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Pregnancy is a complex physiological state including a number of 
interrelated physiological processes; health behaviours prior to, and 
during, this time can have effects on both maternal and neonatal 
health. Some risk factors may even continue to impact on the 
offspring’s health into adulthood.[1] Therefore this is a crucial period 
to examine modifiable maternal behaviours, and to determine which 
of these behaviours are associated with neonatal body size and 
composition outcomes so that preventative measures can be taken 
against childhood and later life obesity.

Previous research from a South African (SA) pregnancy cohort has 
shown that factors occurring pre conception and during pregnancy 
were associated with fetal growth, and in some cases with neonatal 
body composition (fat mass index (FMI)) or size (specifically 
weight-to-length ratio (WLR)). Specifically, preconception factors 
such as socioeconomic status (SES), whether or not the pregnancy 
was planned, and parity; and maternal lifestyle factors such as 
body mass index (BMI) at the start of pregnancy and diet have 
been associated with fetal and/or neonatal size.[2-4] Furthermore, 
pregnancy factors such as gestational diabetes mellitus (GDM), 
HIV status and treatment, and gestational weight gain (GWG), 
have also been associated with fetal growth and/or FMI or WLR.
[2-4] Additionally, objectively measured physical activity during 
pregnancy was shown to be associated with GWG in a sub-sample of 

this population, but not with any delivery outcomes.[5] Various other 
potential predictors have been examined in relation to fetal growth 
and FMI or WLR in this population,[2-6] and we have therefore been 
able to develop a conceptual model showing the potential pathways 
through which maternal factors before and during pregnancy are 
related to FMI and/or WLR (Fig. 1).

However, differential effects have been shown when considering 
either WLR (size) or FMI (body composition) as the outcomes. 
While neonatal size is used as a predictor of childhood obesity 
and disease risk, newborn adiposity has been shown to be more 
indicative of metabolic programming and thus short- and long-
term risk of obesity and disease risk.[7] Additionally, we have not 
yet studied the combined effects of all of these pathways in the 
same model, in order to determine which pathways are directly 
or indirectly associated with FMI or WLR. Furthermore, while 
maternal physical activity has been examined in relation to delivery 
outcomes, we have not yet examined how physical activity and 
sedentary behaviours are related to fetal growth or neonatal FMI 
or WLR; previous research on this topic shows varied results.[8-15] 
As maternal physical activity has been associated with GWG,[5] 
we suspect that physical activity patterns may play a role in 
the relationship between maternal health during pregnancy and 
neonatal body composition and size outcomes.
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The present study therefore aims to examine 
the interrelationships between maternal 
biological and lifestyle factors, and fetal 
growth (Fig.  1) using a structural equation 
model (SEM) in order to specifically 
determine the pathways through which 
maternal physical activity behaviours 
influence (i) neonatal size (WLR), and (ii) 
body composition in a subsample who had 
FMI measures.

Methods
Study setting and participants
Participants were recruited from a prospective 
longitudinal pregnancy cohort study (the 
Soweto First 1000-Days Study (S1000)) 
which was conducted at the South African 
Medical Research Council (SAMRC)/
Wits Developmental Pathways for Health 
Research Unit (DPHRU), at the Chris Hani 
Baragwanath Academic Hospital (CHBAH) 
in Soweto, Johannesburg, South Africa. The 
S1000 study has been explained in detail 
elsewhere,[2] but in brief, 1 017 naturally 
conceived pregnant women were enrolled 
from Soweto at <14 weeks’ pregnant. Data 
were collected at six time-points during 
pregnancy (<14 weeks; 14 - 18 weeks; 19 - 
23 weeks; 24 - 28 weeks; 29 - 33 weeks and 
34 - 38 weeks), as well as at delivery. For 
the purpose of this analysis, a subsample of 
participants who had objectively measured 
physical activity data as well as complete 
WLR data (n=84) were assessed;[5] and a 
subsample of these also had FMI data (n=45). 
Ethical clearance for the study was obtained 
from the University of the Witwatersrand’s 
Human Research Ethics Committee (ref 
nos. M120524 and M130309). All study 

participants provided informed written 
consent prior to their inclusion in the study.

Maternal data
Sociodemographic data were collected 
at the first visit during pregnancy (<14 
weeks’ gestational age) in an interview 
using questionnaires administered by 
trained research assistants. Household 
socioeconomic status (SES) was estimated 
by scoring each participant according to the 
number of physical assets possessed out of 
a possible 11, based on standard items used 
in the Demographic and Health Surveys 
household questionnaire.[16,17] Women self-
reported their date of birth at enrolment, 
from which their age was calculated. 
Women reported whether their current 
pregnancy was planned or unplanned. 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. 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 antenatal clinic card. All 
HIV-positive participants  were  receiving 
antiretroviral treatment (ART) during the 
study.

