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Abstract

The Exposure and Health Examination Survey (EXHES) cohort aims to elucidate the impact of environmental exposures (the external
exposome) and their biological markers (the internal exposome) on childhood health conditions, asthma and allergies, obesity, and
cognitive development in particular. Utilizing singletons and twins helped differentiate environmental effects from genetic influen-
ces due to the shared genetic background in twins. The EXHES cohort includes 2356 mother-child pairs across 10 European countries,
comprising 1945 singletons and 411 twins, with data collected during the crucial first 1000 days of life. Data were gathered through
epidemiological questionnaires and biomarkers, including blood, urine, hair, and breast milk from mothers, and cord blood, pla-
centa, and cord tissues from children. Findings confirm that twin pregnancies are linked with increased risks of pregnancy complica-
tions, preterm birth, cesarean delivery, low birthweight, maternal health problems during pregnancy and a lower risk of macrosomia.
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Moreover, mothers of twins were more likely to have asthma, while higher maternal education was associated with a lower likeli-
hood of twin births. The EXHES cohort provides a robust framework to be adopted in other studies for comparing singletons and
twins to better understand how the exposome affects early child development and health outcomes. This approach offers new
insights into the interplay between environmental and biological factors in shaping long-term health.

Key words: Mother-child; cohort study; exposome; asthma; allergies; overweight; obesity; cognitive development.

Introduction

Why was the EXHES cohort of singletons and
twins set up?

The health status and development of human beings result from
the interaction between genetic and environmental factors.
However, genetic background is stable across decades. Increases
observed in the evolution of diseases are due to environmental
transformations. In addition, a wealth of recent epidemiological
data as well as experimental studies have firmly corroborated
the central tenet of the “developmental origins of health and dis-
ease” concept, commonly referred to as the Barker hypothesis.>™
This hypothesis posits that the environmental and maternal con-
ditions experienced by the fetus, newborn, and young child dur-
ing critical developmental timeframes in early life and
particularly in the first 1000days (from conception until 2 years
of age)®’ can impart lasting effects on fundamental biological
processes such as cellular differentiation, organogenesis, meta-
bolic programming, and physiological regulation. These early-life
influences are then believed to shape an increased risk of chronic
diseases or an epigenetic transgenerational inheritance of such
risks across the entire lifespan.®'? In particular, substantial re-
search suggests that maternal dietary intake and nutritional sta-
tus early in life are associated with altered patterns of short- and
long-term disease susceptibility in offspring, encompassing met-
abolic, immunological, psychiatric and reproductive patholo-
gies_u—m

In essence, the Barker hypothesis proposes that the develop-
mental environment—the overall atmosphere that surrounds a
fetus—encountered in the earliest stages of life has the capacity
to “program” an individual’s biology and health trajectory, with
profound and durable implications, and that postnatally, in the
presence of plentiful resources, these changes persist and may
then confer a disadvantage to that individual.>™ Due to changes
in our habits and environment, exposure to environmental con-
taminants is becoming increasingly complex. This needs the in-
troduction of the exposome concept™ and of the exposomic
approach allowing for the consideration of all exposures to envi-
ronmental factors, alone or in combination, starting from pre-
conception to the present age of the children being studied. The
term “all exposures” refers to a comprehensive approach that
considers a wide range of stressors, including chemical, physical,
biological, and psychological factors, as well as environmental
influences such as diet, climate, green spaces, and social interac-
tions—collectively referred to as the “external Exposome.”
Additionally, it includes all measurable biomarkers, such as
metabolites and biotransformation products, which are indica-
tors of “internal exposures,” known as the “internal Exposome.”
Early-life, from in utero to childhood, represents the most sensi-
tive developmental period where the Exposome can have lasting
effects on child health trajectories.*®

and the relationship between the exposome, namely the total-
ity of environmental contributions, and child development,
Exposure and Health Examination Survey (EXHES) study
recruited both singletons and twins and followed them, since in

