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Assessing whether genetic scores explain =

extra variation in birthweight, when added
to clinical and anthropometric measures
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Abstract

Background: Human birthweight is a complex, multifactorial trait. Maternal characteristics contribute to birthweight
variation by influencing the intrauterine environment. Variation explained by genetic effects is also important, but
their contributions have not been assessed alongside other key determinants. We aimed to investigate variance in
birthweight explained by genetic scores in addition to easily-measurable clinical and anthropometric variables.

Methods: We analysed 549 European-ancestry parent-offspring trios from a UK community-based birth cohort.

We investigated variance explained in birthweight (adjusted for sex and gestational age) in multivariable linear regres-
sion models including genetic scores, routinely-measured maternal characteristics, and parental anthropometric
variables. We used R-Squared (R?) to estimate variance explained, adjusted R-squared (Adj-R?) to assess improvement
in model fit from added predictors, and F-tests to compare nested models.

Results: Maternal and fetal genetic scores together explained 6.0% variance in birthweight. A model containing
maternal age, weight, smoking, parity and 28-week fasting glucose explained 21.7% variance. Maternal genetic score
explained additional variance when added to maternal characteristics (Adj-R? =0.233 vs Adj-R> =0.210, p <0.001).
Fetal genetic score improved variance explained (Adj-R? = 0.264 vs 0.248, p <0.001) when added to maternal charac-
teristics and parental heights.

Conclusions: Genetic scores account for variance explained in birthweight in addition to easily measurable clini-

cal variables. Parental heights partially capture fetal genotype and its contribution to birthweight, but genetic scores
explain additional variance. While the genetic contribution is modest, it is comparable to that of individual clinical
characteristics such as parity, which suggests that genetics could be included in tools aiming to predict risk of high or
low birthweights.

Keywords: Birthweight, Variance, Genetic score, Maternal, Fetal, Intrauterine environment

Introduction

Birthweight is a complex trait with considerable varia-
bility. It is important to understand what contributes to
this variability because babies born large for gestational
age (LGA) or small for gestational age (SGA) are at a
higher risk for adverse pregnancy and perinatal out-
comes [1]. There are also well replicated associations
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between variation in birthweight and risks of later life
cardio-metabolic disease [2—4].

Previous research has shown that factors associ-
ated with the maternal intrauterine environment, such
as maternal glycaemia, age, parity, weight and smok-
ing, account for some variation in birthweight, once
fetal sex and gestational duration have been accounted
for [5]. Maternal smoking during pregnancy is associ-
ated with lower birthweight [6]. Parity is also associ-
ated with birthweight [7, 8], with babies of later birth
order having higher birthweight, on average. A low
pre-pregnancy BMI increases the risk of SGA and a
high pre-pregnancy BMI has been found to increase the
risk of LGA [9]. There is a positive continuous associa-
tion between maternal fasting glucose and birthweight
[10]. However, each of these variables contributes only
modestly to birthweight variation. For example, mater-
nal fasting glucose levels have been reported to explain
only a small fraction (10%) of variation in birthweight
[11], and most LGA babies are not born to mothers
with glucose levels that are high enough to be classified
as diabetes [12].

Fetal genetic variation contributes to variation in
birthweight independently of the intrauterine environ-
ment and is therefore important to consider. Some of
the fetal genetic contribution to birthweight can be cap-
tured by measuring paternal or maternal height. Height
is a highly heritable trait, and the correlation between
birthweight and paternal height in particular, via fetal
skeletal growth [13], occurs due to genetic inheritance.