Maternal 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 BMI (weight 
(kg)/height (m2)).[18] GWG (kg/week) was 
calculated as (weight at final pregnancy 
visit − weight at recruitment)/weeks of 
follow-up). A two-hour 75 g oral glucose 
tolerance test (OGTT) was conducted at 24 
- 28 weeks’ gestation in order to determine 
whether gestational diabetes mellitus (GDM) 
was present according to the World Health 
Organizations’ (WHO) 2013 criteria.[19] 
Maternal blood pressure (mmHg) was 
measured at the fourth pregnancy visit (24 
- 28 weeks) using an Omron 6 automated 
machine (Kyoto, Japan). A 5-minute seated 
rest was observed before blood pressure 
measurements were taken. Seated blood 
pressure was measured three times on the 
right side, with a 2-minute 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 
NICE guidelines (NG133, 2019).

Physical activity was measured using a 
hip-worn triaxial accelerometer (ActiGraph 
GT3X+, ActiGraph, Pensacola), at 14 
- 18 weeks’ and 29 - 33 weeks’ gestation 
as described previously.[5] Non-wear time 
was defined as periods lasting three hours 
or longer where the standard deviation of 
acceleration in each axis remained below 
5 mg.[20] All data from midnight to 06h00 were 
excluded as sleep time. A day was considered 
valid if it contained at least seven hours of 
wear time, and a minimum of three valid 
days of wear time was required for a record 
to be included in this analysis. Acceleration 
was calibrated to local gravity,[20] following 
which a measure of overall PA volume was 
derived. Moderate to vigorous physical 
activity (MVPA) was set at a cut point ≥1 952 
counts per minute, and presented as minutes/
valid day in trimesters one and three. The 
percentage of participants meeting WHO 
guidelines for physical activity (≥150 MVPA/
week) was calculated and reported. Sedentary 
behaviour was set at a cut point of 100 counts 
per minute and presented as minutes/valid 
day in trimesters one and three. Steps per day 
were recorded in trimesters one and three 
by the accelerometer and reported as steps 
per day when counts per minute were higher 
than 100 (i.e. not sedentary behaviour).

Fetal ultrasonography
All participants had a pregnancy dating scan 
at the first visit (median (interquartile range 
(IQR)) 12 (11 - 13) weeks) using a Philips HD-9 
(Philips Ultrasound, Bothell, Washington) 
ultrasound machine.[21] Participants were 
invited for follow-up scans every five weeks 

Preconception

Planned pregnancy

HIV

SES

Parity

BMI

GWG

GDM

Pregnancy

Hypertension

Fetal growth
Abdominal circumference

GA

Maternal activity:
Sedentary time

MPVA time 
Step count

Delivery/neonatal

Neonatal outcome:
WLR or FMI

Fig.  1. Conceptual model based on previous literature in this population. (BMI = body mass index; 
GWG = gestational weight gain; GDM = gestational diabetes mellitus; SES = socioeconomic status; 
HIV = human immunodeficiency virus; MVPA = moderate to vigorous physical activity; GA = gestational 
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at the following visits: 14 - 18 weeks’, 19 - 23 weeks’, 24 - 28 
weeks’, 29 - 33 weeks’ and 34 - 38 weeks’ gestation, and abdominal 
circumference, biparietal diameter, head circumference and femur 
length were recorded each time.[22] All five serial measurements 
of abdominal circumference from first to the third trimester of 
pregnancy were included in the analyses. These data were modelled 
using the Superimposition by Translation and Rotation (SITAR) as 
described previously,[2] and are represented as individual variation 
along the y-axis, giving an absolute deviation of each individual 
from the sample mean in the units of the measurement. While SITAR 
produces three parameters [23] – corresponding to the size, tempo 
and velocity of growth for each measurement, this study focuses 
only on the abdominal circumference size variable, as abdominal 
circumference has been shown to be the most reliable predictor of 
birthweight.[24,25] Males and females were modelled together and 
the sex variable was included as an interaction term in the model 
to assess sex differences owing to previous analyses on this cohort 
demonstrating sex differences in fetal growth.[3]