utero life. Twins, both monozygotic (MZ) and dizygotic (DZ), offer
a wealth of information due to their genetic and environmental
similarities, as twins, in particular MZ-twins, who share identical
genetic background, allow for the assessment of nongenetic
influences on child’s development. Epidemiological studies in-
volving twins can highlight the significance of the exposome, be-
ginning with in utero and postnatal exposures, which, whether
individually or in combination, play a role in establishing and
maintaining the human epigenome'’?* and influence disease de-
velopment later in life. The first aim of the present paper was to
present how the EXHES cohort collected through a robust
protocol comprehensive data on health, environmental, and
socio-demographic factors and biological specimens to build the
external and internal exposomes in order to understand its im-
pact on childhood disease trajectories in the case of major condi-
tions like asthma, and allergies, obesity, and cognitive
development. The second aim was to describe characteristics of
mothers and children of the EXHES cohort and show main differ-
ences between singletons and twins from pregnancy up to birth.

Where is it located? Who set it up?

The (EXHES) is a prospective cohort study set up in 2017 in ten
distinct European countries, by the local research teams from
different university hospitals/institutions as part of the Health
and Environment-wide Associations based on Large population
Surveys (HEALS) project funded by the European Commission as
part of FP7-ENV (www.heals-eu.eu).

Methods
Who is in the cohort?

The study participation was proposed to all women during their
pregnancies between the second and third trimester of amenor-
rhea or at the birth of the child(ren) (if twins) at the hospital ma-
ternity clinic in ten distinct countries, namely (Croatia (Rijeka),
Germany (Regensburg), Greece (Thessaloniki), France (Paris),
Italy (Palermo), Portugal (Porto), Poland (£édZ), Slovenia (Celje),
Spain (Reus) and UK (Manchester)), as illustrated in Figure 1
However, Germany conducted a separate protocol, and their data
were not incorporated into the meta-analysis.

Women were excluded from participation if they were
<l6years old, had multiple pregnancies, problems with commu-
nication language, or plans to relocate from the region within the
subsequent three years. The study protocols were reviewed and
approved by local Ethic Committees. Recruitment spanned from
2017 to 2020, during which 2356 women were enrolled in the
study, comprising 1945 singletons and 411 twins. Mother-child
(ren) pairs were followed-up during the first 1000days of life
(from conception to 2 years of life).

What has been measured?

The main purpose of EXHES was to better understand common
childhood health conditions, namely asthma and allergies, over-
weight and obesity, and cognitive impairment, to which a high
public health and societal burden are associated. To this extent,
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Figure 1. Map of the countries participating in the EHXES cohort (modified by MapChart, https://www.mapchart.net).

EXHES collected the data to implement the external and internal
exposome. Standardized questionnaires used in the EDEN study
(A cohort study on the Pre- and Early Postnatal Determinants of
Child Health and Development)?? and Open Access data (ie, elec-
tronic resources available to the public without financial, legal,
or technical barriers)*® were used for EXHES.

Mother’s characteristics

Initially, the study focused on the socio-demographic character-
istics of the mothers and their clinical conditions, particularly
the pathologies encountered during pregnancy. The information
gathered encompassed detailed demographic data about the
mothers, including their educational background, occupation, re-
productive and pregnancy history, and lifestyle choices.
Additionally, we gathered some information about the fathers,
which will be used in future studies (Tablel).

Child(ren)’s development and health

Successively, EXHES closely examined the clinical and biological
aspects of child development, since in utero life, using data from
the child’s medical records and epidemiological standardized
questionnaires completed by parents on disease occurrence,

pregnancy and perinatal outcomes, up to 2 years of age obtained
through face-to-face interviews and/or clinical investigations.
The main focus had been on monitoring the child’s symptoms,
illnesses, and the functioning of their metabolic, respiratory, and
immune systems, as well as their psychomotor and cognitive de-
velopment. Key indicators presented in this paper include child’s
sex, birth weight, birth height, head circumference, waist circum-
ference, Apgar score, and breastfeeding.

