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Abstract

The aim of this study was to identify social and biological drivers of fetal growth by examining
associations with household, preconception, and pregnancy factors in a cohort from Soweto,
South Africa. Complete data and ultrasound scans were collected on 519 women between 2013
and 2016 at 6 time points during pregnancy (<14, 14-18, 19-23, 24-28, 29-33 weeks, and
34-38 weeks). Household-level factors, preconception health, baseline body mass index
(BMI), and demographic data were collected at the first visit. During pregnancy, gestational
weight gain (GWG; kg/week) was calculated. At 24-28 weeks of gestation, oral glucose tolerance
test was used to determine gestational diabetes mellitus (GDM) status, and hypertension status
was characterised. Longitudinal growth in head circumference, abdominal circumference, bipa-
rietal diameter, and femur length were modelled using the Superimposition by Translation
and Rotation, a shape-invariant model which produces growth curves against gestational
age. A priori identified exposure variables were then included in a series of sex-stratified hier-
archical regression models for each fetal growth outcome. No household-level factors were
associated with fetal growth. Maternal BMI at baseline was positively associated with all
outcome parameters in males and females. Both GWG (in males and females) and GDM
(in males) were significant positive predictors of abdominal growth. Males showed more
responsiveness to abdominal growth, while females were more responsive to linear growth.
Thus, fetal growth was largely predicted by maternal biological factors, and sexual dimorphism
in the responsiveness of fetal biometry to biological exposures was evident.

Introduction

Obesity is recognised as an important driver of non-communicable diseases.! The
Developmental Origins of Health and Disease (DOHaD) paradigm and the application of a life-
course epidemiology approach have shown the importance of fetal development for obesity in
later life.? Therefore, understanding intergenerational factors and determinants, particularly
maternal health prior to and during pregnancy, are key to the promotion of optimal fetal growth
and birth outcomes. However, the role of individual maternal factors has typically been inves-
tigated separately, hindering a holistic understanding of the complex interactions between
maternal social factors, biological factors, fetal development, and birth outcomes.

Several maternal metabolic health characteristics have been associated with fetal develop-
ment and birth outcomes. Women who are overweight or obese before conception are more
likely to develop gestational diabetes mellitus (GDM) during pregnancy, and both obesity
and GDM increase the risks for fetal defects and congenital anomalies, newborn macrosomia,
neonatal hypoglycaemia, and/or stillbirth.> Furthermore, during pregnancy, infectious diseases
(e.g. HIV/AIDS) as well as maternal undernutrition have been associated with higher risks
of low birthweight, preterm birth, and small for gestational age.*’” In addition to maternal
biological factors, studies mainly conducted in high-income countries have shed light on the
role of maternal sociodemographic, socio-economic, and psychosocial contexts on fetal devel-
opment and birth outcomes.®® Further, in four low-to-middle-income countries, a pooled
analysis of birth cohort data found that social factors (including, but not limited to lower mater-
nal and paternal schooling, lower income and social class, inadequate toilet and water facilities)
were associated with infant linear growth delay through their effect on birthweight.'” In addi-
tion, maternal stress, as well as behavioural factors such as alcohol or tobacco consumption
before and during pregnancy, has been shown to impact negatively on fetal development
and birth outcomes.!!"!* While studies have generally focused on factors associated with
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Fig. 1. Theoretical framework for analysis showing potential social and biological drivers of fetal growth included in the analysis.

*Excluded due to intra-level collinearity.

birth outcomes as a surrogate marker of fetal development, less
information is available concerning maternal factors associated
with fetal linear growth and adiposity accumulation. However,
fetal growth measures are key to identify specific periods during
which fetal growth is influenced by maternal environmental fac-
tors. Recently, fetal growth standards were developed allowing
comparisons across different settings.!*

In low- and middle-income countries, ongoing economic
development, rapid urbanization, and nutrition transition have
been associated with a unique epidemiologic situation.'® In
sub-Saharan Africa, an estimated 12% of newborns are preterm,'®
13% are low birthweight, and 25.5% are small for gestational
age.'” In South Africa, in addition to HIV affecting 30% of preg-
nant women,'® the nutrition transition is far advanced with 64%
of women of reproductive ages affected by overweight or obesity,
while 22% of the same age group are affected by anaemia.'® The
combined consequences of infectious diseases, undernutrition,
obesity, and cardiovascular diseases in women at reproductive
age on obstetric outcomes have to date had limited attention,
and our understanding of the biological and social factors
associated with adverse birth outcomes is neither complete nor
contextualised.'

