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Abstract

randomization (MR) analysis.

circumference (p=0.172).

circumference, waist-to-hip ratio and birth size.

Background: Observational studies have illustrated that maternal central obesity is associated with birth size, including of
birth weight, birth length and head circumference, but the causal nature of these associations remains unclear. Our study
aimed to test the causal effect of maternal central obesity on birth size and puberty height growth using a Mendelian

Methods: We performed two-sample MR using summary-level genome-wide public data. Thirty-five single nucleotide
polymorphisms (SNPs), 25 SNPs and 41 SNPs were selected as instrumental variables for waist-to-hip ratio adjusted for
BMI, waist circumference adjusted for BMI and hip circumference adjusted for BMI, respectively to test the causal effects
of maternal central obesity on birth size and puberty height using an inverse-variance-weighted approach.

Results: In this MR analysis, we found no evidence of a causal association between waist circumference or waist-to-hip
ratio and the outcomes. However, we observed that one standard deviation (SD) increase in hip circumference (HIP) was
associated with a 0.392 SD increase in birth length (p=1.1x 10" %) and a 0.168 SD increase in birth weight (p=7.1x 10~°)
, respectively at the Bonferroni-adjusted level of significance. In addition, higher genetically predicted maternal HIP was
strongly associated with the puberty heights (0.835 SD, p=84x 10~ '%). However, HIP was not associated with head

Conclusions: A genetic predisposition to higher maternal HIP was causally associated with larger offspring birth size
independent of maternal BMI. However, we found no evidence of a causal association between maternal waist

Keywords: Maternal central obesity, Birth size, Birth weight, Birth length, Puberty height, Mendelian randomization

Background

Overweight has become a world epidemic affecting
women of childbearing age. Up to 50% of reproductive
age women were overweight or obesity in Europe and the
USA [1, 2]. Maternal overweight and obesity are associ-
ated with higher risks of many pregnancy complications
and perinatal outcomes [3—6]. In addition, maternal over-
weight and obesity in pregnancy have been reported to be
associated with early puberty development, such as earlier
ages at menarche in daughters and earlier ages of voice
break, acne and first nocturnal emission in sons [7, 8]. A
previous Mendelian randomization study has illustrated
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that increased maternal BMI was causally associated with
higher offspring birth weight [9].

However, waist circumference (WC), waist-to-hip ratio
(WHR) and hip circumference (HIP), as indicators of
central obesity have been suggested as being superior to
BM]I, given the relationship with visceral adiposity and
the natural pregnant process [10-14]. Observational
studies have documented that maternal central obesity is
associated with an increased risk of adverse birth out-
comes [15-18]. Nevertheless, maternal socioeconomic
status and unmeasured lifestyle, such as smoking status,
physical activity and diet might confound the observed
associations. In addition, the inter-correlation of obesity
traits also makes it difficult to examine the causal associ-
ations. Identifying a potential causal effect of maternal
central obesity independent of BMI on birth size could
clarify the causal association between maternal central
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obesity traits and birth size. Hence evidenced-based rec-
ommendations could be provided for pregnant women.
Mendelian Randomization (MR) analysis has become
widely used to assess the potential causal relationship be-
tween environmental risk factors and diseases. MR studies
have often been likened to natural randomized trials, in
which genotype plays the role of random treatment as-
signment, avoiding the possibility of confounding and re-
verse causation [19-22]. It has been successfully explained
the causal relationship between maternal BMI and birth
weight [9]. Therefore, we conducted an MR analysis to in-
vestigate the relations of maternal central obesity with
birth size and puberty heights using summary level data.

Methods

Study design

An MR analysis is free of confounding and reverse caus-
ation compared with observational studies. There are three
assumptions of MR analysis (Fig. 1). First, the genetic vari-
ants used as instrumental variables (IVs) must be associated
with maternal central obesity; second, the genetic variants
must not be associated with any confounders; third, the
genetic variants must be conditionally independent of the
birth size and puberty height given the maternal central
obesity and confounders of the risk factor-outcome rela-
tionship. The second and third assumptions are known as
independence from pleiotropy [23, 24].