Tables 1 and Table S1 provide a summary of the main catego-
ries of data collected at enrollment, during each follow-up visit,
and at delivery.

Child(ren)’s external exposome

External exposome (Figure 2) was assessed both through epide-
miological standardized questionnaires as well as the HEALS
Environmental Data Management System.?® Detailed assess-
ments were made of prenatal and postnatal environmental expo-
sures, including tobacco, alcohol, diet, potentially neurotoxic
chemicals, air pollution, as well as exposure to bio contaminants,
allergens and finally vitamins, antioxidants and medications
during pregnancy and since birth.
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Table 1. Questionnaires data and biological samples collected during pregnancy and at birth. The EXHES study.

During pregnancy Atbirth
Questionnaires Mother Mother (when no recruitment during pregnancy)
Father
Guthrie paper Mother Mother, father, cord
Plasma Mother Mother, father, cord
Serum Mother (fasting and 1h post charge) Cord
Total blood Mother
Urine Mother Mother
Colostrum - Mother
Breast milk Mother
Cord samples - Cord
Meconium - Child
Placenta samples - Mother
Cord tissue samples Child
Hair Mother Mother, child
Saliva Mother -

The samples were aliquoted (-).
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Figure 2. Specific and nonspecific external domains of the exposome. PFAS: per- and polyfluoroalkyl substances; PE: polyethylene.

Questionnaire data were collected also to investigate the im-
pact of social circumstances, often linked to cumulative risks, on
pregnancy outcome and subsequent child health.?* Finally, the
study considered the influence of the mother’'s mental health
during pregnancy and the quality of family/spouse support.

The Environmental Data Management System (EDMS)*® pro-
vides a comprehensive platform for evaluating both external spe-
cific and nonspecific exposome using open access or restricted
(available upon request) data. These factors include socio-
demographic characteristics, lifestyle variables such as body
mass index (BMI, kg/m?), smoking habits, alcohol and drug con-
sumption, as well as air pollution, water and soil toxicants, bio-
contaminants, noise, climatic parameters like temperature and
humidity, land cover (green, blue, gray and agricultural spaces).
In particular, the EDMS captures data on air pollution metrics,

including concentrations of Particulate Matter of diameter-
<10um and 2.5pm (PM10 and PM2.5), Nitrogen Dioxide (NO,),
and Ozone (Os). Information on pollen and spore levels, noise
from traffic and railways, drinkable water quality, and pesticide
residues in food was also collected. All of these exposome factors
are measured and attributed to the nearest geographic location
of the children’s (the children’s residence) when possible, allow-
ing for identification of close exposure sources and detailed spa-
tial analysis and modeling.”*

Child(ren)’ internal exposome—the EXHES
biobank

The types and origins of the biological samples collected during
the different phases are listed in Table 1 Preparation and storage
of all biological samples during the pregnancy period were
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performed in each location. All biological samples were prepared
and stored at —80°C in alarm-monitored freezers at each study
location, ensuring consistency in storage.

Statistical methods

In the present paper, continuous data are presented as mean val-
ues = standard deviation (SD) and categorical data as frequency
counts and percentages. The list of considered variables and
their definition is shown in Table S3. Classical statistics was used
to compare mothers’ characteristics across countries, when data
were available. The differences in descriptive variables among
mothers during pregnancy and on the type of birth (singleton or
twins), considering the countries heterogeneity, were assessed
through a meta-analytic approach. Pooled odds ratios (OR) with
95% confidence intervals (CI) were calculated to compare cate-
gorical variables, while standardized mean differences (SMD)
with 95% CI were used for continuous variables. Heterogeneity
was quantified using the I2 statistic, which represents the per-
centage of variation across studies that is due to heterogeneity
rather than chance. The meta-analysis focused on three key out-
comes: prematurity, birth weight, and macrosomia. Low birth-
weight was defined as a weight less than 2500g at birth,
regardless of gestational age. Conversely, macrosomia refers to a
high birth weight, generally over 4000g. A value of P<0.05 was
considered statistically significant. All the analyses were per-
formed using R software, version 4.3.2.