Findings from the Soweto First 1000 Days Study in South
Africa, a prospective cohort of pregnant women with repeated
ultrasound measures, revealed that 10.2% of women were affected
by GDM and 34% by HIV. Exposure to maternal GDM was asso-
ciated with increased fetal abdominal circumference in utero, and
maternal dietary patterns during pregnancy predicted neonatal fat
mass.?>?! Maternal obesity and weight gain during pregnancy were
positively associated with newborn size at birth. In HIV-infected
pregnant women, exposure to antiretroviral treatment (ART)
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(from preconception) was associated with higher newborn adipos-
ity levels.! However, these factors have not been considered in
combination, nor have social predictors been considered. Using
data from the Soweto cohort of pregnant women, this study aimed
to understand more fully the social and biological drivers of longi-
tudinal fetal growth parameters using three proposed hierarchical
levels of predictors defined in the theoretical framework shown in
Fig. 1: linking household, preconception, and pregnancy factors.

Methods
Study setting and participants

The prospective longitudinal pregnancy cohort study (the Soweto
First 1000 Days Study; S1000) was conceived and conducted at
the South African Medical Research Council/Wits Developmental
Pathways for Health Research Unit, at the Chris Hani
Baragwanath Academic Hospital in Soweto, Johannesburg,
South Africa. Overall, S1000 aimed to understand the complex
associations between multiple maternal factors and fetal and infant
outcomes within the first1000 days (from conception up until
2 years of age) in an urban African population. A total of 1017 preg-
nant women were enrolled into the study between 2013 and 2016.
Inclusion criteria for S1000 were resident of Soweto or the greater
Soweto area, <14 weeks pregnant and no known diagnosis of
epilepsy or diabetes at the time of recruitment, 18 years of age or
older, and pregnant with a singleton, naturally conceived pregnancy.
Data were collected at 6 time points during pregnancy (<14, 14-18,
19-23, 24-28, 29-33, and 34-38 weeks), as well as at delivery.
Ethical clearance for the study was obtained from the University
of the Witwatersrand’s Human Research Ethics Committee
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(M120524 and M130309). All study participants provided informed
written consent prior to their inclusion in the study.

Data collection

Outcome data: fetal ultrasonography

All participants had a pregnancy dating scan at the first visit using
a Philips HD-9 (Philips Ultrasound, Bothell, Washington, USA)
ultrasound machine (median(IQR) 12(11-13) weeks). The fetal
crown-rump length measurement was used for pregnancy dating
in women <14 weeks, with the biparietal diameter, head circumfer-
ence, and femur length being utilised in more advanced pregnancies
(>14 but <20 weeks). Participants were invited for follow-up scans
every 5 weeks at the following visits: 14-18, 19-23, 24-28, 29-33,
and 34-38 weeks gestation. Gestational age at each visit was
calculated using the gestational age determined by the dating scan.??
Abdominal circumference, biparietal diameter, head circumference,
and femur length were recorded at each follow-up scan. This
methodology was performed as per the INTERGROWTH-21*
study international standards for measuring fetal growth.** All scans
underwent external inter-rater reliability quality assessment by col-
leagues at Oxford University (UK) as per the INTERGROWTH-21*
study standards.?*

Longitudinal modelling of fetal growth size and velocity

using SITAR analytics

All five serial measurements of femur length, abdominal circum-
ference, biparietal diameter, and head circumference from first to
the third trimester of pregnancy were included in the analyses.
Fetal growth data were modelled using the Superimposition by
Translation and Rotation (SITAR). This shape invariant model
with a single fitted curve is particularly useful in that it analyses
individual growth patterns and produces three parameters?® —
the subject-specific random effects (ai, fi, yi) correspond to the
size, tempo, and velocity of growth. This approach simplifies the
longitudinal data in variables that can then be inserted into statis-
tical modelling as either exposures or outcomes. Furthermore,
SITAR performs well with missing data® at any time point. We
examined the model fit thoroughly, and for the current analyses,
only the size and velocity parameters were obtained. Tempo
parameter was excluded to allow the model to reach convergence,
as the mean curve for this parameter was close to linear. Given that
the growth rate does not change drastically during fetal growth,
the growth curves were close to linear making it difficult for the
model to distinguish between the tempo (horizontal shift) and
size (vertical shift) parameters. Size represents individual varia-
tion along the y-axis, giving an absolute deviation of each individ-
ual from the sample mean in the units of the measurement.
Velocity represents the contraction or expansion of the individual
growth curve relative to the mean curve, giving an indication of the
rate of change per unit of time. Males and females were modelled
together, and the sex variable was included as an interaction term
in the model to assess sex differences due to previous analyses
on this cohort demonstrating sex differences in fetal growth.?
Data were modelled using the SITAR version 1.0.10 in R
version 3.4.2.