Neonatal data
Gestational age at delivery (weeks) was calculated as: (duration of 
pregnancy follow-up (date of delivery – date of baseline ultrasound 
dating scan) + gestational age at baseline (days)). Birthweight and 
length were measured by trained research nurses within 24 hours of 
delivery. Where assessment within this window was not possible– 
for example, owing to the infant being admitted to hospital for 
observation – measurements were taken within 48 hours (18% of 
total sample). WLR ratio (kg/m) was calculated to represent the best 
anthropometric predictor of neonatal body composition at delivery.[26]

Neonatal body composition was analysed via either air 
displacement plethysmography (ADP) using the Peapod (Cosmed, 
USA) or dual-energy X-ray absorptiometry (DXA; Hologic 
DiscoveryA S/N 86254, APEX software version 4.0.2, Hologic Inc., 
USA) within the first month of life. Both of these measures have 
been described previously.[4] ADP was utilised when possible (n=32), 
but in cases where a neonate had only DXA measurements (n=13), 
fat mass and fat-free mass were converted to their ADP equivalent 
estimates as described previously.[4] FMI (kg/m3) was calculated from 
these estimates to describe adiposity in neonates.

Statistical methods
Data were analysed in STATA V13.0 (StataCorp., USA). All data 
are presented as mean (SD), median (IQR) or n (%). A p-value 
<0.05 was considered statistically significant. However, confidence 
intervals and beta coefficients are presented to determine the 
strength of the associations between variables. Maternal and fetal/
neonatal descriptive data were summarised and reported. Maternal 
predictors of physical activity, step count, and sedentary behaviour 
in trimesters one and three were determined using linear regression 
models. Thereafter, a SEM was developed based on the conceptual 
framework presented in Fig.  1 and the regression results. SEM 
is used to test and estimate the relationships between multiple 
variables when more than one pathway is suspected, and mediation 
or moderation may exist, and provides a complete picture of how 
all the variables interact with one another. The structural model 
defines the relationship between any composite latent variables and 
other observed variables. Two SEM models were run with either 
WLR or FMI (in a smaller subsample who had these data (n=45) 
as the outcome variables. Direct and indirect (whereby one variable 
is acting through another) effects were calculated, and total effects 
(overall model results when direct and indirect effects are combined) 
were presented with the pathways detailed.

Results
A total of 84 participants were included in this study. A post hoc 
power calculation showed that with the given sample size, we had 
>80% power in the regression models with 95% confidence. Table 1 
shows the descriptive data for this sample. Mothers were on average 
30 years old. Most (66%) mothers presented as overweight or obese 
at their first visit, and gained on average 0.35 (1.9) kg per week. 
Just under half (47%) of pregnancies were planned. In trimester 
one, 50% of mothers met the physical activity guidelines and 50% 
were accumulating 10 000 or more steps per day while, in trimester 
three, only 29% met the guidelines and only 41% were accumulating 
10  000 or more steps per day. Average minutes per day of MVPA 
and sedentary time in trimester one v. trimester three are presented 
in Fig. 2. Neonates weighed on average 3 kg at birth, were born at a 
mean (SD) of 38 (SD=2) weeks’ gestational age, and 51% were male.

The results from the linear regression models showed that in 
trimester one, parity trended towards a positive associated with 
sedentary time (ß=16.75, p=0.05), and a negative association with 
step count (ß=-764.39, p=0.07). In trimester three, only maternal age 
was positively associated with sedentary time (ß=4.25, p=0.02), and 
negatively associated with MVPA (ß=-0.59, p=0.02). BMI, GWG, 
GDM, HIV and SES were not associated with MVPA or sedentary 
time. However, GWG was negatively associated with step count 
in trimester three (ß=-5865, p=0.02), whereby each kg increase in 
average weight gain per week was associated with nearly 6 000 fewer 
steps per day. None of the maternal factors was associated with the 
change in physical activity from trimester one to trimester three, 
yet maternal age was associated with less change in sedentary time 
(ß= -1.24, p=0.02).

Finally, the SEM (model pathways shown in supplementary 
Fig. 1) showed that only GA (directly and positively) and sedentary 
time (negatively acting through GA), were associated with WLR 
(Table  1). While not directly related to WLR, step count (values 

Table 1. Descriptive characteristics of the study sample
Characteristics Mean (SD)*
Maternal variables

Age (years) 30 (6)
BMI (kg/m2) 27.14 (4.86)
GWG (kg/wk) 0.35 (0.19)
Parity 2 (1)
GDM (yes), % 12
SES (score/11) 6 (1)
Planned pregnancy, % 47
Hypertension, % 5
HIV+, % 30

