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Abstract

Background Globally, the rapid increase of obesity is reaching alarming proportions. A new approach to reduce
obesity and its comorbidities involves tackling the built environment. Environmental influences seem to play an
important role, but the environmental influences in early life on adult body composition have not been thoroughly
investigated. This study seeks to fill the research gap by examining early-life exposure to residential green spaces and
traffic exposure in association with body composition among a population of young adult twins.

Methods As part of the East Flanders Prospective Twin Survey (EFPTS) cohort, this study included 332 twins. Residen-
tial addresses of the mothers at time of birth of the twins were geocoded to determine residential green spaces and
traffic exposure. To capture body composition, body mass index, waist-to-hip ratio (WHR), waist circumference, skin-
fold thickness, leptin levels, and fat percentage were measured at adult age. Linear mixed modelling analyses were
conducted to investigate early-life environmental exposures in association with body composition, while accounting
for potential confounders. In addition, moderator effects of zygosity/chorionicity, sex and socio-economic status were
tested.

Results Each interquartile range (IQR) increase in distance to highway was found associated with an increase of
1.2% in WHR (95%CI 0.2-2.2%). For landcover of green spaces, each IQR increase was associated with 0.8% increase in
WHR (95%CI 0.4-1.3%), 1.4% increase in waist circumference (95%C| 0.5-2.2%), and 2.3% increase in body fat (95%Cl
0.2-4.4%). Stratified analyses by zygosity/chorionicity type indicated that in monozygotic monochorionic twins, each
IQR increase in land cover of green spaces was associated with 1.3% increase in WHR (95%Cl 0.5-2.1%). In monozy-
gotic dichorionic twins, each IQR increase in land cover of green spaces was associated with 1.4% increase in waist-
circumference (95%Cl 0.6-2.2%).

Conclusions The built environment in which mothers reside during pregnancy might play a role on body composi-
tion among young adult twins. Our study revealed that based on zygosity/chorionicity type differential effects of
prenatal exposure to green spaces on body composition at adult age might exist.
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Introduction

In many countries around the world, the rapid increase
of obesity is reaching alarming proportions. Obesity is
a serious public health issue which is linked to multiple
adverse health conditions [1]. It has been predicted that if
trends continue to rise, by 2030 up to 57.8% of the world’s
adult population will be either overweight or obese [2].
Obesity is generally explained as an energy imbalance
between calories consumed and calories expended [3].
Yet, there is growing evidence that the calorie imbalance
may not be sufficient to explain the obesity epidemic [4].
A new approach to reduce obesity and its comorbidities
involves tackling the built environment. Some previ-
ous studies suggest that residential green spaces may be
associated with lower adiposity and healthier outcomes
[5-7], whereas traffic exposure may be associated with
an increased body mass index [8, 9]. Environmental
influences therefore might play an important role, but
the environmental influences in early life, even prena-
tally, have not been thoroughly investigated and previous
studies are limited by only considering a single environ-
mental exposure at a time [10]. It might be that the built
environment in which mothers reside during pregnancy
plays a role in predisposing their offspring to an unfa-
vorable body composition, which however needs further
exploring.

According to the ‘Developmental Origins of Health
and Disease’ hypothesis, being exposed to environ-
mental influences in early life can have significant con-
sequences on an individual’s risk for future chronic
disease [11]. Previous research, carried out among
singletons, suggest an increased risk of obesity when
exposed to high concentrations of traffic. For instance,
a study reveals a greater total fat mass in infants whose
mothers live close to a major roadway at the time of
delivery compared to mothers who live further away
from the roadway [12]. Another study shows that early
life exposures of near-roadway air pollution results in
an increased body mass index during childhood [9].
Sex and socio-economic status may act as modera-
tors in this association given that males may be more
vulnerable to traffic exposure than females and low
SES households may suffer more than high SES house-
holds [13-15]. On the other hand, when exposed to
higher levels of residential green spaces a lower risk of
obesity is argued among adults of all ages [16]. Unfor-
tunately, there is little clarity on the contribution of
early-life exposure to residential green spaces to obe-
sity in later life [17]. Nevertheless, it has been shown

among singletons that residential green spaces may be
beneficial to fetal growth [18, 19], which in turn may be
favorable on adult body composition. Evidence already
reported a U-shaped association between birth weight
and body mass index, waist circumference and body fat
percentage in adults [20, 21].

Twin pregnancies are associated with a higher risk of
adverse outcomes such as premature birth and low birth
weight [22]. Therefore, the built environment could have
a larger impact on later-life health of twins as compared
to singletons. Interestingly, only a limited body of litera-
ture has explored the role of the prenatal built environ-
ment on later-life health in twins. A previous twin-study
in a population selected from the East Flanders Pro-
spective Twin Survey (EFPTS), demonstrates that blood
pressure at an adult age is lower when one in early life
is exposed to more surrounding residential green spaces
[23]. In another EFPTS study, higher exposure to early
life residential traffic was found to be associated with
shorter telomeres during young adulthood [24]. The pre-
sent study is a continuation of these mentioned studies
embedded in the EFPTS project. Overall, a beneficial
early-life effect of residential green spaces and detrimen-
tal early-life effect of traffic exposure is implied, which
needs further exploring.