A recent genome-wide association study (GWAS)
identified 190 regions of the genome where common
single nucleotide polymorphisms (SNPs) are associated
with birthweight variation [14]. The associated genetic
variants at three-quarters of the 190 identified loci
exert their effects directly from the fetal genotype, with
a small proportion of those showing additional mater-
nal effects. Associated variants at the other quarter of
identified loci originated from the mother’s genome
and showed indirect effects, via the maternal environ-
ment. A fetal genetic score consisting of 58 variants
was shown to make a significant contribution to birth-
weight independently of maternal glucose levels [15],
suggesting measurements of fetal genetics could add to
the variance in birthweight explained by other factors.
However, the contribution of genetic variation to birth-
weight has not been assessed directly alongside other
clinical variables. We therefore aimed to assess the
contributions of genetic scores to variation in offspring
birthweight, in addition to easily obtained clinical and
anthropometric variables, in a UK community-based
study of mothers, fathers, and children.
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Methods
All methods were carried out in accordance with relevant
guidelines and regulations.

Study population

We used data from the Exeter Family Study of Childhood
Health (EFSOCH), which is a prospective cohort study
based on children born between 2000 and 2004 in post-
codes EX1-4 in central Exeter, UK [16].

Inclusion criteria for the current analyses consisted
of only those parent-offspring trios where the offspring
was born at term (>37 and<42weeks gestation [16]),
and complete clinical, anthropometric, and maternal,
paternal, and fetal genetic data were available. Most
trios had complete phenotype data, but following geno-
type quality control, and owing mainly to lower avail-
ability of fetal DNA from cord blood compared with
parental DNA, complete genotype data was available for
both parents and offspring in only 60% of the trios. The
final dataset consisted of 549 parent-offspring trios with
the selection of variables illustrated by the flowchart in
Fig. 1. To check for any differences between excluded and
included participants, we used t-tests to compare means
of continuous variables of the excluded with the included
(maternal height, maternal weight, gestational duration,
birthweight, and maternal age), and chi-square tests
to compare the excluded categorical variables with the
included categorical variables (maternal smoking status,
parity, and sex of the baby).

Characteristics of participants

Full details of data collection are found in the EFSOCH
study protocol [16]. Briefly, detailed anthropometric
measurements and biochemistry from the parents were
taken at 28weeks’ gestation. The reason for choos-
ing 28 weeks for the study visit was that an original aim
of EFSOCH was to investigate relationships between
maternal glucose levels and offspring birthweight, and
28weeks is the time that maternal glucose levels are
usually measured, if required, in clinical practice. All
measurements were taken three times and an average
value was calculated. Maternal and paternal heights
were measured to the nearest 0.1 cm, using a Harpenden
(Chasmors Ltd., London, UK) pocket stadiometer.
Maternal weight was measured to the nearest 100g
using Tanita digital electric scales (model number THD-
305). Birthweights of the parents were self-reported. Off-
spring birthweight was measured at birth, to the nearest
10g using Soehnle scales (Leifheit AG Nassau, Germany,
model 8310), and adjusted for sex and gestational age,
centred around 40weeks, according to the UK 1990
birthweight standards [17].
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EFSOCH dataset = 947
European-ancestry parent-
offspring trios with term,
singleton births and no
parental diabetes

Missing data for mother’s fasting
glucose level, weight, age, smoking
status, parity or offspring birthweight
(n=34)

{
)

[ n =913 trios

[
L

Missing data for mother’s height or
father’s height (n=2)

v

[ n =911 trios ]

40% had genetic data missing for at
least one member of the trio (n=362)

v

n = 549 trios with
complete genetic data for
both parents and offspring

Fig. 1 Flowchartillustrating how the data was prepared for analysis

Maternal glucose was measured in fasting maternal
blood samples (fasting for at least 10h prior to sampling),
early morning at the parents’ home. Pregnancy details
such as parity were obtained from medical records and
information about the mother’s smoking status was
obtained via a questionnaire completed by the mother at
recruitment.