Fetal/neonatal variables
Abdominal circumference (cm)† -0.02 (0.90)
GA at delivery (weeks) 38.13 (2.05)
Infant sex (male), % 51
Birthweight (g) 3 033 (542)
WLR at delivery (kg/m) 6.26 (0.82)
FMI within first month (kg/m3) 3.69 (1.45)

STD = standard deviation; BMI = body mass index; GWG = gestational weight 
gain; GDM = gestational diabetes mellitus; SES = socioeconomic status;  
HIV = human immunodeficiency virus; GA = gestational age;  
WLR = weight-to-length ratio; FMI = fat mass index.
*Unless otherwise specified. 
†SITAR-modelled abdominal circumference size.
‡Age at examination of FMI = 6.7 (3.6) days, n=45.
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were divided by 1 000 to provide ß-coefficients >0) was directly 
associated with GWG (ß=-0.02, p=0.01), and with GA (ß= 0.16, 
p=0.04). Therefore, step count was indirectly (but not significantly) 
associated with decreased fetal abdominal circumference. Fetal 
abdominal circumference was also directly associated with GA (ß= 
-0.82, p=0.02) and WLR (ß=0.39, p<0.01), yet was not associated 
with WLR in the overall SEM results. BMI and GDM were also 
directly associated with increased abdominal circumference, and 
whether or not the pregnancy was planned was directly associated 
with decreased abdominal circumference. All significant pathways 
are shown in Fig.  3. When considering FMI as the outcome in a 
subsample of participants (n=45), only BMI was associated with 
FMI, indirectly through GA and abdominal circumference (ß=0.02, 
p=0.04); shown in supplementary Table 1. Although there were no 
significant correlates of trimester one physical activity and sedentary 
behaviours, sensitivity analyses were run including trimester one 
physical activity and sedentary behaviours in the SEM models, yet 
these did not result in any changes to the pathways and so results 
are not presented.

Discussion
This study aimed to determine the interrelationship between 
maternal biological factors, maternal lifestyle behaviours and fetal 
growth, with neonatal size and body composition. We found that 
maternal sedentary behaviour during pregnancy was negatively 
associated with neonatal size (WLR), and that their step count 
was associated with decreased GWG and a higher gestational 
age. However, none of these factors was associated with neonatal 
FMI, indicating that activity behaviours may not affect adiposity 
deposition. Therefore, it seems that increased activity and decreased 
sedentary time are associated with later delivery of bigger neonates 
but not necessarily with higher adiposity in these neonates.

This study confirmed some of the pathways that have been 
previously examined in this population, while also elucidating some 
of the pathways through which these associations act. Specifically, 
we were able to clarify the detrimental effects of an increased 
BMI at the start of pregnancy for poor delivery outcomes and 
increased fetal and neonatal adiposity and size. Furthermore, the 
development of GDM predisposes neonates to the same detrimental 
delivery outcomes, and could thus compound the effects of entering 

pregnancy overweight. This study adds to the multitude of data 
describing the risks of entering pregnancy overweight or obese,[2,27-30] 
and further elucidates these relationships by showing that maternal 
BMI increases both fetal and neonatal adiposity – both of which have 
been linked to later life obesity.[2,10,15,31] In this study, 60% of mothers 
entered pregnancy overweight or obese – which is indicative of a 
population of young women at risk, who are transferring this risk on 
to the next generation.

While half of women entering pregnancy were sufficiently 
physically active, this had decreased to only 30% by the third 
trimester of pregnancy. This significant decrease in physical activity 
levels during pregnancy has been shown in other studies.[5,32,33] 
The maternal benefits of acquiring sufficient physical activity and 
decreasing sedentary time during pregnancy include lower GWG, 
decreased risk of GDM and hypertension, increased sense of wellbeing, 
and improvements in peripartum depression scores.[13,34,35] Yet there 
is less research describing the effects of physical activity during 
pregnancy on the offspring in utero or after delivery. Most studies 
have reported no adverse effects to the neonate and have therefore 
deemed exercise during pregnancy as safe – with the exception 
of maximal exertion training and potentially resistance training 
in a supine position.[9,10] A few studies have shown that exercise 
is related to neonatal birth size[14] or to increased gestational 
age,[32] and that decreased sedentary time is related to decreased 
neonatal adiposity.[8] Associations with placental perfusion have 
also been observed.[10] Previous reviews of the literature have 
encouraged studies to include factors such as pre pregnancy BMI, 
GWG and GDM status.[10] The present study, when considering 
the interrelationship between those maternal factors, found that 
increased physical activity (step count) and decreased sedentary 
behaviour had beneficial effects on both maternal health and on 
neonatal size at delivery, while not increasing fat mass. Interestingly, 
all of these neonatal associations acted through fetal abdominal 
circumference – which is suggestive of metabolic programming of 
in utero abdominal adiposity. This aspect has not previously been 
studied in association with maternal physical activity.