Exposure data: household level

Household-level factors related to the socio-economic environ-
ment were collected at the first visit during pregnancy (<14 weeks
gestational age) in an interview using questionnaires administered
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by trained research assistants. Maternal education was defined
according to the highest level of education completed (no school
or only primary school completed, secondary school completed,
or tertiary education). Household socio-economic status (SES)
was estimated by scoring each participant according to the number
of physical assets possessed out of a possible 11 assets (electricity,
radio, television, refrigerator, mobile phone, personal computer,
bicycle, motorcycle/scooter, car, agricultural land, and farm
animals). This asset index was based on standard items used in
the Demographic and Health Surveys household questionnaire
(available at: www.measuredhs.com) and has been extensively uti-
lised in this setting.’>*” Toilet access was defined according to
whether the households had their own toilet or were sharing a toilet
with other households.

Exposure data: preconception level

Individual preconception anthropometry was collected at the first
pregnancy visit by trained research assistants. Maternal height was
measured to the nearest 1 mm at baseline using a wall-mounted
stadiometer (Holtain, UK). A digital scale was used to measure
maternal weight to the nearest 0.1 kg at each pregnancy visit.
Weight at recruitment (<14 weeks) was used as a proxy for pre-
pregnancy weight and, together with height was used to calculate
maternal body mass index (BMI) (weight (kg)/height (m?)).2®
Women self-reported their date of birth at enrolment, from which
their age was calculated. Smoking status and alcohol use were
assessed as current use of cigarettes and/or tobacco and current
alcohol use, respectively. Women reported whether their current
pregnancy was planned or unplanned, and parity was defined as
the number of previous births at a gestational age of 24 weeks
or more — regardless of whether the infant was born alive or
was stillborn. This was categorised as no previous births, 1-2
previous births, and >3 previous births. Self-reported HIV status
was collected at baseline as well as at each subsequent pregnancy
visit and confirmed using the results from the participant’s ante-
natal clinic card. According to South Africa’s national prevention
of mother-to-child transmission guidelines, routine HIV counsel-
ling and testing are required during pregnancy, and ART is initi-
ated for any HIV-positive woman who is not already on ART.
For this reason, all HIV-positive participants were receiving
ART during the study and were stratified according to whether
they had been initiated on ART prior to pregnancy (pre-pregnancy
ART) or during the current pregnancy (antenatal ART).

Exposure data: pregnancy level

At each subsequent pregnancy visit, maternal weight was measured
to the nearest 0.1 kg using the same digital scale as the baseline
assessment. Gestational weight gain (GWG; kg/week) was calculated
as [(weight at final pregnancy visit—weight at recruitment)/weeks
of follow-up]. Haemoglobin levels (g/dl) were assessed using a
HemoCue at the first pregnancy visit. A 2-h 75 g oral glucose toler-
ance test was conducted at 24-28 weeks gestation in order to
diagnose or rule out GDM. Venous blood samples were taken
and assessed on site using the RX Daytona Chemistry Analyzer
(Randox, London, UK). GDM was diagnosed using the World
Health Organization’s (WHO) 2013 criteria (fasting plasma glucose
of 5.1-6.9 mmol/l, or 1-h plasma glucose of >10.0 mmol/l or 2-h
plasma glucose of 8.5-11.0 mmol/l).>* Maternal blood pressure
(mmHg) was measured at the fourth pregnancy visit (24-28 weeks)
using an Omron 6 automated machine (Kyoto, Japan). A 5-min
seated rest was observed before blood pressure measurements
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Table 1. Variance explained by SITAR for fetal growth measurements

No. subjects/observations 828/3674 828/3694 828/3687 828/3684
Degrees of freedom 4 4 4 4
Residual SD 0.15 0.83 0.60 0.19
Variance explained 71.0 65.0 69.0 72.0

Fig. 2. Unadjusted (grey) and SITAR-adjusted (red) individual plots and mean plot (white) to demonstrate the fitting of the SITAR model for raw data.

were taken. Seated blood pressure was measured three times on the
right side, with a 2-min interval between each measurement.
Hypertension was defined as a systolic measure >140 and/or a
diastolic measure >90 using the mean of the second and third
readings according to the National Institute for Health and
Care Excellence (NICE) guidelines (NG133, 2019).

