (20), 2693–2708. doi: 10.1002/
(SICI)1097-0258(19991030)18:20<2693::AID-SIM235>3.0.CO;2-V

Vanderweele, T. J., and Arah, O. A. (2011). Bias formulas for sensitivity analysis of 
unmeasured confounding for general outcomes, treatments, and confounders. 
Epidemiology 22 (1), 42–52. doi: 10.1097/EDE.0b013e3181f74493

Verbanck, M., Chen, C.-Y., Neale, B., and Do, R. (2018). Detection of widespread 
horizontal pleiotropy in causal relationships inferred from Mendelian 
randomization between complex traits and diseases. Nat. Genet. 50 (5), 693–
698. doi: 10.1038/s41588-018-0099-7

Wang, T., Huang, T., Li, Y., Zheng, Y., Manson, J. E., Hu, F. B., et al. (2016). Low 
birthweight and risk of type 2 diabetes: a Mendelian randomisation study. 
Diabetologia 59 (9), 1920–1927. doi: 10.1007/s00125-016-4019-z

Warrington, N. M., Freathy, R. M., Neale, M. C., and Evans, D. M. (2018). Using 
structural equation modelling to jointly estimate maternal and fetal e�ects 
on birthweight in the UK Biobank. Int. J. Epidemiol., 47 (4), 1229–1241. doi: 
10.1093/ije/dyy015

WHO (2014). Global nutrition targets 2025: low birth weight policy brief Geneva. 
World Health Organization. Available at: https://www.who.int/nutrition/
publications/globaltargets2025_policybrief_lbw/en/

Wilkinson, P., Sayer, J., Laji, K., Grundy, C., Marchant, B., Kopelman, P., et al. 
(1996). Comparison of case fatality in south Asian and white patients a�er 
acute myocardial infarction: observational study. Br. Med. J. 312 (7042), 1330–
1333. doi: 10.1136/bmj.312.7042.1330

Xu, X., Dailey, A. B., Peoples-Sheps, M., Talbott, E. O., Li, N., and Roth, J. 
(2009). Birth weight as a risk factor for breast cancer: a meta-analysis of 18 
epidemiological studies. J. Womens Health 18 (8), 1169–1178. doi: 10.1089/
jwh.2008.1034

Zanetti, D., Tikkanen, E., Gustafsson, S., Priest, J. R., Burgess, S., and Ingelsson, E. 
(2018). Birthweight, type 2 diabetes mellitus, and cardiovascular disease: 
addressing the Barker hypothesis with Mendelian randomization. Circ. Genom. 

Precis. Med. 11, e002054. doi: 10.1161/CIRCGEN.117.002054
Zeng, P., Hao, X., and Zhou, X. (2018). Pleiotropic mapping and annotation 

selection in genome-wide association studies with penalized Gaussian mixture 
models. Bioinformatics 34 (16), 2797–2807. doi: 10.1093/bioinformatics/bty204

Zhou, C. K., Sutcli�e, S., Welsh, J., Mackinnon, K., Kuh, D., Hardy, R., et al. (2016). 
Is birthweight associated with total and aggressive/lethal prostate cancer risks? 
A systematic review and meta-analysis. Br. J. Cancer 114, 839. doi: 10.1038/
bjc.2016.38

Zhou, W., Nielsen, J. B., Fritsche, L. G., Dey, R., Gabrielsen, M. E., Wolford, B. N., 
et al. (2018). E�ciently controlling for case-control imbalance and sample 
relatedness in large-scale genetic association studies. Nat. Genet. 50 (9), 1335–
1341. doi: 10.1038/s41588-018-0184-y

Con�ict of Interest Statement: �e authors declare that the research was 
conducted in the absence of any commercial or �nancial relationships that could 
be construed as a potential con�ict of interest.

Copyright © 2019 Zeng and Zhou. �is is an open-access article distributed under the 

terms of the Creative Commons Attribution License (CC BY). �e use, distribution 

or reproduction in other forums is permitted, provided the original author(s) and 

the copyright owner(s) are credited and that the original publication in this journal 

is cited, in accordance with accepted academic practice. No use, distribution or 

reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1038/ng.3396
https://doi.org/10.1371/journal.pmed.1002314
https://doi.org/10.1161/CIRCULATIONAHA.110.987339
https://doi.org/10.1371/journal.pmed.1001841
https://doi.org/10.1002/ana.22687
https://doi.org/10.1093/bioinformatics/btu416
https://doi.org/10.1093/bioinformatics/btu416
https://doi.org/10.1093/aje/kwf183
https://doi.org/10.1086/519795
https://doi.org/10.1093/ajcn/79.1.17
https://doi.org/10.1016/1047-2797(92)90096-9
https://doi.org/10.1126/science.1235488
https://doi.org/10.1126/science.1235488
https://doi.org/10.2337/dc14-0731
https://doi.org/10.1136/archdischild-2015-309427
https://doi.org/10.2337/db16-1253
https://doi.org/10.1371/journal.pmed.0050177
https://doi.org/10.1371/journal.pone.0120758
https://doi.org/10.1093/bioinformatics/btw373
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1038/nature09270
https://doi.org/10.1038/nature10405
https://doi.org/10.1038/nature10405
https://doi.org/10.1038/ng.571
https://doi.org/10.1038/nature05911
http://doi.org/10.1002/(SICI)1097-0258(19991030)18:20<2693::AID-SIM235>3.0.CO;2-V
http://doi.org/10.1002/(SICI)1097-0258(19991030)18:20<2693::AID-SIM235>3.0.CO;2-V
https://doi.org/10.1097/EDE.0b013e3181f74493
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1007/s00125-016-4019-z
https://doi.org/10.1093/ije/dyy015
https://www.who.int/nutrition/publications/globaltargets2025_policybrief_lbw/en/
https://www.who.int/nutrition/publications/globaltargets2025_policybrief_lbw/en/
https://doi.org/10.1136/bmj.312.7042.1330
https://doi.org/10.1089/jwh.2008.1034
https://doi.org/10.1089/jwh.2008.1034
https://doi.org/10.1161/CIRCGEN.117.002054
https://doi.org/10.1093/bioinformatics/bty204
https://doi.org/10.1038/bjc.2016.38
https://doi.org/10.1038/bjc.2016.38
https://doi.org/10.1038/s41588-018-0184-y
http://creativecommons.org/licenses/by/4.0/

	Causal Association Between Birth Weight and Adult Diseases: Evidence From a Mendelian Randomization Analysis
	Introduction
	Materials and Methods
	Data Sources
	Selecting Instruments for Mendelian Randomization Analyses
	Mendelian Randomization, Sensitivity Analyses, and Multivariable Analyses

	Results
	Mendelian Randomization Identifies Three Adult Diseases That Are Causally Affected by Birth Weight
	Mendelian Randomization Results Are Robust With Respect to Instrument Outliers and the Choice of Instrumental Variables
	Various Sensitivity Analyses Further Validate the Main Mendelian Randomization Results
	Causal Effects of Birth Weight on the Three Identified Diseases Are Not Mediated Through Other Complex Traits
	Special Sensitivity Analyses to Examine the Influence of Maternal Effects on the Main Mendelian Randomization Results

	Discussion
	A Summary of Our Mendelian Randomization Analyses
	Comparison of Our Findings With Those 
in Previous Studies
	Public Health Implications of Our Results
	Confounding of the Maternal Effects
	Limitations of Our Study

	Conclusion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