In the present study, women who were accumulating more steps 
per day during the last trimester of pregnancy were likely to have 
gained less weight during their pregnancy, and their offspring were 
likely to be delivered later into gestation. However, MVPA did not 

Table 2. SEM results for the WLR outcome (n=84)

Characteristics Significant pathways Coef.
Overall 
p-value 95% CI

GWG (kg/wk) None 0.712 0.176 -0.320 1.745
BMI (kg/m2) Indirectly through abdominal circumference -0.003 0.835 -0.0327 0.0264
Parity None -0.064 0.302 -0.186 0.058
GDM Indirectly through abdominal circumference -0.102 0.612 -0.494 0.291
SES (score/11) Indirectly through BMI -0.004 0.836 -0.040 0.032
Planned pregnancy Indirectly through abdominal circumference 

and GA
-0.075 0.255 -0.204 0.054

Hypertension None -0.267 0.398 -0.888 0.353
HIV + None -0.002 0.939 -0.049 0.046
Steps per day Indirectly through GA and GWG 0.000 0.136 -0.000 0.000
MVPA (min/wk) None -0.005 0.413 -0.018 0.008
Sedentary (min/day) Indirectly through GA -0.005 0.006 -0.009 -0.001
Abdominal circumference (cm) Direct 0.160 0.205 -0.088 0.409
GA (weeks) Direct 0.278 0.000 0.21 0.346

SEM = structural equation model; WLR = weight-to-length ratio; CI = confidence interval; BMI = body mass index; GWG = gestational weight gain; GDM = gestational 
diabetes mellitus; SES = socioeconomic status; HIV = human immunodeficiency virus; MVPA = moderate to vigorous physical activity; GA = gestational age.
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show the same relationship. Other studies 
have shown that light physical activity has 
beneficial effects on placental perfusion, as 
well as fetal cardiac adaptability,[10] while 
higher intensity exercise can lead to transient 
fetal distress (while not causing any long-
term detrimental effects).[9,10] As walking 
to accumulate steps is generally considered 

light to moderate intensity activity, it could 
present a safe, translatable  and easy-to-
achieve goal to improve pregnancy and 
fetal health.[36] This would be a particularly 
important public health message, given that 
South Africa does not currently have any 
routine physical activity recommendations 
for pregnant women, or for women who 

are entering pregnancy overweight or 
obese. Conversely, sedentary behaviour 
was associated with a lower gestational age, 
and thus with decreased neonatal size. In 
trimester one, half of women were achieving 
the recommended 10  000 steps or more, 
while by trimester 3 this had decreased to 
41%. As the SEM results showed that each 
extra 1 000 steps per day were associated 
with just over a day’s extra gestation time 
and 200 g less GWG per week, it would 
be advisable to encourage women to 
accumulate as many steps as possible per 
day during their pregnancy. Furthermore, 
encouraging women to replace sedentary 
time with walking would potentially provide 
additional benefits to gestational age and 
to neonatal size at delivery. Additionally, 
increasing physical activity and decreasing 
sedentary time could decrease risk of 
GDM, and work towards decreasing obesity 
prevalence in this population of women 
and for any future offspring.[12,13,37] The 
combined effects of these behaviours are 
therefore highly relevant.

The present study is limited by the small 
sample size and by being constrained to 
one setting. However, a post hoc power 
calculation showed that with the given 
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sample size, we had >80% power in the regression models with 
95% confidence. Additionally, the longitudinal and precise objective 
measurement of physical activity and sedentary behaviour adds 
value and power to the analyses. The inclusion of repeated fetal 
growth measurements throughout pregnancy is unique to this 
study, and again adds power. Furthermore, by including maternal 
biological and behavioural correlates into the SEM model, we were 
able to unravel direct and indirect pathways through which these 
associations act.

In conclusion, this study has shown that a high maternal BMI 
at the start of pregnancy has deleterious effects on both fetal and 
neonatal body composition outcomes. Additionally, increasing daily 
step count and decreasing sedentary behaviour could have beneficial 
effects on both maternal health as well as on delivery outcomes 
and neonatal size. Walking is therefore recommended as a safe and 
accessible means to improve pregnancy health, while also potentially 
decreasing risk of GDM and obesity.
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