Genotyping

Parental and offspring DNA were extracted to allow
molecular genetic analysis of variants implicated in fetal
growth. A sample of cord blood was taken at delivery
and DNA was extracted from the spun white cells. The
EFSOCH sample (consisting of 2768 samples: moth-
ers (n =969), fathers (n =937), and offspring (n =862))
genotyping had been carried out using the Illumina
HumanCoreExome array, which is a tool for assessing the

genotypes of approximately 500,000 variants across the
genome from a single DNA sample. A total of 106 sam-
ples were excluded due to low call rate, kinship errors,
sex mismatches, or ancestry outliers. The 2662 included
samples were of European ancestry assessed using flash-
PCA [18]. Genotype call rates were>98% and pheno-
typic sex and kinship were validated using genotype data
assessed by KING software [19]. The included genotyped
SNPs had call rates >95%, Hardy-Weinberg p >1 x 107,
and minor allele frequency (MAF) > 1%.

Since SNPs that are close together on a chromosome
tend to be inherited together, it is possible to impute fur-
ther SNPs that were not directly genotyped by comparing
each genotyped sample with an ancestry-specific refer-
ence panel of whole-genome sequenced samples. The
Haplotype Reference Consortium (HRC) version r1.1 ref-
erence panel (Michigan Imputation Server) was used to
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impute additional genotypes in all samples. We extracted
genotypes for a total of 209 SNPs from the genome-wide
genotype data to construct genetic scores for our analy-
ses. A total of 98% of the SNPs included in the scores
had an imputation quality >0.4 and a Minor Allele Fre-
quency >0.001 (see Table S1; Supplementary Info).

Statistical analyses

Genetic scores

We combined the genotype data from all SNPs to cre-
ate a genetic score for birth weight in each individual.
A genetic score is the total number of birth weight-rais-
ing alleles that an individual has, weighted by the size
of the effect on birth weight for each SNP. We created
independent maternal and fetal genetic scores for birth-
weight, and also a paternal genetic score for father’s own
birthweight (analogous to a fetal genetic score). The
genetic scores were calculated according to Eq. 1, where
GS is the genetic score, w; is the weight for SNP i and g; is
the genotype dosage at SNP i.

GS =) ,wig; (1)

A total of 209 SNPs, identified at 190 loci in the most
recent GWAS of birthweight [14], were used to calcu-
late the maternal, paternal, and fetal genetic scores (see
Table S1; Supplementary Info). Effect estimates for each
SNP were used as weights, and for the maternal genetic
score, these had been adjusted to represent the mater-
nal effects independent of fetal genotype effects using
a structural equation model [14]. For the fetal genetic
score, fetal effect estimates independent of maternal gen-
otype effects were used as weights, while for the pater-
nal genetic score for father’s own birthweight, the fetal
GWAS weights were unadjusted so as to capture maxi-
mum information. Each genetic score variable was then
standardized to a mean of 0 and SD of 1. To validate the
genetic scores, we tested the associations between each
standardized genetic score and its respective phenotype
using simple linear regression models.

Linear regression models to estimate variance in adjusted
birthweight by genetic and other factors

We used multivariable linear regression models to model
the variance in birthweight explained by several clinical,
anthropometric, and genetic factors. We ensured that the
regression model assumptions were met by assessing diag-
nostic plots of residuals and fitted values. To determine
the additional variability explained by genetics, we exam-
ined the following models, with birthweight (adjusted for
sex and gestational age) as the outcome variable:
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Model 1: Genetic scores model: maternal and fetal
genetic scores were included as predictors to inves-
tigate their contribution to birthweight.

Birth weight ~ Maternal genetic score + Fetal genetic score

Model 2: Maternal clinical features (intrauterine
environment) model: maternal fasting glucose,
age, weight, parity, and the mother’s smoking sta-
tus were used in this model.

Birth weight ~ Maternal fasting glucose + Age + Weight

+ Parity + Mother's smoking status

Model 3: Maternal genetic score+ maternal
clinical (intrauterine environment) features: The
maternal genetic score was added to Model 2 to
investigate the additional contribution of maternal
genetics to variance explained in birthweight.