Twin studies provide a unique opportunity to inves-
tigate prenatal environmental influences on the devel-
opment of obesity as they allow us to distinguish and
examine the environmental influences according to
chorionicity. Whereas dizygotic (DZ; fraternal) twins
are always dichorionic, monozygotic (MZ; identical)
twins, can be further classified as monochorionic (MC)
or dichorionic (DC) [25]. Vascular anastomoses and
velamentous insertion of the umbilical cord is common
among MC twins, which is associated with lower birth
weight [26], and greater birth weight discordance [27].
This means that zygosity/chorionicity type may play a
moderating role on the pathway from pre-natal built
environment to obesity [26]. However, this hypothesis
has never been tested to the best of our knowledge.
The large EFPTS birth cohort, which recorded placen-
tal data with long-term follow up, allows us to investi-
gate this hypothesis and increase our knowledge on the
multifactorial etiology of obesity. Therefore, we inves-
tigated early-life traffic exposure and green spaces in
association with adult body composition and the influ-
ence of zygosity/chorionicity type among young adult
twins. Additionally, we examined effect-modification by
sex and socio-economic status (SES).
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Methods

Study design and population

This study is part of a larger on-going prospective
population based cohort: The East Flanders Prospec-
tive Twin Survey (EFPTS) [28]. Multiple births in the
province of East Flanders, Belgium are registered at
birth since 1964. Within 24 hours after delivery, placen-
tas and fetal membranes are macroscopically assessed
following a standardized protocol to determine cho-
rionicity and zygosity. At adult age, 424 twin pairs
agreed to follow-up, which took place between 1997
and 2000. Twins born before 1975 were excluded due
to major changes in the local road network. Differences
between study participants and excluded twins are
shown in Supplementary Table 1 and 2. All participat-
ing twins were born between 1975 and 1982 and were
18-25years of age when contacted. During a two-hour
examination, anthropometric parameters were taken,
venous fasting blood was sampled, and additional
information was obtained via self-administered ques-
tionnaires from the twins and their mothers. As shown
in Fig. 1, our final study population consisted of 168
mothers, 164 twin pairs and 4 incomplete twin pairs.

Twins from EFPTS cohort study randomly
contacted by envelope
(pairs = 803)
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Exposure assessment

Residential addresses of the mothers at time of birth of the
twins were geocoded. Residential green spaces and distance
to roads were determined using Geographic Information
System (GIS) functions. First, spatial analysis of the land
cover was conducted in a 5000m radius from the residen-
tial address using GIS and was based on data from CORINE
(Coordination of Information of the Environment) Land
Cover 1990 and 2000 (CLC1990 and CLC2000), pub-
lished by the European Environment Agency. Green space
included the classes of forest and semi natural areas, wet-
lands, water bodies and artificial vegetated areas and does
not include agricultural areas. Second, GIS functions
estimated traffic exposure through distances to nearest
national road and distances to nearest highway. In addition,
distance to nearest major road was defined by the two types
of roads, whichever is nearest. All GIS analyses were per-
formed using ArcGIS10 software [23].

Outcome assessment

Two trained researchers examined anthropometric
parameters and metabolic characteristics, as has been
previously described in detail [29]. In brief: Participants

Twins participating in the Prenatal

* Twin-pairs decided not to participate in the follow-up (pairs = 379)
* Of the twin-pair, only one twin participated (one of both = 45)
* Participant who did not participate in pairs, with severe scoliosis (one of both =1)

Programming Twin study
(pairs = 380; one of both = 44)

* No addresses were given (pairs = 14; one of both = 23)

Twins participating in the GIS follow-up study
(pairs = 366; one of both = 21)

|+ Participant who participated in pairs, BMI was missing (one of both = 1)
* Twins born before 1975 (pairs = 202; one of both =16)

y

Included in the statistical analyses
(pairs = 164; one of both = 4)

(N= 332 individuals)

Fig. 1 Flowchart of the participants in the study. Abbreviations: EFPTS, East-Flanders prospective Survey
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were measured barefoot and lightly clothed. Standing
height (cm) was measured to the nearest 0.1cm with a
Harpenden fixed stadiometer (Holtain, Crosswell, UK).
Body mass (kg) was measured on a balance scale (SECA,
Hamburg, Germany) to the nearest 0.1kg. Waist and hip
circumferences were measured with a flexible steel tape
to 1 mm accuracy. Waist circumference was taken at the
smallest point between the costal margin and the iliac
crest and hip circumference at the widest part of the hips,
generally at the level of the greater trochanters. Four
skinfold thicknesses were taken in duplicate, to 0.1 mm
accuracy with a Harpenden skinfold calliper (British
Indicators, St Albans, UK) at the biceps, triceps, sub-
scapular and suprailiac. Fat mass (kg) was calculated by
subtracting the value for lean body mass from total body
mass measured using a bioelectrical impedance analyser
(BIA310; Biodynamics, Seattle, WA, USA). This study
used multiple indirect and interrelated indices as a meas-
ure of body composition: the body mass index (BMI) as a
measure of overall body composition, waist-to-hip ratio
(WHR) as a measure of central adiposity which examines
the proportion of fat stored on the body around the waist
and hip [30], waist circumference as another measure
of central adiposity [31], sum of skinfold thickness as a
measure of the subcutaneous fat layer [32], fat percent-
age of total body mass, and leptin which is a hormone
secreted from fat cells and reflects the amount of adipose
tissue in the body [33, 34]. Plasma leptin concentrations
(ng/ml) were obtained via fasting blood venipuncture
and measured using an immunoradiometric assay in a
coated tube (Diagnostic Systems Laboratories, Inc.).