Results

We present here descriptive data of mothers and children of the
EXHES cohort up to the birth, noting that the complete dataset is
not available for all countries.

Mothers’ characteristics across the countries

There were significant variations in maternal weight at 20 weeks
of pregnancy (with France reporting an average weight of 57 +
11kg, Italy reporting 56+9kg, and Poland reporting 58.2+
11.4kg) and at the end of the pregnancy (average weight of moth-
ers ranging from 68kg in Italy to 82.6kg in both Croatia and
Slovenia) (Table S2). Higher percentages of mothers in France
(94%), Poland (97%), Slovenia (99.5%) and Croatia (97.4%)
reported to be living with a partner than in Italy (70.4%). In terms
of health factors, the data revealed varying prevalence rates of
diabetes among mothers (ranging from 6.7% in Poland to 18% in
Italy), hypertension (33% in Italy, 3.3% in Croatia, and 0.9% in
Slovenia; for France and Poland the data were unavailable). The
available data also highlights the utilization of fertility treatment
(with Poland reporting the highest percentage (19.4%) of mothers
undergoing such treatment) and medicine intake during preg-
nancy, particularly hormones (70.1% of mothers in France and
6.5% in Poland). Other factors such as anemia treatment, physi-
cal activity, and birth problems displayed significant variations
across countries.

Mothers’ health conditions during pregnancy
according to the type of birth

Table 2 presents the results of a meta-analysis examining the
variations in descriptive variables among mothers during preg-
nancy and childbirth, based on the type of birth (singleton or
twins). There were no significant differences in mother’s employ-
ment (OR=1.11, 95% CI: 0.53-2.40, P=0.38) between singleton
and twin births. However, a higher maternal education was in-
versely related to twinship OR=0.73, 95% CI: 0.50; 0.95, P=0.01).

No significant differences in variables such as food allergy and
diabetes before pregnancy were observed between singleton and
twin births. However, twins’ mothers were more likely to suffer
from asthma (OR=1.84, 95% CI: 1.34-10.07, P=0.01) and anemia
(OR=1.24, 95% CI. 1.09-1.73, P=0.03). Although mothers who
gave birth to twins had a slightly higher weight before pregnancy
(SMD=0.12, 95% CI: —0.14 to 0.38, P=0.05), this difference was
not observed for BMI. Twins’ mothers were more likely to have
maternal health problems related to pregnancy (OR=4.04, 95%
CI: 2.11-7.75, P=0.01). Overall, twins were born at an earlier ges-
tational age, as indicated by the significant difference in weeks of
amenorrhea/gestational age (SMD=-2.20, 95% CL. -2.55 to
—1.85,P=0.01).

Children’s development and health at birth
according to the type of birth

Table 3 provides a comprehensive overview of data collected on
the health and development of children during pregnancy and at
birth across the EXHES countries.

Focusing on the child-related variables, we observed distinct
patterns. Regarding sex distribution, singletons generally exhib-
ited a more even split between males and females, while twins
showed a slightly higher proportion of males in most countries.
In France, 52% of singletons were male, compared to 77% of
twins. In terms of birth weight, singletons consistently have
higher mean weights compared to twins, with the largest differ-
ence seen in France (3.30+0.52kg for singletons vs 2.37 +0.63kg
for twins) and Portugal (3.23+0.44kg for singletons vs 2.21+
0.51kg for twins, this difference is in accordance with the lower
gestational age in twins. Similarly, singletons tend to be taller,
with greater mean heights across all countries. In Poland, single-
tons measure 55.5+2.20cm, while twins are 47.61+2.30cm on
average. Head circumference, an important indicator of brain de-
velopment, also follows this trend, with singletons exhibiting
larger mean measurements than twins. Waist circumference, a
proxy for body composition, showed mixed results, with Italy
reporting similar values between singletons 42.1+4.3cm and
twins 42.2 +5.30 cm, while France (31.74+1.67 cm for singletons
vs 28.64+2.24 cm for twins) and Slovenia (34.1+2.22 cm for sin-
gletons vs 31.2+1.48cm for twins) demonstrates a more pro-
nounced difference.