Birth weight ~ Maternal fasting glucose + Age + Weight + Parity
+ Mother's smoking status

+ Maternal genetic score

Model 4: Maternal clinical features+ Parental
anthropometric traits (genetics) model: Maternal
and paternal height are variables that capture the
effects of fetal genetics and are easily measurable;
these were added as predictors to Model 2 to create
Model 4.

Birth weight ~ Maternal fasting glucose + Age + Weight
+ Parity + Mother's smoking status

+ Maternal height + Paternal height

Model 5: Fetal genetic score+ maternal clini-
cal features + parental anthropometric (genetic)
traits: The fetal genetic score was added to Model 4
to further investigate the contributions of the fetal
genetic score in addition to parental heights and
clinical features.

Birth weight ~ Maternal fasting glucose + Age + Weight
+ Parity + Mother's smoking status
+ Maternal height + Paternal height

+ Fetal genetic score

Model 6: Parental genetic score + maternal clini-
cal features + parental anthropometric (genetic)
traits: Given that the fetal genetic score for birth-
weight is not available prior to delivery, we analysed
the contribution of the maternal genetic score for
offspring birthweight and the paternal genetic score
for father’s own birthweight in Model 6 in addition
to clinical features and parental heights.
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Birth weight ~ Maternal fasting glucose + Age + Weight
+ Parity + Mother's smoking status
+ Maternal height + Paternal height

+ Maternal genetic score + Paternal genetic score

Model 7: Fetal genetic score+ maternal genetic
score+maternal  clinical  features+ parental
anthropometric (genetic) traits: The maternal
genetic score was added to Model 5 to further inves-
tigate the contributions of the maternal genetic score
in addition to parental heights and clinical features.

Birth weight ~ Maternal fasting glucose + Age + Weight
+ Parity + Mother's smoking status
+ Maternal height + Paternal height

+ Fetal genetic score + Maternal genetic score

Additional models: Parents’ own birthweights: We
additionally investigated the contribution of maternal
and paternal self-reported birthweights as these may
also capture information about fetal genetics. These
were available in a smaller sample (1 =425 trios).

We used the Adj-R? statistic to assess improvement in
model fit based on any added predictors, while the R? sta-
tistic and its 95% confidence intervals were used to assess
the overall explanation of variance in birthweight by the
predictors in the model. An F-test was used to compare
nested models and check for any improvements in the
explanation of variance in birthweight. Confidence inter-
vals were calculated by bootstrapping. Multicollinearity
between predictor variables in the models was checked
by using the Variance Inflation Factor (VIF).

As a sensitivity analysis to check for any potential impact
of poor-quality SNP genotype data, we repeated models
containing genetic scores with only those SNPs that had
minor allele frequency >0.1% and imputation quality r* > 0.4.
The development of the multiple linear regression models
and calculation of F-tests between nested models was car-
ried out using the statistical software R (version 3.5.2).

Results

Descriptive characteristics for the 549 parent-offspring

trios are shown in Table 1. There was no strong evidence

that individuals excluded from the analysis differed in their

basic characteristics from those included (see Table S2).
The genetic scores all showed strong associations with

their respective phenotypes (Table S3).

Maternal and fetal genetic scores contribute additively

to offspring birthweight variation

A multivariable linear regression model (Model 1;
Table 2) showed that maternal and fetal genetic scores
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Table 1 Key characteristics of study population
n =549 trios
Phenotype Mean or % (SD)
Maternal Height (cm) 165.0 (6.4)
Maternal Weight (kg) 76.3(12.6)
Gestational Duration (weeks) 40.1(1.2)
Birthweight (g) 3570 (444)
Maternal Age (years) 30(5)
Maternal smoking status (%Yes) 146
Parity (%1st pregnancy) 44.8
Sex of the baby (% Male) 522

have additive contributions to variance in offspring birth-
weight. On its own, the fetal genetic score explained 2%
of variation in adjusted birthweight (R* =0.020) and the
maternal genetic score explained 3% of variance in birth-
weight (R*> =0.030). For comparison, the variables par-
ity, mother’s smoking status, and paternal height each
explained 3% of variation.