Genetically predicted maternal central obesity

Genetically predicted maternal central obesity including of
waist-to-hip ratio adjusted for BMI (WHRadjBMI), waist
circumference adjusted for BMI (WCadjBMI) and hip cir-
cumference adjusted for BMI (HIPadjBMI) were based on
single nucleotide polymorphisms (SNPs) of genome-wide
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significant (P <5 x 10™%) from the Genetic Investigation of
Anthropometric Traits (GIANT) Consortium, which have
been downloaded from http://portals.broadinstitute.org/col
laboration/giant/index.php/GIANT_consortium_data_files.

GIANT consortium is an international collaboration
that seeks to identify genetic loci that modulate human
body size and shape, including height and measure of
obesity. This genome-wide association meta-analysis
(GWAS) included 224,459 individuals of European an-
cestry [25]. We assessed correlation (linkage disequilib-
rium) between SNPs using SNP Annotation and Proxy
(SNAP) Search system (https://www.broadinstitute.org/
snap/snap) for the same reference catalogue and popula-
tion [26]. Highly correlated SNPs (*>0.05) were dis-
carded based on larger P value. We used 35 SNPs from
GIANT consortium as an IV for WHRadjBMI, 25 SNPs
for WCadjBMI and 41 SNPs for HIPadjBMI. Full details
of the selected SNPs are provided in Additional file 1:
Tables Sla, S1b and Slc. Any SNP for exposures not
available for an outcome was replaced with a highly cor-
related proxy SNP (> 0.8).

Genetically predicated birth size and puberty height

Genetic associations with birth weight [27], birth length
[28], head circumference [29] and puberty growth [30] have
been contributed by the Early Growth Genetics (EGQ)
Consortium from http://egg-consortium.org. The EGG
Consortium represents a collaborative effort to combine
data from multiple GWAS in order to identify additional
human genome loci that have an impact on a variety of
traits related to early growth. EGG birth weight data were
imputed up to the reference panels from the 1000 Ge-
nomes Project (Phase 1 v 3) or combined 1000G and
UKI10K Project. Birth weight was z-score transformed in

Instrument variables:

WHR adjust BMI-associated SNPs
W(C adjust BMI-associated SNPs

HIP adjust BMI-associated SNPs

______ > Confounders
Risk factor: Outcome:
Maternal central obesity Birth weight

Lo

Three assumptions of MR:

obesity, not through other pathways

Fig. 1 Schematic representation of a Mendelian randomization analysis

L

1. Genetic variants must be associated with maternal central obesity
2. Genetic variants must not be associated with confounders.

3. Genetic variants must influence birth size or puberty height only through maternal central
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males and females separately. The birth weight dataset was
generated by a European-ancestry GWAS meta-analysis
(n =153,781 individuals); the birth length, head circum-
ference and puberty height growth datasets were gener-
ated by performing a meta-analysis of 22 European
population-based studies (n=28,459 individuals), a
meta-analysis of 7 population-based European studies
(n=10,678 individuals) and a meta-analysis of 9 Euro-
pean cohort studies (n = 18,737), respectively.

Statistical analysis

The study design of the present MR was to explore the
causal effect of maternal central obesity uponoffspring
birth size (Fig. 2). SNPs were matched by assigning to the
same effect allele firstly. Theestimates of the causal effect
of maternal central obesity on birth size were analysed
using the inversevarianceweighted (IVW). Provided that
the genetic variants are uncorrelated, the IVW estimate is
equivalentto a two-stage least squares analysis used with
individual-level data. In IVW, the ratio estimates from
eachlV are combined in an inverse-variance weighted esti-
mator [21, 24]. From the analyses we reported themean
difference for birth weight, birth length, head circumfer-
ence and puberty height with 95% confidenceinterval (CI).

Sensitivity analysis
Mendelian randomization analyses are becoming more
powerful and efficient to perform based on summary pub-
lic data. However, when using multiple genetic variants
from different gene regions as IVs in an MR study, it is al-
most impossible that all the SNPs could meet the MR as-
sumptions as mentioned previously [31]. Even if only one
of the multiple genetic variants is an invalid instrumental
variable, the casual effect will be overestimated [20]. In
our study, we performed a series of sensitivity analyses to
ensure the robust casual inferences.