Covariate assessment

At birth, the following variables were selected for this
study: zygosity and chorionicity (DZ; dizygotic, MZMC;
monozygotic monochorionic, MZDC; monozygotic
dichorionic), gestational age (weeks), parity (primipar-
ity vs. multiparity), birthweight (grams), and sex. Peri-
natal data about gestational age, parity, birthweight,
and sex of the twins were captured from the obstet-
ric records. At follow-up, additional information on
maternal characteristics was collected via self-report
questionnaires. Mothers were then asked to fill in a
questionnaire including additional information on deliv-
ery mode (“spontaneous” versus “cesarean section”),
maternal age during pregnancy, smoking status during
pregnancy, maternal weight before pregnancy, maternal
weight gain during pregnancy, maternal education (“no
education or primary education’, “lower secondary edu-
cation’, and “higher secondary education and tertiary
education”). Neighborhood household income was used
continuously and categorically. The categorical variable
was categorized as “low-income household” (< lower
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quartile), “middle-income household” (> lower quar-
tile and <higher quartile) and “high-income household”
(> higher quartile). Moreover, information on twins’
age, physical activity by grading the current daily physi-
cal activity on a scale of 0 to 10 with 10 being the high-
est level of activity, and smoking status (“nonsmoker’,
“former smoker”, and “current smoker”) were collected
via self-report questionnaires filled in by each twin
separately.

Statistical analyses

Statistical analyses were performed using the computing
environment R, Version 3.5.1 [35]. In this study, a p-value
less than 0.05 was regarded as statistically significant
unless otherwise specified.

Means and standard deviations were used to summa-
rize maternal height and birthweight, whereas medians
and interquartile range (IQR) of the 25th percentile and
the 75th percentile (p25-p75) were used to summarize
the remaining variables with a non-normal distribution.
Next, non-parametric Chi-Square tests of Independence
and Kruskal-Wallis tests were performed to compare the
distribution of the DZ, MZMC and MZDC groups. To
detect the difference between groups, a Mann-Whitney
U test was performed.

Outcome variables were naturally log-transformed due
to nonlinear distributed residuals. Linear mixed model-
ling with a random intercept to account for twins of the
same mother was carried out. First, linear mixed model-
ling analyses were conducted to determine crude asso-
ciations between one early-life environmental exposure
(distance to major road, distance to highway, or residen-
tial green spaces) and body composition indices while
accounting for the random effect of the twin-pair. Prior
to analysis a directed acyclic graph (DAG) was made
from literature review (Supplementary Fig. 1). Identified
confounders include smoking status during pregnancy,
maternal weight before pregnancy, maternal weight gain
during pregnancy, maternal education, and neighbor-
hood household income [36—38]. Other covariates that
were added include maternal height, maternal age, deliv-
ery mode, age of the twin, physical activity, maternal
parity, and smoking status of the twin [39-44]. The fol-
lowing intermediate variables were not included in these
models: gestational age, birthweight, and later-life expo-
sure to traffic and residential green spaces [45-47]. Mul-
tivariable analyses with backward elimination based on
significance testing were performed for confounder and
covariate selection. To avoid underselection of important
confounders, an alpha cut-off level of 0.20 was used [48].

Effect modification was tested by successively includ-
ing an interaction term between each early-life environ-
mental exposure and zygosity/chorionicity. Adjusted
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models were then stratified by the groups of zygosity/
chorionicity type. Next, to investigate the early-life co-
effect of environmental exposures, a multiplicative and
additive model was built. First, multicollinearity was
tested between the early-life environmental exposures
(distance to major road, distance to highway, residential
green spaces). The adjusted models with one exposure
present were additionally adjusted for the other two
exposures: distance to major road, distance to high-
way, and/or green spaces which ever appropriate. The
multiplicative model was built of associations which
were found significant by including three-way interac-
tion terms between the three early-life environmental
exposure variables. The other pre-selected modifiers
sex, maternal education, and neighborhood household
income were then also tested for effect modification,
stratified by the level of the effect modifier when signif-
icant, additionally adjusted for the two other environ-
mental exposures and a multiplicative model was built
of associations which were found significant.
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Non-parametric Kendall's Tau coefficients between
the environmental exposures during early-life and adult-
hood were calculated. Then, the linear mixed modelling
models assessing the effect of early-life green spaces and/
or traffic exposure on body composition were addition-
ally adjusted for the pre-identified intermediate factors.
First environmental exposures during adulthood were
included. Finally, these models were additionally adjusted
for the pre-identified intermediates gestational age and
birthweight.