Statistical analysis

All data were analysed using STATA v13 for Mac. Initially, partici-
pant characteristics were summarised and presented using mean
(SD) for parametric data and N(%) for non-parametric data.
Where exposure level data were missing, multivariate sequential
imputation using chained equations (mi impute chained (logit)
command) was conducted using maternal age, BMI, parity, gesta-
tional age, education, marital status, and SES as auxiliary variables
with 10 imputations. Based on the theoretical framework (Fig. 1),
predictors at each level of exposure were tested for intra-level cor-
relation, and the variable with the strongest relationship with the
outcome was retained. Remaining variables were then included
in a series of sex-stratified hierarchical linear models for each fetal
growth outcome parameter (sex stratification was based on previ-
ously identified sexual dimorphism in this cohort?®). That is, for
each fetal growth outcome, first, household-level predictors were
regressed (model 1). Next, individual preconception-level
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predictors were regressed (model 2). Third, individual preg-
nancy-level predictors were regressed (model 3). Last, all three lev-
els of predictors were combined in a final regression (model 4).

Results

Of the 1017 participants originally included in S1000, 828 partic-
ipants had outcome data for each of the fetal growth parameters.
The sample size and number of measurements for each outcome
included in the models of fetal growth are presented in Table 1.
SITAR explained 71%, 65%, 69%, and 72% of variance for femur
length, abdominal circumference, head circumferences, and bipa-
rietal diameter, respectively. Fig. 2 shows the effect of SITAR
adjustment (size and velocity) in individual curves. As the curves
demonstrate, the mean curve and SITAR-adjusted curves follow
closely the pattern of the unadjusted curves, suggesting that
SITAR was able to model the data appropriately. The exposure
characteristics considered for these participants are shown in
Table 2. Most mothers (73%) had at least secondary school level
education and a quarter had a high school certificate or further
education. There was an equal distribution (33% each) of normal
weight, overweight, and obese mothers at the start of pregnancy.
Just over half of the pregnancies were unplanned and 52% of
pregnancies resulted in male fetuses. Less than 12% of mothers
used alcohol and less than 9% smoked prior to pregnancy.
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Table 2. Participant characteristics at each heirachical level (n = 828)

Level Variable n (%) Mean (SD) Range
Household SES (assets/12) 6 (1) 0;9
Education
Education (none) 17 (2)
Education (secondary school) 603 (73)
Education (post-matric) 208 (25)
Toilet shared (yes) 465 (56)
Preconception Planned pregnancy (yes) 383 (46)
Maternal age (years) 30 (6) 18; 44
Baseline BMI (kg/m?) 28.23 (6.22) 15.85; 60.58
Normal weight 275 (33)
Overweight 272 (33)
Obese 281 (34)
Parity
Parity (none) 103 (12)
Parity (1/2) 485 (59)
Parity (3+) 240 (29)
Alcohol use (yes) 96 (12)
Smoking (yes) 72 (9)
Pregnancy GWG (kg/week) 0.36 (0.21) —0.34; 2.20
Haemoglobin (g/dl) 12.2 (3.5) 4.6; 100.3
GDM (yes) 95 (12)
Hypertension (yes) 29 (4)
HIV treatment
HIV—, no treatment 562 (68)
Antenatal ART initiation 203 (24)
Pre-pregnancy ART initiation 63 (8)

SES, socio-economic status; BMI, body mass index; GWG, gestational weight gain; GDM, gestational diabetes mellitus; ART, antiretroviral treatment.

GDM was diagnosed in 12% of pregnancies, hypertension in 4%
of pregnancies, and 32% of mothers were HIV+.

Household level

When considering the results from the final regression models
(Table 3), SES was not associated with any fetal growth parameters
in males or females. No other household-level predictors were
included in the regression models due to collinearity.

Preconception level

At maternal baseline level, the final regression models (Table 3)
showed that higher parity was negatively associated with most
male fetal growth parameters, including biparietal diameter size
(p=—0.15, CI = —0.24; —0.06) and velocity ( = —0.03, CI = —0.05;
—0.01), head circumference size (f=—0.31, CI=—0.57; —0.04),
and femur length size (#=-0.08, CI=-0.15; —0.01) and
velocity(ff = —0.02, CI = —0.03; —0.01); but positively with bipari-
etal diameter velocity (f=0.02, CI=0.00; 0.034) in females.
Baseline BMI was positively associated with all fetal growth
outcomes in males, and with abdominal circumference size and
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velocity, head circumference size, and femur length size and veloc-
ity in females; however, these beta coefficients were all relatively
small (f=<0.10) meaning that one unit increase in maternal
BMI (kg/m?) would result in less than 0.1 unit shift in growth
rate in comparison to the sample. Having a planned pregnancy
was associated with lower abdominal circumference and slower
abdominal growth velocity in males (f=-0.17, CI=-0.37;
—0.05, = —0.02, CI = —0.03;0.01, respectively), and with shorter
femur length and slower femur growth velocity in females
(f=-0.06, CI=-0.10; —0.03, p=-0.01, CI=-0.02; —0.00,
respectively). Smoking was negatively associated with femur
length size in females only (f=-0.09, CI=-0.16; —0.02).
Being HIV+ with ARTs initiated prenatally was negatively
associated with head circumference size (f = —0.32, CI = —0.57;
—0.07) and velocity (f=-0.02, CI=-0.04; —0.00) in females
only.