Maternal genetic score for birthweight explained
additional variance in birthweight when added to easily
measurable clinical variables

A multivariable linear regression model (Model 2;
Table 3) including variables that are readily available in
the clinical setting (maternal fasting glucose, maternal
age, maternal weight, parity, and the mother’s smok-
ing status), showed that each variable contributed to
variance explained in birthweight. The total variation in
birthweight explained by these maternal characteristics
(R* =0.217) was higher than that explained by genetic
scores alone (R?* =0.06; Model 1).

The addition of the maternal genetic score for offspring
birthweight to Model 2 as a predictor (Model 3; Table 3)
made little change to the coefficients of the maternal
clinical variables, which were very similar to Model 2, but
there was an improvement in the Adj-R? statistic when
comparing the nested models (Adj-R*> =0.233 vs 0.210,
p <0.001), indicating that the maternal genetic score cap-
tured additional variance in birthweight.

Maternal and paternal height explained additional
variance in birthweight when added to maternal clinical
variables

The addition of maternal and paternal height variables,
which can capture the effects of fetal genetics, to Model
2 (routinely available clinical features only) showed that
the additional variables can further explain variance in
birthweight that is adjusted for sex and gestational age
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Table 2 Model 1- Results of a multivariable linear regression model testing the association between birthweight (adjusted for sex and
gestational age), maternal genetic score and fetal genetic score (n =549 parent-offspring trios). R = 0.060; Adj-R> =0.053

Variable Change in birthweight (g) per 1 SD changein  95% Confidence Interval t value p-value
independent variable

Intercept 3672 3530,3813 509 <0.001

Maternal genetic score for offspring 81 45116 44 <0.001

birthweight (adjusted for fetal effects)

Fetal genetic score for offspring birth- 69 33,105 37 <0.001

weight (adjusted for maternal effects)

Table 3 Results of multivariable linear regression models testing the association between birthweight (adjusted for sex and
gestational age) and maternal clinical characteristics, with and without the maternal genetic score

Variable Change in birthweight (g) per 1 SD 95% Confidence tvalue p-value
change in independent variable Interval
Model 2: maternal clinical characteristics (n = 549 parent-offspring trios). R =0.217; Adj-R> =0.210
Intercept 3691 3643, 3740 149.1 <2e-16
Maternal age —38 —73,=3 —2.1 0.04
Maternal weight 125 89,161 6.8 2e-11
Mother's smoking status® —280 —377,—182 —56 3e-08
Parity? —187 —255,—-118 —53 2e-07
Mother’s fasting glucose at 28 weeks' gestation 87 51,123 4.7 3e-06
Model 3: maternal clinical characteristics and maternal genetics (n = 549 parent-offspring trios). R? = 0.244; Adj-R* =0.233
Intercept 3790 3655,3925 553 <2e-16
Maternal age —42 —77,—8 —24 0.03
Maternal weight 121 85,156 6.7 le-10
Mother’s smoking status —273 —369,—176 —56 8e-08
Parity —194 —262,—126 —56 3e-08
Mother’s fasting glucose at 28 weeks' gestation 85 49,120 4.1 9e-07
Maternal genetic score for offspring birthweight 68 36,101 4.7 0.0002

(adjusted for fetal effects)

2 indicates a binary variable

(Model 4; Table 4) with Adj-R? increasing from 0.210 to
0.248 (p <0.001).

In a subsample of n =425 available trios, we found that
mother’s and father’s own self-reported birthweights
explained additional variance in offspring birthweight
when added to a model that included parental heights
(Table S4, Adj-R* =0.302 vs 0.258 without parent birth-
weights, p <0.001).