Results

The characteristics of the study population are shown in
Table 1 (early life; n=168 mothers) and Table 2 (adult-
hood; n=2332 individuals). No differences were found
between the three types of twins, except in delivery
mode, maternal education, and distance to nearest high-
way during adulthood. The median age of the mothers
during pregnancy was 27years (p25-p75 24.0-30.0).
Groups of MZMC, MZDC, and DZ twins were fairly

Table 1 Characteristics of the mother, delivery and pregnancy, and early-life environment (n = 168 mothers)

Total Type of twin
n/N MZMCn=53(31.5%) MZDCn=54(32.1%) DZn=61(36.3%)
Maternal, pregnancy and delivery characteristics
Maternal age (years), median (p25-p75) 163/168 27.0 (24.0-30.0) 26.0 (24.0-30.0) 27.0(25.0-29.0) 28.0(24.8-31.0)
Parity (primi), n (%) 167/168 78 (46.7%) 24 (45.3%) 26 (48.1%) 28 (46.7%)
Maternal weight before pregnancy (kg), median 151/168 58.0 (53.5-63.0) 58.0 (54.5-62.3) 56.0 (52.0-60.3) 60.0 (53.3-67.0)
(p25-p75)
Maternal weight gain during pregnancy (kg), 135/168 13.0(10.0-17.0) 13.2(11.1-15.0) 13.0(10.0-17.3) 12.0(10.0-17.0)
median (p25-p75)
Maternal height (cm), mean + SD 150/168 164 + 6.3 165 + 6.0 163 +6.3 165 4+ 64
Gestational age (weeks), median (p25-p75) 166/168 38 (36.0-39.0) 37.0(36.0-38.0) 38.0 (36.0-39.0) 38.0 (36.0-39.0)
Delivery mode (c-section), n (%) 1417168 17 (12.1%) 2 (4.7%)* 8 (17.0%)* 7 (13.7%)*
Maternal education, n (%) 153/168
No education or primary education 25 (16.3%) 12 (25.5%)* 4 (8.3%)* 9 (15.5%)*
Lower secondary education 31 (20.3%) 6 (12.8%)* 12 (25.0%)* 13 (22.4%)*
Higher secondary education and tertiary 97 (63.4%) 29 (61.7%)* 32 (66.7%)* 36 (62.1%)*
education
Smoking during pregnancy, n (%) 156/168 21 (86.5%) 5(10.2%) 7 (14.3%) 9 (15.5%)

Environmental exposures and neighborhood characteristics during pregnancy and early life

Neighborhood household income (euro), 168/168 1800 (1646-2127) 1738 (1698-1926)
median (p25-p75)
Low-income household 41 (24.4%) 11 (20.8%)
Middle-income household 85 (50.6%) 32 (60.4%)
High-income household 42 (25%) 10 (18.9%)
Distance from residence to nearest major road ~ 168/168 276 (110-618) 276 (124-617)
(m), median (p25-p75)
Distance from residence to nearest highway 168/168 3627 (2071-7670) 4399 (2124-7542)

(m), median (p25-p75)

Green spaces within a 5000 m buffer from the
home address (%), median (p25-p75)

168/168

39(2.9-5.6)

4.1 (2.8-5.5)

1863 (1641-2178)

14 (25.9%)
24 (44.4%)
16 (29.6%)
271 (120-632)

5203 (2398-10,324)

44 (3.1-64)

1800 (1634-2201)

16 (26.2%)
29 (47.5%)
16 (26.2%)
321 (95-552)

3125 (2017-5401)

3.8(3.0-4.9)

Abbreviations: n number without missing data, N total number of pregnancies and residences included, MZMC monozygotic monochorionic, MZDC monozygotic
dichorionic, DZ dizygotic, p25 25th percentile, p75 75th percentile. *p-value< 0.05 of Chi-square test or Kruskall-Wallis test
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Table 2 Characteristics of the twin and later-life environment (n =332 individuals and residences)