Pregnancy level

At the individual pregnancy level, the final regressions (Table 3)
showed that having GDM was positively associated with
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Table 3. Results from the final regression model for each fetal growth parameters stratified by fetal sex

Abdominal
circumference (size)

Abdominal
circumference (velocity)

Biparietal
diameter (size)

Biparietal
diameter (velocity)

Femur length (size)

Femur
length (velocity)

Head
circumference (size)

Head
circumference (velocity)

95% Confidece 95% Confidece 95% Confidece 95% Confidece 95% Confidece 95% Confidece 95% Confidece 95% Confidece
Coefficient interval Coefficient interval Coefficient interval Coefficient interval Coefficient interval Coefficient interval Coefficient interval Coefficient interval

Male

Household SES (assets/12) —0.012 —0.075 0.050 -0.001 —0.006 0.004 0.009 —0.009 0.027 0.002 —0.002 0.006 0.002 —0.013 0.016 0.001 —0.002  0.004 0.030 —0.024  0.083 0.002 —0.002  0.005

Preconception Parity (none) Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base
Parity (one/two) —0.140 —0.408 0.127 -0.006 —0.027 0.015 —0.092** —0.169 —0.014 -0.014 —0.032  0.004 -0.057 —0.120 0.005 —0.014** —0.026 —0.002 —0.178 —0.407  0.050 -0.007 —0.022  0.007
Parity (three+) —0.085 —0.395 0.226  0.001 —0.023  0.026 —0.147*** —0.236 —0.057 -—0.032*** —-0.053 —0.011 -0.082** —0.154 -0.009 -0.019*** -0.033 —0.005 —0.305** —0.570 -0.040 -0.015 —0.032  0.002
Planned pregnancy (yes) —0.206** —0.365 —0.046 —0.018"** —0.030 —0.005 —0.027 —0.073  0.019 -—0.004 —0.015 0.007 —0.032 —0.069 0.006 -0.008** —0.015 0.000 —0.094 —0.230 0.043 —0.004 —0.012  0.005
Baseline BMI (kg/m2) 0.036***  0.021 0.050 0.003***  0.002 0.004 0.006*** 0.002 0.010 0.002*** 0.001 0.002 0.008*** 0.005 0.011 0.001*** 0.001 0.002 0.024*** 0.012 0.036 0.002***  0.001 0.002
Maternal age (years) 0.006 —0.009 0.022  0.000 —0.001  0.002 -0.001 —0.006 0.003  0.000 —0.001  0.001  0.000 —0.004 0.004  0.000 0.000 0.001  0.001 —0.012 0.014  0.000 —0.001  0.001
Alcohol use (yes) —0.194 —0.441 0.054 -0.019 —0.038 0.001 -0.042 —0.113  0.030 -0.010 —0.026  0.007 -0.039 —0.097 0.019 -0.008 —0.019 0.003 -0.145 —0.356 0.066 —0.011 —-0.024  0.003
Smoking (yes) —0.091 —0.389 0.207 -0.005 —0.028 0.019 -0.024 —0.110 0.062 -0.007 —0.027 0.013 -0.001 —0.071  0.068 0.000 —0.014 0.013 —0.003 —0.257  0.252 0.001 —0.015 0.018
HIV-negative Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base
HIV-positive, antenatal 0.129 —0.066 0.324  0.011 —0.005 0.026  0.005 —0.052  0.061 -—0.001 —0.014 0.012  0.026 —0.020  0.072  0.003 —0.006 0.012  0.009 —0.157 0.176 —0.002 —0.012  0.009
ART initiation
HIV-positive, pre-pregnancy  0.127 —0.189  0.442  0.007 —0.018 0.032  0.024 —0.067 0.115  0.006 —-0.015 0.027  0.029 —0.045 0.103  0.004 —0.010 0.019 0.164 —0.106 0.433  0.008 —0.010  0.025
ART initiation