Fetal genetic score for birthweight explained additional
variance in birthweight when added to easily-measured
anthropometric variables that capture fetal genotype
With the addition of the fetal genetic score for offspring
birthweight to Model 4 as a predictor (Model 5; Table 4),
there was little change in the coefficients of the maternal
clinical variables, or of the maternal and paternal heights,
which were very similar to Model 4, but there was an
improvement in the Adj-R?® statistic when comparing

the nested models (Adj-R2 =0.264 vs. 0.248, p <0.001),
indicating that the fetal genetic score captured addi-
tional variance in birthweight. The fetal genetic score also
improved variance explained in the model containing
parental birthweights in a subsample of 425 trios (Table
S5; P =0.09 comparing Adj-R?> =0.302 for the model
with no fetal genetic score with Adj-R* =0.310 for the
model with the fetal genetic score).

Maternal and paternal genetic scores further improved
variance explained in birthweight when added to clinical
and anthropometric variables

When we added the maternal and paternal genetic
scores to Model 4, (Model 6; Table 5), both parental
genetic scores explained variation in birthweight on top
of the basic clinical and anthropometric variables (Adj-
R*>=0.271 vs Adj-R? =0.248, p <0.001).
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Table 4 Results of multivariable linear regression models testing the association between birthweight (adjusted for sex and
gestational age), maternal clinical characteristics and parental heights, with and without the fetal genetic score (n =549 parent-
offspring trios)

Variable Change in birthweight (g) per 1 SD 95% Confidence tvalue p-value
change in independent variable Interval

Model 4: maternal clinical characteristics and parental heights (n = 549 parent-offspring trios). R = 0.258; Adj-R? = 0.248

Intercept 3697 3650, 3744 152.7 <2e-16
Maternal age —49 —84,—15 —28 0.005
Maternal weight 101 64,139 53 1e-07
Mother’s smoking status — 251 — 348, — 155 —5.1 4e-07
Parity —210 —278,—142 —6.1 2e-09
Mother’s fasting glucose at 28 weeks' gestation 104 68, 140 5.7 2e-08
Maternal height 52 16,87 29 0.004
Paternal height 69 35,102 40 7e-05
Model 5: maternal clinical characteristics (n =549 parent-offspring trios), parental heights, and fetal genetic score. R =0.277; Adj-R> =0.264

Intercept 3799 3667,3931 56.5 <2e-16
Maternal age —-50 —84, —16 —-29 0.004
Maternal weight 97 60, 134 5.2 4e-07
Mother’s smoking status — 241 — 336, — 146 —5.0 9e-07
Parity —216 —284,—149 —6.3 6e-10
Mother’s fasting glucose at 28 weeks' gestation 106 71,142 59 7e-09
Maternal height 49 14,84 27 0.007
Paternal height 66 33,99 39 0.0001
Fetal genetic score for offspring birthweight 56 23,88 34 0.0007

(adjusted for maternal effects)

Table 5 Model 6-Results of a multivariable linear regression model testing the association between birthweight (adjusted for sex and
gestational age), maternal clinical characteristics (n =549 parent-offspring trios), and parental heights and genetic scores. R* =0.285;
Adj-R? =0.271

Variable Change in birthweight (g) per 1 SD 95% Confidence t-value p-value
change in independent variable Interval
Intercept 3796 3665, 3927 56.7 <2e-16
Maternal age —54 —88, —20 -3 0.002
Maternal weight 97 60, 134 5.1 4e-07
Mother’s smoking status —241 — 335, —146 —5.0 8e-07
Parity =211 --278,— 144 —6.2 1e-09
Mother’s fasting glucose at 28 weeks' gestation 104 69, 140 58 2e-08
Maternal height 44 9,80 25 0.01
Paternal height 61 28,95 3.6 0.0003
Maternal genetic score for offspring birthweight 57 25,90 35 0.0006
(adjusted for fetal effects)
Paternal genetic score for father’s own birthweight 39 6,71 23 0.02
Maternal genetic score further improved variance explanation of variance in birthweight (Adj-R? =0.280 vs
explained in birthweight when added to fetal genetic score  Adj-R? =0.248, p <0.001).
When the maternal genetic score and the fetal genetic A summary of the R? values across all the main models