Apgar scores, which assess health of the neonate immediately
following birth, were higher for singletons, with 98% of French
singletons scoring >7, compared to 92% of twins. Data also
revealed differences in medical interventions and pregnancy-
related factors. Pregnancy-related problems, including hospitali-
zation, were more prevalent among twins, as seen in the higher
rates reported across the countries. As expected, the mode of de-
livery demonstrated a stark contrast, with singletons more likely
to be born through vaginal delivery, while twins predominantly
undergo cesarean section. Contrast was the highest in France
and Portugal, where 67% of twin births were born by cesarean,
compared to 22% and 23% for singletons respectively. Lastly, am-
niotic alterations were more frequent in twins than in singletons
(Table 3). However, only 3 countries reported them.

Children’s exposome during pregnancy and at
birth according to the type of birth

In terms of environmental exposures, variables such as alcohol
consumption before pregnancy (OR=1.11, 95% CI: 0.64; 1.93,
P=0.37), and smoking during the 3rd trimester (OR=1.06, 95%
CI: 0.68-1.66, P=0.88) were not significantly associated with the
type of birth (Table 2). However, mother's health problems

920z Aienige4 g| uo Jasn ainisu| uejals 18zor Aq 209/5Z8/6001ES0/ | /S/a01e/awosodxa/woo dno-olwspese//:sdny woJj papeojumoq


https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf009#supplementary-data
https://academic.oup.com/exposome/article-lookup/doi/10.1093/exposome/osaf009#supplementary-data

Downloaded from https://academic.oup.com/exposome/article/5/1/0saf009/8257602 by Jozef Stefan Institute user on 18 February 2026

"[EATSIUL 9DUSPTUOD %56 (1D %G6 ‘9OUSISJJIP UBSW PIZIPIBPUEIS ((JINS ‘UOTIEIASD PIEPUE]S (DS ‘0nBI SPPo MO 91qedidde 10U :yN SUOnenaIqqy