Pregnancy GWG (kg/week) 0.624*** 0.243  1.006 0.049*** 0.018 0.079 0.044 —0.066 0.154 0.007 —-0.019 0.033 0.067 —0.022  0.156 0.017 —0.001 0.034 0.173 —-0.152  0.499 0.008 —-0.013  0.029
GDM (yes) 0.329*** 0.086 0.571 0.022** 0.003  0.041 0.100*** 0.030 0.170 0.021** 0.004  0.037 0.029 —0.028 0.086 0.006 —0.005 0.016 0.202 —-0.005 0.410 0.010 —-0.003 0.024
Haemoglobin (g/dl) —0.012 —0.053 0.029 -0.001 —0.005 0.002 0.005 —0.007 0.017 0.001 —0.002  0.004 0.008 —0.002 0.018 0.001 —0.001  0.003 0.017 —0.018 0.052 0.001 —0.002  0.003
Hypertension during —0.871*** —1.281 -0.461 —0.065*** —0.098 —0.033 —0.092 —0.210 0.026 -—0.013 —0.041 0.015 -0.075 —0.171  0.021 -0.007 —0.025 0.011 -0.237 —0.587 0.114 -0.012 —0.034  0.010
pregnancy (yes)

Female

Household SES (assets/12) —0.057 —0.124  0.010 -—0.004 —0.010 0.001 -—0.001 —0.018 0.017  0.001 —0.004 0.005  0.003 —0.012 0.018  0.002 —0.001  0.004 -0.025 —0.078  0.028 —0.001 —0.005 0.002

Preconception Parity (none) Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base Base
Parity (one/two) 0.108 —-0.151 0.368 0.014 —0.007 0.034 0.053 —-0.016 0.121 0.017** 0.000 0.034 0.005 —0.053 0.062 -0.001 —0.013 0.010 -0.054 —-0.260 0.151 -0.002 -0.015 0.012
Parity (three+) —0.052 —0.348 0.243 0.002 —0.022  0.026 0.021 —0.057  0.100 0.012 —0.007 0.032 -0.025 —0.090 0.041 -0.004 —0.017 0.009 -0.131 —0.366 0.103 —0.005 —0.020 0.010
Planned pregnancy (yes) —0.145 —0.315 0.025 -0.011 —0.024 0.003 —0.040 —0.085 0.005 -0.009 —0.020 0.002 -0.064*** —0.101 —0.026 -0.011*** —0.018 —0.004 —0.102 —0.237  0.032 -0.006 —0.015 0.003
Baseline BMI (kg/m2) 0.031***  0.017 0.044  0.002***  0.001 0.003 0.004 0.000 0.007  0.001 0.000 0.002  0.005***  0.002 0.008 0.001*** 0.000 0.001 0.012** 0.001 0.023  0.001 0.000  0.001
Maternal age (years) 0.006 —0.010 0.022  0.001 —0.001  0.002 -—0.003 —0.007  0.002  0.000 —0.001  0.001  0.000 —0.004 0.003  0.000 —0.001 0.001  0.001 —0.012 0.013  0.000 0.000  0.001
Alcohol use (yes) —0.065 —0.348 0.219 -0.005 —0.027 0.018 -0.001 —0.076  0.074 —0.006 —0.025 0.012 -0.002 —0.065 0.061 -—0.005 —-0.017  0.007  0.033 —0.192  0.257 -0.003 —0.018  0.011
Smoking (yes) —-0.273 —0.584  0.038 -0.021 —0.045 0.004 -0.042 —0.124  0.040 —0.003 —0.024  0.017 —0.092*** —0.161 -0.024 -0.013 —0.026 0.000 -0.217 —0.464  0.029 —0.009 —0.025 0.007
HIV-negative Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base Base Base  Base
HIV-positive, antenatal ART 0.095 —0.108 0.298  0.005 —0.011 0.021  0.017 —0.037 0.071  0.003 —-0.010 0.017 0.016 —0.029 0.061  0.002 —0.007 0.011 -0.067 —0.228 0.094 -—0.004 —0.015 0.006
initiation
HIV-positive, pre-pregnancy —0.183 —0.500 0.135 -0.012 —0.037  0.013 -0.063 —0.147  0.021 -0.013 —0.034  0.008 —0.052 —0.122  0.019 -0.007 —0.021 0.007 -0.322** -0.573 —0.070 -0.019** —0.036 —0.003
ART initiation