scores were added on top of clinical variables in Model 4  is shown in Fig. 2. This indicates the improvement in R?
(Model 7; Table 6), there was additional improvement in  with added successive variables.
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Table 6 Model 7-Results of a multivariable linear regression model testing the association between birthweight (adjusted for sex
and gestational age), maternal clinical characteristics (n =549 parent-offspring trios), parental heights, and maternal and fetal genetic

scores. R =0.294; Adj-R’ =0.280

Variable

Change in birthweight (g) per 1 SD 95% Confidence t-value p-value
change in independent variable Interval

Intercept 3799 3669, 3929 571 <2e-16
Maternal age —53 —-87,—19 —3.1 0.002
Maternal weight 98 62,135 53 2e-07
Mother’s smoking status —241 —335, —147 —-5.0 7e-07
Parity 217 —283,—-150 —64 4e-10
Mother’s fasting glucose at 28 weeks' gestation 101 66, 136 57 3e-08
Maternal height 39 4,74 22 0.03
Paternal height 64 31,96 37 0.0002
Maternal genetic score for offspring birthweight 60 27,92 36 0.0003
(adjusted for fetal effects)
Fetal genetic score for offspring birthweight 57 25,89 35 0.0004
(adjusted for maternal effects)

Model 7: Clinical factors+ Parental heights + Maternal GS + M7 >

Fetal GS

e -
Model 6: Clinical factors+ Parental heights + Maternal GS +
Paternal GS
M5 —~

Model 5: Clinical factors+ Parental heights + Fetal GS

Model 4: Clinical factors+ Parental heights - =

Meodel 3: Clinical factors+ Maternal GS M -

Model 2: Clinical factors only " -

Model 1: Maternal and Fetal GS & ~

‘ RSCiljared
Fig. 2 Plot showing R-squared (R?) values for each model with 95% confidence intervals

There was a negligible difference between the models
that contained genetic scores with only those SNPs that
had minor allele frequency >0.1% and imputation quality
r? >0.4 and the models that contained genetic scores with
SNPs having minor allele frequency>0.001 and imputa-
tion quality > 0.4.

Discussion

In this study, we have shown that maternal, paternal
and fetal genetic scores contribute to variation in sex-
and gestational age-adjusted birthweight, in addition to

variables easily obtained in a clinical setting. We have
also shown that maternal and paternal heights, which are
easily measured and capture some of the genetic contri-
bution to fetal growth, explain variance in birthweight
independently of routinely measured maternal clinical
variables. However, the maternal and fetal (or paternal)
genetic scores made additional, independent contribu-
tions to birthweight variance. GWAS have established
that fetal and maternal genetic variants are associated
with birthweight [14], but many of the underlying causal
genes are associated with clinical or anthropometric



Haulder et al. BMC Pediatrics (2022) 22:504

traits, such as height, weight, and maternal glucose. The
key contribution of the current study has been to quan-
tify the added value that genetic scores give to explaining
birth weight variation, when information on clinical and
anthropometric traits is already available.

Maternal and fetal genetics are known to be impor-
tant determinants of fetal growth but the contribution
of genetic scores to variance explained in birthweight
has not been investigated previously using multivari-
able regression models containing other clinical and
parental anthropometric characteristics. We showed,
consistent with other epidemiological studies [20, 21],
that clinical variables, both routinely measured (glu-
cose, weight, smoking), but also parental height, can
explain approximately 26% of variation in birthweight
that has already been adjusted for sex and gestational
age. The addition of the fetal genetic score to the mod-
els explained a further 2% of variation in birthweight.
For comparison, the variables parity, mother’s smoking
status, and paternal height each explained 3% of vari-
ation individually, in sex-and gestational age-adjusted
birthweight. The precise mechanisms through which
most of the genetic variants in the fetal score influence
growth are not known, but evidence to date suggests
they are likely to capture variation in growth factors
such as fetal insulin, as well as variation in placental
growth and function [14].