If the causal association depends only on a single gen-
etic variant and the estimate is heterogeneous with other

Page 3 of 10

variants’ estimates, then the results may be driven by a
pleiotropic effect rather than the biology causal effect.
We repeated the analyses excluding SNPs (26 SNPs left)
that could influence WHRadjBMI and high-density lipo-
protein  cholesterol (HDL-C), triglycerides (TG),
low-density lipoprotein cholesterol (LDL-C), adiponectin
adjusted for BM], fasting insulin adjusted for BMI, T2D,
and height manually [25].

We also conducted sensitivity analyses to assess whether
the estimates were robust to methodological choices.
Weighted median method and MR-Egger regression were
performed as complementary methods to ensure the ro-
bustness of the results. Weighted median estimate defines
that each instrumental variable estimate appears with
probability proportional to the inverse of its variance [32],
which is consistent under the assumption that genetic var-
iants, more than 50% of the weight in the analysis are valid
instruments [21, 33].

MR-Egger regression based on Egger regression to
examine publication bias in the meta-analysis was also
used to test directional pleiotropy effects given no as-
sumptions about the genetic variants but under an as-
sumption that pleiotropic effects of genetic variants are
independent of instrument strength. Using the MR-Egger
regression method, the effect of IV on the exposure is
plotted against its effect on the outcome, and an intercept
distinct from the origin provides evidence for pleiotropic
effects. The slope of the MR-Egger regression can provide
pleiotropic-corrected causal estimates. If the intercept is
zero, it suggests that there is no violation of the exclusion
restriction criteria (i.e., no horizontal pleiotropy). It pro-
vides an estimate of the average pleiotropic effect across
all of the genetic variants, because it reflects the effect of
the joint instruments on outcome, when there is zero ef-
fect of the genetic variants of the risk factor [34—36].

Informed consent was obtained from all participants of
contributing studies. Contributing studies received ethical
approval from their respective institutional review boards.

IVs

* Genetic variants of 35 SNPs
for WHRadjBMI

* Genetic variants of 25 SNPs

for WCadjBMI
* Genetic variants of 41 SNPs
for HIPadjBMI

* Birth weight

* Birth length

* Head circumference

* Puberty height sex-combined
* Puberty height female

* Puberty height male

Data sources

————>| GIANT (n=224, 459)

EGG (n=211, 655)

Fig. 2 Data source of the Mendelian randomization analysis
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The statistical analyses were conducted using R version
3.24 (R Project for Statistical Computing). All statistical
tests were 2-sided. The thresholds of statistical significance
for WHRadjBMI, WCadjBMI and HIPadjBMI as exposures
were P < 0.00142 (0.05/35 SNPs = 0.00142), P < 0.002 (0.05/
25 SNPs = 0.002) and P < 0.00125 (0.05/41 SNPs = 0.00122),
using Bonferroni test.

Results

Selected SNPs and instrumental variable validation

Based on the results of meta-analyses of GWAS, 35 SNPs,
25 SNPs and 41 SNPs reaching genome-wide significance
for waist-to-hip ratio adjust for BMI, waist circumference
adjust for BMI and hip circumference adjust for BMI were
selected [25]. The characteristics of the selected SNPs for
WHRadjBMI, WCadjBMI and HIPadjBMI selected are
presented in Additional file 1: Tables Sla, S1b and Slc.
None of the SNPs was found to be in LD with each other
atan r* > 0.05.

Causal effects of WHRadjBMI, WCadjBMI on birth size and
puberty height

We used the inverse-variance weighted method as the
primary approach to examine the causal effect in the
present MR study. Tables 1 and 2 show that genetically
predicted WHRadjBMI and WCadjBMI were not asso-
ciated with birth weight (beta,—0.021,95% CI: - 0.095
to 0.053; beta, 0.114,95% CI: -0.028 to 0.255), birth
length (beta,—0.01,95% CI: -0.154 to 0.135; beta,
0.279,95% CI: 0.095 to 0.464), head circumference
(beta,— 0.01,95% CI: —0.154 to 0.135; beta,—0.02,95%
CIL: - 0.199 to 0.159) or puberty height (beta,— 0.01,95%
CIL: - 0.26 to 0.05; beta, 0.354,95% CI: - 0.022 to 0.627).
The results of the weighted median based method were
consistent, illustrating non-causal effects of maternal
WC on birth size or puberty height. The intercept term
estimated from MR-Egger regression was centred at the
origin with a confidence interval including the null
showed that no evidence of directional horizontal plei-
otropy effects.