Pregnancy GWG (kg/week) 0.789***  0.336 1.241  0.068***  0.032 0.104 0.149** 0.029 0.269  0.033** 0.003 0.063  0.063 —0.037 0.164 0.018 —0.001 0.038  0.431** 0.072 0.789  0.028** 0.004 0.051
GDM (yes) 0.180 —0.086 0.446  0.012 —0.009 0.033 0.017 —0.054 0.087  0.000 —0.017 0.018 -0.021 —0.080 0.038 -—0.005 —-0.017 0.006 0.128 —0.083 0.338  0.006 —0.008  0.020
Haemoglobin (g/dl) —0.010 —0.027  0.008  0.000 —0.002  0.001 -0.003 —0.008 0.002 -—0.001 —0.002 0.001  0.000 —0.004 0.004  0.000 —0.001  0.001 -0.007 —0.021  0.007  0.000 —0.001  0.000
Hypertension during 0.108 —0.362 0.577  0.009 —0.028 0.047  0.020 —0.105 0.144  0.003 —0.028 0.034  0.039 —0.065 0.143  0.015 —0.005 0.036 0.146 —0.226 0.518  0.008 —0.016  0.032

pregnancy (yes)

"p<0.01, “p <0.05.
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Male Female
Direction of Direction of
Fetal growth parameter Predictor level Exposure association Exposure association
Abdominal circumference Household
Preconception Planned pregnancy -
Baseline BMI + Baseline BMI
Pregnancy GWG + GWG
GDM +
Hypertension
Biparietal diameter Household
Preconception Baseline BMI +
Parity - Parity aF
Pregnancy GDM 4k GWG
Head circumference Household
Preconception Parity =
Baseline BMI 4F Baseline BMI 4
Pregnancy GWG +
Femur length Household
Preconception Baseline BMI + Baseline BMI +
Parity - HIV+, ART initiated -

Planned pregnancy -

Pregnancy

BMI, body mass index; GWG, gestational weight gain; GDM, gestational diabetes mellitus; ART, antiretroviral treatment.

abdominal circumference size and velocity (#=0.33, CI=0.09;
0.57, p=10.02, CI=0.00; 0.04, respectively) and with biparietal
diameter size and velocity ($=0.10, CI=0.03; 0.17, f=0.02,
CI'=0.00; 0.04, respectively) in males. Conversely, having GDM
was not associated with any outcomes in females. GWG was pos-
itively associated with abdominal circumference size (f=0.62,
CI=0.24; 1.00, #=0.79, CI =0.34; 1.24) and velocity (8= 0.05,
CI=0.02; 0.08, #=0.07, CI=0.03; 0.10) in males and females,
respectively, and with biparietal dimeter size and velocity
(f=0.15, CI=0.03; 0.27 and = 0.03, CI =0.00; 0.06) and head
circumference size and velocity (#=0.43, CI=0.07; 0.79 and
$=0.03, CI=0.00; 0.05) in females. The relationship between
GWG and abdominal circumference size indicated that 1 kg/week
increase would result in nearly a full unit increase in size, respec-
tively. Hypertension during pregnancy was negatively associated
with abdominal circumference size and velocity in males
(p=-0.87, CI=—-1.28; —0.46 and = —-0.07, CI=-0.10; —0.03),
but not with any female fetal growth parameters. Haemoglobin
level was not associated with any fetal growth parameters.

Summative results

Table 4 shows a summary of variables significantly associated
with fetal growth outcomes (either size or velocity) by household,
preconception, and pregnancy levels. Household-level predictors
were not related to fetal growth. Conversely, the individual-level
predictors, both preconception and during pregnancy, were related
to fetal growth; however, these relationships showed sexual
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dimorphism. Baseline BMI was the most common predictor of
increased fetal growth for both males and females; while GWG
affected all growth parameters except for femur length in females.
Males appeared to be more sensitive to maternal biological factors
(such as blood pressure and hyperglycaemia) than females, while
females seem to be sensitive to GWG.

Discussion

This study aimed to quantify the associations between maternal
social and biological factors and fetal growth in a sample from
Soweto, South Africa. Similar to previous findings, we showed that
maternal biological factors were strongly associated with fetal
growth. However, social factors did not show significant relation-
ships with fetal growth. These associations differed by fetal sex,
showing sexual dimorphism in fetal responsiveness to maternal
biology.