Total Type of twin
n/N MZMCn=106(31.9%) MZDCn=108(32.5%) DZn=118(35.5%)
Characteristics of the twin population 332
Sex (female), n (%) 332/332 173 (52.1%) 50 (47.2%) 64 (59.3%) 59 (50%)
Birthweight (g), mean + SD 332/332 2545 4 505 2507 £ 429 2536 + 598 2589 + 476
Characteristics of the twin population at adulthood
Age (years), median (p25-p75) 332/332 20.7 (19.4-22.0) 20.9(19.4-22.0) 20.5(19.3-22.5) 20.7 (19.7-22.2)
BMI (kg/m?), median (p25-p75) 332/332 20.7(193-22.7)  20.8(19.3-22.3) 20.5(19.1-22.6) 20.7 (194-22.9)
Underweight (BMI < 18.5) 45 (13.6%) 17 (16.0%) 16 (14.8%) 12 (10.2%)
Normal (BMI 18.5-24.9) 256 (77.1%) 84 (79.2%) 81 (75%) 91 (77.1%)
Overweight (BMI 25-29.9) 31(9.3%) 5 (4.7%) 1(10.2%) 5(12.7%)
Obese (BMI >30.0) 2 (0.6%) 0 (0.0%) 0 (0.0%) 2 (1.7%)
Leptin (ng/ml), median (p25-p75) 319/332 4.7(1.1-11.0) 44 (1.0-9.5) 54(1.6-12.0) 44(09-11.9)
Waist-to-hip ratio (%), median (p25-p75) 330/332 76.0(71.7-80.1) 76.9 (71.7-80.4) 75.7 (71.3-79.2) 75.7 (72.3-80.1)
Waist circumference (cm), median (p25-p75) 331/332 70.5 (66.4-75.3) 5(664-75.2) 69.3 (66.1-75.2) 70.8 (67.0-75.3)
Skinfold thickness (mm), median (p25-p75) 331/332 38.0(27.6-51.8) 35.0(27.8-49.9) 416 (284-55.0) 37.6(27.3-52.3)
Body fat (%), median (p25-p75) 330/332 225 (14.9-27.4) 224 (14.8-26.1) 23.3(15.9-27.7) 21.7 (14.6-28.4)
Physical activity score, median (p25-p75) 332/332 49(3.0-6.6) 5.0(3.0-7.0) 43(29-64) 50(3.1-6.9)
Smoking status, n (%) 332/332
Nonsmoker 201 (60.5%) 66 (62.3%) 36 (33.3%) 69 (58.5%)
Former smoker 21 (6.3%) 5 (4.7%) 6 (5.6%) 0 (8.5%)
Current smoker 110 (33.1%) 35(33.0%) 36 (61.1%) 39(33.1%)
Environmental exposures during adulthood
Distance from residence to nearest road 21/332 345(139-770) 385 (134.8-884.7) 3445 (135.8-722.4) 340.4 (144.3-770.3)

(m), median (p25-p75)

Distance from residence to nearest highway 32
(m), median (p25-p75)

Green spaces within a 5000 m buffer from
the home address (%), median (p25-p75)

1/332

21/332 42(29-64)

3964 (1866-7874)

2987 (1916-7344)* 6288 (2500-10,566)* 2839 (1556-5399)*

4.2 (2.8-6.5) 49(3.1-7.2) 3.9(3.0-55)

Abbreviations: n number without missing data, N total number of mothers included, MZMC monozygotic monochorionic, MZDC monozygotic dichorionic, DZ

dizygotic; p25 25th percentile, p75 75th percentile
*p-value< 0.05 of Chi-square test or Kruskall-Wallis test

equally distributed. With a median BMI of 20.7 kg/m?
(p25-p75 19.3-22.7), the majority (77.1%) of our twin
population were within normal BMI range (BMI 18.5—
24.9kg/m?). Higher values in distances to the nearest
highway were reported among MZDC twins followed
by MZMC twins and DZ twins, but this was not found
significant.

After adjustment statistically significant associations
were found between environmental factors during early
life and body composition indices at adulthood. Each
interquartile range (IQR) increase in distance to highway
was found associated with an increase of 1.2% in WHR
(95%CI 0.2-2.3%). For landcover of green spaces, each
IQR increase was associated with 0.8% increase in WHR
(95%CI 0.4-1.3%), 1.4% increase in waist-circumference
(95 0.5-2.2%), and 2.3% increase in body fat (95%CI 0.2—
4.4%) (Table 3).

Zygosity/chorionicity type showed effect modification
in the associations of green spaces on WHR and waist-
circumference (Table 3). In monozygotic monochorionic
twins, each IQR increase in land cover of green spaces
was found associated with 1.3% increase in WHR (95%CI
0.5-2.1%). In monozygotic dichorionic twins, each IQR
increase in land cover of green spaces was found associ-
ated with 1.4% increase in waist-circumference (95%CI
0.6-2.2%).

Multicollinearity between the early-life environmental
exposures (distance to major road, distance to highway,
residential green spaces three exposure) was not a cause
of concern. The Variance inflation factor (VIF) never
exceeded 5 when investigating the additive co-effect.

No statistically significant interactions were found
after including three-way interaction terms between
the early-life environmental exposure variables in the
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multiplicative model (data not shown). Overall, in the
additive model associations did not change substan-
tially after additional adjustment for the two other
environmental exposures. The association with BMI
became statistically significant (p =0.054 vs p=0.049).
Each IQR increase in land cover of green spaces was
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associated with 1.0% increase in BMI (95% CI 0.0—
2.0%) (Table 4).

Sex was not identified as a modifier. Neighborhood
household income was identified as a modifier in the
association on leptin (Supplementary Table 3) but
stratified analysis showed no statistically significant

Table 4 Associations between adult body composition indices and early-life environmental factors after adjustment of environmental

co-effect (n=332)

Adjusted?® MZMC adjusted MZzDC adjusted DZ adjusted
Exp(B) 95% ClI Exp(B) 95% Cl Exp(B) 95% ClI Exp(B) 95% Cl

Distance to near-
est major road”
(IOR=508m)

BMI (kg/mz) 1.006 [0.989-1.024] 1.019 [0.992-1.047] 0.994 [0.961-1.029] 0.996 [0.968-1.024]

Leptin (ng/ml) 0.991 [0911-1.077] 1.052 [0.917-1.204] 0874 [0.740-1.031] 1.008 [0.883-1.148]