Causal effects of HIPadjBMI on birth size and puberty height
Table 3 shows that estimates for the causal effect of one
SD increase in HIPadjBMI were consistently in the dir-
ection of 0.168 SD increase in birth weight (beta, 0.168,
95%CI: 0.093 to 0.242, p=1.1 x 10" °) and 0.392 SD in-
crease in birth length (beta, 0.392, 95%CI: 0.258 to
0.526, p=7.1x10""), respectively. We also found that
one SD increase in HIPadjBMI was causally associated
with a 0.835 SD increase in sex-combined puberty height
(beta, 0.835, 95%CI: 0.631 to 1.038, p=84x10"'9), a
0.747 SD increase in puberty height among females at
10 years old (beta, 0.747, 95%CI: 0.452 to 1.041, p=
14x107°) and a 0.828 SD increase in puberty height

Page 4 of 10

among males at 14 years old (beta, 0.828, 95%CI: 0.557
to 1.1, p =5.6 x 10~ 7). However, HIPadjBMI was not as-
sociated with head circumference (beta, 0.141, 95%CI: —
0.057 to 0.339). The results of the weighted median
based method were consistent and even more significant
than IVW method. The intercept term estimated from
MR-Egger regression was centred at the origin with a
confidence interval including the null showed that no
evidence of pleiotropy effects.

Sensitivity analyses of MR

We used the weighted median based method and MR-Egger
method to estimate the causal effects of WHRadjBMI,
WCadjBMI and HIPadjBMI on birth weight, birth
length, head circumference and puberty height. The re-
sults consistently supported the robustness of our find-
ings. The results of the causal effects of WHRadjBMI
and outcomes were consistent with or without the 9
SNPs which had potentially pleiotropic effects.

Discussion

In the present study, we used MR analyses to test the
causal effect of maternal central obesity on offspring birth
size and puberty height growth. We found that genetic
predisposition to higher hip circumference independent of
maternal BMI was associated with increased level of birth
weight, birth length and puberty height. We observed one
SD increase in HIPadjBMI (cm) was associated with 0.168
SD increase in birth weight, 0.392 SD increase in birth
length and 0.835 SD increase in sex-combined puberty
height. However, HIPadjBMI was not causally associated
with head circumference. There was no evidence of causal
effects of maternal WHRadjBMI and WCadjBMI on the
birth size.

Observational studies have shown that maternal over-
weight and obesity were associated with many maternal
and neonatal complications [37]. However, unmeasured
or unknown confounding variables in the observational
studies might have affected these associations. Socioeco-
nomic factors and related behaviors such as smoking are
critical confounders of observational associations be-
tween maternal central obesity and offspring birth size,
since they are associated with both variables. In addition,
the causal effects of maternal central obesity on birth
size could also be confounded by maternal BMI. Therefore,
the causality of these observations remains unclear. The IVs
used in this MR were genetic variants associated with ma-
ternal central obesity adjusted for BMI, which could avoid
the socioeconomic, behavior factors and BMI confounding,
since genotypes are determined at conception.

The findings from this study were inconsistent with
the results from the observational studies that showed
women with increased WHR or WC were more likely to
give birth to macrosomia [16, 38]. Li et al. reported that
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WC was positively associated with risk of macrosomia
(OR, 1.58; 95%CI, 1.07-2.32) [16]. Salem et al. showed
that the risk of macrosomia was 1.7 times higher in
fourth quartiles WHR [38]. Piperata et al. illustrated
women who had normal birth weight infants showed
substantial positive association with HIP [39], which cor-
roborates with our findings.