Fetal genetic scores are not available before birth, so
they are not informative for predicting birthweight at
present. However, we showed that maternal and paternal
genetic scores can also explain variation in birthweight.
The parental genetic effects are mediated both through
direct effects of genes inherited by the fetus and indirect
maternal genetic effects on the intra-uterine environ-
ment. Some of these effects will have been captured by
clinical features. Previous research has shown that asso-
ciations between maternal height and offspring birth-
weight is predominantly defined by fetal genetics [22].
Paternal height has also been shown to influence off-
spring birthweight through fetal genetics [16]. We have
shown that the parental heights explain further varia-
tion in birthweight and that parental genetic scores for
birthweight are contributing to variation in birthweight
independently of parental heights. The independent and
additive associations of the parental genetic scores with
birthweight show that these scores are offering additional
predictive value. The fetal genetic score also added infor-
mation on top of self-reported parent birthweights.

It was unexpected that the R? value for the maternal
genetic score was larger than that of the fetal genetic
score because previous work [14] has shown that fetal
genetic variants explain more birthweight variation than
maternal genetic variants. However, further investigation
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showed that the R? values for maternal and fetal genetic
scores were not precise enough in this relatively small
sample to be able to infer confidently whether one was
bigger than the other (as reflected in the 95% confidence
intervals), and point estimate values of R? fluctuated so
that the fetal estimate appeared larger than the maternal
estimate when the models were re-run in wider samples
that did not require all family members to be genotyped
(see Table S6).

This study has benefited from the use of a well-phe-
notyped and genotyped sample of parents and chil-
dren, however, there are some limitations. Firstly, in the
EFSOCH dataset, some clinical features known to con-
tribute to variance explained in birthweight in other stud-
ies (e.g. blood pressure [23]) were not available, so studies
in additional samples would be needed to enable assess-
ment of the contribution of genetic scores in relation to
those variables. In addition, although we aimed to assess
the contribution of parents’ own birthweights as anthro-
pometric variables in addition to parental heights, the
parental birthweights were self-reported and were not
available in the full sample (they were available in only
425 complete trios). However, when we created models
using the dataset containing 425 trios (Tables S4-S5), the
coefficients of the explanatory variables were similar to
those in the models created with the larger dataset of 549
observations, so the limited availability of self-reported
birthweights did not impact materially on the results.

Another limitation of this study is that we conducted
the analyses in a UK-based, northern European-ancestry
population and it is likely that the associations between
birthweight and both genetics and parental clinical fea-
tures will differ in samples of other ancestries and in
other settings. Further studies will be necessary to inves-
tigate the contribution of genetic scores and other vari-
ables to birthweight in other populations.

Since the EFSOCH study was part of the maternal
GWAS study that identified SNPs associated with birth-
weight [14], there is a small risk of overfitting in our
models. However, we expect the risk of this to be mini-
mal because EFSOCH only made up 0.4% of the maternal
GWAS meta-analysis sample and was not included in the
fetal GWAS.

We have shown that maternal and fetal genetic scores
explain variation in birthweight in healthy pregnancies, in
addition to clinical and anthropometric variables that are
routinely or easily collected. While the individual contri-
bution of each genetic score is not large (e.g. 2% for fetal
genetic score), it is comparable to the individual contri-
butions of variables such as parity or maternal smok-
ing status. This raises the possibility that genetic scores
might be useful alongside clinical characteristics in pre-
diction models, for example, those aiming to predict risk
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of LGA in pregnancies affected by gestational diabetes.
Our best model explained just under 30% of variation in
birth weight, and it is likely that this would be increased
by additional characteristics known to explain variation
in birthweight that were not included here [24]. Further
work is needed to determine whether genetic information
could improve a full clinical prediction model over and
above what is currently done routinely in clinical practice.
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