Waist-to-hip ratio  1.001 [0.994-1.008] 1.007 [0.996-1.019] 1.001 [0.988-1.014] 0.994 [0.984-1.004]
(%)

Waist circumfer- 1.004 [0.992-1.016] 1.010 [0.994-1.027] 0.995 [0.968-1.022] 1.006 [0.986-1.025]
ence (cm)

Skinfold thickness 0.979 [0.936-1.024] 0974 [0.899-1.055] 0.947 [0.871-1.030] 1.006 [0.935-1.082]
(mm)

Body fat (%) 1.009 [0.979-1.039] 1.008 [0.944-1.077] 1.032 [0.978-1.089] 0.992 [0.953-1.032]
Distance to near-
est highway*
(IOR=5671m)

BMI (kg/m?) 1.003 [0.974-1.032] 1.056 [0.999-1.117]  0.965 [0.927-1.005] 1.042 [0.986-1.101]

Leptin (ng/ml) 1.097 [0.954-1.261] 1.180 [0.890-1.564] 0.900 [0.721-1.095] 1.251 [0.942-1.660]

Waist-to-hip ratio 1.013 [1.002-1.023]* 1.035 [1.009-1.062]* 1.010 [0.996-1.025] 1.002 [0.980-1.023]
(%)

Waist circumfer- ~ 1.013 [0.993-1.033] 1.056 [1.017-1.096]* 0.981 [0.948-1.014] 1.011 [0.972-1.051]
ence (cm)

Skinfold thickness  1.030 [0.961-1.103] 1.093 [0.929-1.286]  0.997 [0.910-1.092] 0.996 [0.847-1.173]
(mm)

Bodly fat (%) 1.025 [0.978-1.075] 1.143 [1.000-1.079] 1.001 [0.944-1.061] 1.010 [0.919-1.112]
Land cover of green
spacesd (IOR=2.9%)

BMI (kg/m?) 1.010 [1.000-1.0207* 1.011 [0.993-1.030] 1.024 [1.003-1.045]* 1.004 [0.989-1.018]

Leptin (ng/ml) 1.034 [0.984-1.085] 0.984 [0.898-1.078] 1.086 [0.977-1.205] 1.002 [0.932-1.078]

Waist-to-hip ratio  1.008 [1.004-1.013]* 1.014 [1.007-1.0221* 1.013 [1.005-1.0211* 0.996 [0.989-1.004]
(%)

Waist circumfer- 1014 [1.006-1.022]* 1.016 [1.005-1.028]* 1.018 [0.997-1.039] 1.009 [0.996-1.023]
ence (cm)

Skinfold thickness 1.022 [0.994-1.050] 1.009 [0.956-1.065] 1.071 [1.017-1.128]* 1.010 [0.971-1.051]
(mm)

Bodly fat (%) 1.023 [1.002-1.044]* 1.006 [0.964-1.051] 1.037 [1.005-1.0691* 1.039 [1.006-1.073]*

Percent change is calculated by subtracting 1 from Exp(B) and multiplying this number by 100. Note: Coefficients are expressed per interquartile range (IQR) increase

in the environmental variable
Abbreviations: IQR Interquartile range, C/ Confidence interval
* p-value <0.05

2 BMI was adjusted for zygosity/chorionicity, maternal weight before pregnancy, adult age, maternal age, and maternal height; Leptin was adjusted for maternal
weight before pregnancy, maternal education, neighborhood household income, physical activity, maternal smoking, and sex; Waist-to-hip ratio was adjusted

for neighborhood household income, maternal smoking, physical activity, parity, sex, adult age, maternal age, maternal height, and smoking status of twin; Waist
circumference was adjusted for maternal weight before pregnancy, maternal smoking, adult age, physical activity, sex, maternal height, maternal education, maternal
age, and parity; Skinfold-thickness was adjusted for maternal smoking, adult age, maternal age, physical activity, and sex; Body fat was adjusted for maternal smoking,
adult age, physical activity, parity, and sex. ® Additionally adjusted for distance to highway and green spaces. ¢ Additionally adjusted for distance to major road and
green spaces. ¢ Additionally adjusted for distance to major road and distance to highway. Estimated in a buffer of 5000 m
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association. Maternal education was identified as modi-
fier in the association on waist-to-hip ratio. For mothers
with no or primary education, each IQR increase in land
cover of green spaces was found to be associated with
1.5% (95%CI 0.9-2.0%), for mothers with lower second-
ary education with 1.9% (95%CI 0.9-2.0%), for moth-
ers with higher secondary education no association was
found (Supplementary Table 4). Then, income-stratified
and level of education maternal education associations
were additionally adjusted for the other two environ-
mental exposures. Overall, associations did not change
substantially after additional adjustment (Supplementary
Table 5 and 6). No statistically significant interactions
were found after including three-way interaction terms
between the early-life environmental exposure variables.