The pathophysiological mechanisms underlying the
causation relationship between HIP and birth size is not
fully understood. The potential mechanism could be ex-
plained below. Larger HIP potentially reflects increased
gluteofemoral muscle mass. As muscle mass increases
with weight even in the overweight and obese women,
HIP increases with WC as well. The side effects of larger
WC might be counteracted by the increased muscle
mass to some extent [40]. In addition, maternal lean
body mass has been illustrated to be one of the major
determinants of birth weight [41, 42]. Whereas WC and
WHR are predictors of abdominal adiposity, which were
reported to be substantially associated with macrosomia
[38]. Maternal visceral obesity was found to impair the
anabolic response and the activity of SNAT, which is as-
sociated with fetal growth, such as skeletal growth or
lean mass growth and final birth size [43, 44]. In add-
itional maternal larger WC or WHR is associated with a
higher risk of gestational weight gain, which has been re-
ported to increase the risk of high birth weight, macro-
somia and large-for-gestational-age infants [45]. WC and
WHR seem to be more sensitive to the low birth weight
(<2.5 kg) or macrosomia (>4 kg). The mean birth
weight included in the cohort studies in EGG consortia
that used in our MR were ranged from 3.0 kg to 3.7 kg,
which was the normal birth weight according to the
birth weight cut off (2.5 kg—4 kg) [27]. Therefore, in our
MR study, HIP, rather than WC or WHR was causally
associated with birth weight.

Strength and limitations

Our large two sample MR study using public data pro-
vided more precise estimates with greater statistical power
because of the large sample size. The consistency signifi-
cant causal effects estimates from different approaches
showed no evidence of a violation of the MR assumption
and suggested robustness of our findings. Additionally, we
used three genetic IVs as indicators of central obesity
(WHRadjBMI, WCadjBMI and HIPadjBMI) to test the as-
sociations of maternal central obesity independent of ma-
ternal BMI and offspring birth size and puberty height.
However, there are several limitations of our study. Firstly,
we used two-sample MR to explore the causal effect of
maternal exposure on later offspring outcomes. Though in
theory two-sample MR could be used to explain this issue;
in general it is impossible to assess many questions related
to intrauterine effects on offspring outcomes. Therefore,
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individual participant data of maternal genetic variants on
offspring outcomes are warranted replicating the results.
Second, the causal relationship between maternal hip cir-
cumference and offspring birth size could be violated via
the offspring’s genetic variants [46]. This issue would be
more serious in the situation when the maternal exposure
and offspring outcomes are the same characteristic or very
similar. Our study aimed to investigate the causal effect of
maternal central obesity and offspring birth weight; it is
plausible that there would be some overlap between the
maternal genetic IVs and offspring genetic IVs. Due to our
summary data MR study design, it is impossible to adjust
offspring IVs in our study. Further MR is warranted in the
use of individual data. Third, we used genetic variants that
have been shown to be robustly related to the exposure
in GWAS conducted in non-pregnant women. The crit-
ical question here is whether genetic variants identified
in non-pregnant women are valid IVs for pregnancy
exposures. However, it has been illustrated that for
some genetic variants, associations with exposures
measured in pregnancy are similar to those in GWAS
of non-pregnant women [9, 47]. Fourth, MR studies are
often investigating the causal effect of the life cumula-
tive exposure on outcomes. In this study, we addressed
the specific question in the specific time period, intra-
uterine period. The causal effects on birth size could be
biased by the pre or post pregnancy maternal central
obesity [48]. In addition, we assumed that the association
between maternal central obesity and birth size was linear.
If the relationship was non-linear, it is necessary for the as-
sociation of the IV with the exposure in the population to
remain constant at different levels of the exposure [31].
However, deviations from the assumption would result in
reduced statistical power in risk analyses, rather than gen-
erating spurious associations. Finally, our study was re-
stricted to individuals of European ancestry; the association
of genetic HIP adjusted for BMI with birth weight may dif-
fer by ethnicity or genetic ancestry. Our results may not be
generalized to non-European populations.

Conclusions

In this MR study, a genetic predisposition to higher ma-
ternal hip circumference was potentially causally associ-
ated with higher offspring birth weight, birth height and
puberty height.
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