The importance of BMI and GWG for predicting infant growth
has been well established;***~** however, evidence for associations
with fetal growth are less available. Most studies have assessed
birthweight as a proxy of fetal growth, yet this limits our under-
standing of where growth is occurring, and therefore of the longer
term implications of these predictors. For example, length gain
in fetal life has been associated with decreased infancy length,
but with increased childhood BMI and fat mass index,*® while
ultrasound measures of abdominal circumference have been
shown to accurately predict macrosomia.*® In this sample, two-
thirds of pregnant, first trimester, women presented as overweight
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or obese. Baseline BMI was the most consistent predictor of
fetal growth across fetal sex and biometry parameters. In addition,
GWG was an independent predictor of most growth parameters in
females. This highlights the added importance of maintaining
healthy behaviours during pregnancy to prevent excess GWG;
however, it is evident that maintaining healthy weight gain during
pregnancy does not counteract the harmful effect of entering a
pregnancy overweight or obese. Therefore, it is essential that
researchers and policy-makers develop interventions to combat
overweight and obesity prior to conception in order to prevent fetal
adiposity and later metabolic disease risk.

Pregnancy is considered as a low-grade inflammatory state.””
Maternal obesity compounds this issue by causing increases in
circulating pro-inflammatory cytokines and hormones which are
associated with fetal metabolic programming.’” Furthermore, adi-
pose tissue inflammation has also been shown to increase placental
inflammation, therefore disrupting function.’” Fetuses exposed to
this inflammatory environment are thus predisposed to abnormal
development in utero, which can affect birth outcomes, as well as
lifelong health and metabolic function.’”-* Obesity also results in
insulin resistance,”” thus increasing risk of GDM, and can increase
risk of gestational hypertension,*® both of which this study and
others have shown are independently associated with fetal
growth.?’ Prevention of maternal obesity is thus key, and improved
understanding of how inflammation mediates the relationship
between maternal obesity and fetal growth is warranted.

The presence of hypertension during pregnancy was strongly
associated with decreased abdominal circumference in males.
Gestational hypertension has regularly been linked to impaired
fetal growth, as well as low birthweight, length, and head circum-
ference.*! However, the present study did not corroborate these
findings in female fetuses, again highlighting the important
differences in sensitivity to the uterine environment according
to fetal sex. Male fetuses are known to be more sensitive to the
uterine environment than female fetuses,*? likely due to having
more efficient placentas that are responsive to the womb environ-
ment in order to optimise growth rate. Conversely, female fetuses
seem to be responsive to pre-existing maternal factors.*? The
present findings corroborate this, in that male fetuses were more
sensitive to hypertension and GDM than female fetuses. Sex
differences in the association between GDM and fetal growth
have been shown previously in this cohort?® and are particularly
important considering the high prevalence of GDM in South
Africa (11% in this cohort). We were also able to determine sex
differences in parameters of growth most responsive to predictors.
For example, maternal predictors were more often associated with
abdominal circumference in males, but with femur length in
females. These findings also seem to indicate that maternal biology
affects fat storage in males, while in females it affects linear growth.
Indeed, sex-specific differences in fetal growth have been shown
previously,”® in that from the second trimester onwards, males
have larger abdominal circumference than females, while females
have larger femur length.

A significant portion of the variance in the fetal growth char-
acteristics could be explained by the model. However, we only
adjusted for the size and velocity parameters and omitted the
tempo parameter due to the near-linear shape of the curve. It
is possible that this contributed to the lower than expected vari-
ance explained by the model. While Soweto is one of South
Africa’s highly transitioned urban townships and is thus at least
indicative of the rapid transition underway in both urban and
rural South Africa; Soweto may not be indicative of all of
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South Africa - therefore limiting the external validity of the study.
Further, there is limitation in using BMI at presentation as a
proxy for pre-pregnancy BMI; however, women presented early
in their first trimester (<14 weeks) and were thus unlikely to have
gained much weight since conception.??® While we did assess
use of toxic substances such as alcohol and smoking at presenta-
tion (considered as a preconception variable), these were not
retested during pregnancy and consumption may have changed
during this time. Lastly, we did not assess how complex lifestyle
factors, such as physical activity, diet, and depression, may
modify these associations. These lifestyle factors should be
included in future studies in order to better understand complex
and related predictors of fetal growth. There is also a limitation
introduced through the separation of exposure variables into
hierarchical levels, which may not be so clearly distinct in reality
and are likely interrelated. However, we based this framework and
the hierarchical levels on existing literature and in consultation
with experts in maternal and child health. Future studies should
aim to better understand the interplay between a wider set of
maternal biological factors and how these interactions may effect
fetal growth.

In conclusion, this study is the first to examine biological and
social predictors of fetal growth in a South African population
using SITAR growth modelling. Sex differences in the responsive-
ness of fetal biometry to biological exposures were evident; how-
ever, both male and female growth were largely predicted by
maternal BMI at the start of pregnancy; and social exposures
did not seem to affect fetal growth. These findings are important
for understanding contextual origins of infant growth and body
composition trajectories, and how to intervene in resource-
constrained settings such as South Africa.
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