Kendall's tau correlation coefficients between the
early-life and adulthood environmental exposures are
presented in Supplementary Table 7. The direct correla-
tions between early life and adult life distance to major
road, distance to highway and green spaces were accord-
ingly 0.359 (»<0.01), 0.689 (p<0.01) and 0.630 (»<0.01).
Independent effects and co-effects of early-life exposure
to traffic disappeared. The independent effects and co-
effects of early-life exposure to green spaces on body
composition remained after adjustment for environ-
mental exposures at adult age (Supplementary Table 8).
The results did not change substantially after additional
adjustment for the intermediate factors gestational age
and birth weight, except the statistically significance of
BMI and sum of skinfolds. Each IQR increase of land-
cover of green spaces was associated with 1.1% increase
in BMI (95%CI 0.99-2.1%), and with 3.3% increase in
sum of skinfolds (95%CI 0.1-6.7%) (Supplementary
Table 9).

Discussion

Main findings

In this study we investigated the early-life environmen-
tal effects of traffic exposure and green spaces on adult
body composition in a twin population. No beneficial
effects of early-life green spaces or detrimental effects
of traffic exposure on body-composition were deter-
mined. Alternatively, positive associations of living near
highways with WHR and negative associations of more
residential green spaces during early-life with BMI,
WHR, waist-circumference and body fat were indicated.
Similar results were observed when assessing co-effects.
Additional adjustment for environmental exposures
at adult age, and adjustment for the intermediate fac-
tors gestational age and birth weight did not change the
results substantially. Zygosity/chorionicity type plays a
modifying role on early-life exposure to traffic and green
spaces on the associations of green spaces on WHR and
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waist-circumference. Stratified analyses indicated det-
rimental effects of more residential green spaces during
early-life on WHR in MZMC twins and waist-circumfer-
ence in DZ twins.

Our counterintuitive results which show positive asso-
ciations of living near highways with WHR and negative
associations of more residential green spaces with WHR
and waist-circumference may be explained by the body
composition of our study population. Notably, our twin
population overly represents slim and lean shaped indi-
viduals at adult age. When comparing the median (p25-
p75) BMI, WHR and waist circumference of our study
population to the internationally accepted cut-off values
for overweight and obesity [49, 50], even the upper quar-
tile of BMI, WHR and waist circumference in our popu-
lation is within the normal range. For BMI, the median
(20.7) and lower quartile (19.3) fall towards the lower end
of the normal range. Based on the assumption that early-
life exposure to green spaces would be beneficial and traf-
fic exposure would be detrimental on body composition,
one hypothesis is that the relationship between body
composition and early-life environmental exposures is
inverted U-shaped and not linear. Possibly, in our study
population an increase in WHR or waist circumference
may not necessarily be interpreted detrimental on adult
body composition and a decrease in WHR not necessar-
ily beneficial. To test this hypothesis, further research is
needed in a population with a wide range of body shapes
and sizes. Also, it is interesting to note that our early-
life environmental effects were only observed on meas-
ures of central adiposity, which poses a greater risk for
the development of cardio-metabolic disorders [51, 52].
The association between early-life built environment
and adult body composition requires further attention.
Our findings highlight the complexity of the early-life
built environment and its long-term effects on adult
body composition. It shows that the origins of adult body
composition may be partially found in the early-life built-
environment, which can have important implications for
public health and preventing unfavorable size, shape and
composition of the adult human body. These results may
help identify targets on environmental changes for inter-
vention programs early in life. Nevertheless, these results
should be interpreted with caution.

Studies have predominantly evaluated the associa-
tion between early-life environmental exposures and
body composition in the first years of life [53]. Previous
studies investigating early life traffic exposure and body
composition at childhood showed conflicting results. In
contrast to our findings, a study conducted among sin-
gletons in the area of Boston, USA demonstrated liv-
ing near a major roadway at the time of delivery to be
associated with larger waist circumference, larger sum of
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skinfold thickness, and higher leptin levels among chil-
dren in early and mid-childhood [12]. Another study,
conducted in Cincinnati, USA estimated early-life expo-
sure to ambient traffic pollutants and demonstrated
no association with higher childhood adiposity at age
7-8years [54]. So far, to the best of our knowledge no
other studies investigated the association between early-
life traffic exposure and body composition at adulthood.
It is possible that throughout life the early-life effects of
traffic become evident at an older age. Furthermore, our
findings which found an association in low- and high-
income neighborhoods are partially in line with prior
studies. Other studies indicate that low socioeconomic
groups suffer more than the higher from the detrimen-
tal health effects of traffic exposure [15, 55, 56]. How-
ever, it might be that neighborhood household income
is not a valid proxy of SES to reveal modification effects,
as it neglects individual-level information on education,
income and occupation [57].

Multiple studies have demonstrated positive birth out-
comes when exposed to higher levels of green spaces
during pregnancy [18, 19, 58, 59]. One recent study dem-
onstrated that early-life exposure to green spaces were
associated with a reduction in BMI growth during the
first 5years of life [60]. Possible underlying mechanisms
explain that green spaces may protect against or con-
tribute to adult adiposity by promoting physical health,
increased social contact and relieving psychophysiologi-
cal stress [61]. Higher levels of neighborhood green space
were associated with lower levels of self-perceived stress
and a steeper diurnal decline of cortisol [62]. Green
spaces may also act as a buffer and reduce exposure to
air pollution, noise and heat [17, 61]. In line with this
hypothesis, a previous study investigated combined air
pollution, noise and low greenness exposure and found it
to be particularly harmful for waist-circumference devel-
opment [63]. However, our findings show no evidence of
a mediating effect of traffic exposure in the association
between green spaces and adult adiposity. We observed
that associations remained similar after additional
adjustment of traffic exposure. It might be that distance
to the nearest major road or highway is an insufficient
indicator to evaluate whether the lack of traffic emissions
explains beneficial effects of green spaces, because it does
not allow us to estimate more precise effect sizes and dis-
tinguish between the effects of traffic-related air pollu-
tion and noise. The intertwining of traffic emissions and
green spaces suggests possibilities for interrelatedness
and the presence of complex interactions and modifying
effects [61], which deserves further research at long-term
follow-up. As far as we know, no studies investigated the
association between early-life green spaces and body
composition at adulthood till date.
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Our findings suggest that the association between early-
life built environment and adult body composition is the
same for the three twin types, except on the association
between green spaces and waist-circumference. Previous
EFPTS studies similarly investigated the influence of zygo-
sity and chorionicity type on body composition and while
they demonstrated that DZ twins significantly weigh more
than MZ twins at birth [64], they also showed no effect
of zygosity and chorionicity type on adult’s body mass,
height or BMI [65]. Unlike the present study, they did not
investigate the influence of zygosity and chorionicity type
on waist-circumference. To our knowledge, this is the first
study to demonstrate a moderating effect of zygosity and
chorionicity type while evaluating early-life environmen-
tal exposures and adult body composition. Because there
are biological reasons for twin pregnancies to be at higher
risk, [22] it is a possibility that the relative contribution of
early-life environmental influences may be diminished or
obscured in analyses. This further emphasizes the need to
continue investigating differential effects based on zygo-
sity and chorionicity type.

One of the main strengths of this study is the longitu-
dinal design. To our best knowledge, the EFPTS is the
only large register that includes placental data that allows
differentiation of DZ, MZMC, and MZDC twin groups
with long-term follow-up. Secondly, study participants
were randomly sampled for follow-up and those who
participated did not differ compared to those who did
not participate in gestational age, birthweight, and sex
[47]. Another major strength of this study is that data is
partially collected via a population-based register, char-
acterized by its extensive collection of perinatal data at
birth and placental examination within 24-hours after
delivery [47]. In addition, the outcome was thoroughly
assessed via a large number of anthropometric param-
eters and leptin. While leptin reflects the body’s fat cells,
the anthropometric parameters indicate more about the
distribution of fat through the size, shape and composi-
tion of the human body. Notably, our study population
included relatively lean individuals which potentially pre-
vent us from finding true associations.

Unfortunately, there are a number of limitations that
remain. First, the possibility of exposure measurement
error needs to be carefully considered. Data on residen-
tial location is available for the first and last residence
and no information is available on moment of mov-
ing and frequency of moving in between inclusion and
follow-up. Next, we included a twin population born
from 1975 till 1982 but spatial data on green spaces was
based on data from the CORINE land cover 1990 data-
base, as no earlier satellite data were available. At adult
age examination took place between 1997 and 2000 and
CORINE land cover 2000 database was used. However
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strong correlations have been shown over time between
periods of one decade [66]. Although this database is
considered relatively reliable [67, 68], bias might still be
introduced through misclassification over time. Despite
that no major changes in the road network have occurred
in East-Flanders since 1974, bias might be introduced.
Furthermore, the exact moment of exposure and the
amount of exposure cannot be determined. Individual
differences in the time spent at home and in other envi-
ronments were not accounted for. Therefore, a more
detailed exposure assessment might be necessary to show
true associations. Second, errors might be introduced
due to selection bias. However, twins participating in
the Prenatal Programming Twin Study did not differ in
gestational age, birthweight, and sex compared to those
who did not participate [29]. Third, findings should be
interpreted carefully because causal inferences can’t be
made with confidence as some confounders and covari-
ates were collected retrospectively. Lastly, as the sample
size of this study is limited, it might be that the power to
detect a smaller effect and the introduction of random
error are affecting the accuracy of our estimates.

Conclusion

In conclusion, the built environment in which moth-
ers reside during pregnancy might play a role on body
composition among slim and lean individuals at adult
age. Even though our findings should be cautiously inter-
preted, they could contribute to the generation of new
hypotheses to understand the influence of early-life envi-
ronment on adult health within a population with lower
measures of body composition. Our study suggests that
based on zygosity and chorionicity type prenatal environ-
mental exposures may have differential effects on adult
body composition. To build upon our understanding,
further exploration through larger prospective studies
with inclusion of individuals from a wide range of body
shapes and sizes, pre-selected confounders and personal
exposure measurements is recommended.

Abbreviations

BMI Body Mass Index

c Confidence interval

CLC2000  CORINE Land Cover 2000

DAG Directed Acyclic Graph

Dz Dizygotic

EFPTS The East Flanders Twin Survey
GIS Geographic Information System
IQR Interquartile range

MZ Monozygotic

MzDC Monozygotic dichorionic

MZMC Monozygotic monochorionic
SES Socio-economic status
WHR Waist-to-hip ratio
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