Exposome, 2025, Vol. 5, No. 1

Y0'0=d %0 =¢I uonoes
[s9°6 ‘e€'sl L1'£=40 (08)8 (D)1 WN (£99)¢ VN VN  (ez6)ct (9%9)eve (00T) ¢ (2s) s (8'99)6ST (8Ce)60r VN  WN  (68)¥c (19)%z (£9) 0z (c2) ££ SaX uea1BSSRD
6£°0=d %0 =1
[z6'1 80l 62T =40 ©o (¥ vN (0o 8z (B)sz  (estle @9el (00 et (en)te  (Lon)1s VN VN (€)1 (@¥e (€ED¥y (@leh £V ss3eqeId
€0°0=d %ST =l
[estt60'Tl ¥z T1=40 (9% (61)sT VN (£se)zz (059 (8e)eor (A1 (wot)ze (0o (0o (®@12)es (881)o6 VN VN (90)z (©1)8 (00)% (02) 9% SOA elwRuyY
10°0=d %98 = I
[z001 %ET] 8T =40 (0o Mt vN (0o 0o (€)8 (ot ®aor o (9 o9z (erto vN  vN (0o B%e (o0 (€1)1e £V BWYISY
T00=d %€9 =1 swarqoxd
[szztvelvov=¥0 (e8)s  (e9)1¥ VN (512991 (099 (0p) 60T (c69)6 (69¢)6cT (0)0 (be)et (998) 0z (ss¥)81c VN VN  (£9)81 (91) 01 (09) %1 (1€) S0t SSA  UI[BaY [BUIIBA
a3e
TeuoneIsad
TO0=d %TL=,I /eayLIOUSWE
[s8'1-!ssz-lozz—=ams (c1) /e (€1)€6E VN VN (60)5z€ (80)96¢ (c1)8e9¢ (T'T)288e VN VN (#2)9zse (S1)688 VN VN (1)9e (D)ee (€)9g (@) o¥ BRI Jo sxPaMm
AoueuSaid
suung
LE0=d %L=]
[e6'T %90l TTT=Y0 VN VN VN (#6)/1 VN VN (Tor)9 (esh)ost (oon)z (94) e (s8)oc  (8h ez (000 (*e)ce (8e)T (sT)6 (89)ST (19)8ST £V [oYo21Y
88°0=d %0=I
[99°1 :89°0] 90'T =40 (0)o we vN (99)¢ (soe (o€ €8 0o @ty o @9 ©@ee @6)Fr 00 (U6 ke @ee o (€29 SaA odeqel,
S00=d %CS=I (Aourudaxd
(80 %1°0-] cT'0=aNS ()99 (Mee vN (D)9 (D12 (€1)89  (01)89  (s1)99 (o1)1s (11)99  (¢1) %9 #1099 (9919 (O1)99 (s1)99 (11)6S (ST)69 (E1) %9 83 210§3q) WYSEM
11°0=d %e¥=.I (foueudaxd
lo£0:81°0-]900=aNs (8T) 8Tz (8°5) £'SC VN (£°01) 6802 (£ %) 9% (%) 14 (1%)8e¥ve (6%) 1eC (0)oc L) ¥ (9%) s1vz (9€1)89%c (e (9)sc (99sz Wer Bse (9ec LW/83 210330) TINd
860=d %=1
[o¥z €S0l TTT=Y40 (08)ct (68)98T VN (688)%z (001)TT (88)Sez  (s8) 1T (98)6/c (00T) T (98) €% (£'86)9cc (596) 2oy (001) % (28)9s (69) 8T (09) L€ (68) ¥T (8'%6) £SC SoX juswfordwg
T0°0=d %0 =1 9A0QE PUE
[s6°0 ‘0s°0] €£'0=40 (W9 F2sst VN (S99 0z (sh)s  (99)9%T  (19%)9 (619) £8T (001) ¢ (001) 05 (0%S) 62T (z€¥) L0z (00T) € (9%) 1€ (S€)6 (9%) 8 (8S)¥T (95) 0zl  Asieatun
1€0=d %=l
[e0'T 'ee0] se0="0 (09 Woles VN (9ce)s  (sh)s  (ev)ert (s8e)s (8og)es (00 (00 (soe)es (Fre)est (0o (te)te (29991 (Bh)er (8e)6 (6€) €8 Arepuodss
MO[3q, uonednps
Eicet 0o €z vN (ot 61 (R #Fste (€dee ©o (o (sspze Fevee (00 (cast @)1 (99% (%1 (I'9) 1T puelrewnd [euIeIE
£oueudaid 01 1011g
TIIv L S¥6T S 1L 0cc s L €SS L 9/TS €T .L 9/ES L 0SS 6€C L (VAR €L 89S S L $9s 29 L 6SES
(ps ¥) uesaw (ps ¥) uesw (ps ¥) uesw (ps ¥) ueaw (ps ¥) ueaw (ps ) ueawt (ps ¥) ueaw (ps ¥) ueaw (ps ¥) ueaw
1 %s6] suorerBurs 03 10 (%) NVEZ=I 10(%)NES= 10(%) N00E=IN 10(%)N68E=IN  10(%)NZS=I 10(%)NSTL=IN  I0(%)NTL=W 10(%)NSIT=W 10(%)NIZh=IN
surm) Sutredwod QNS
10 4O 95£C =N pa[ood BIUSAO[S sin BReoID puejod EREES1) reSnuog uredg Arein duelj

6

(s1sATeUE-BIOW) SFHXT UI (SULM} = I, PUB SUOIS[SUIS = ) Y3IIq Jo 2dK) £q sonsu=ideIeyd (N) SISUION *Z S[qe.L



7

Exposome, 2025, Vol. 5, No. 1

Downloaded from https://academic.oup.com/exposome/article/5/1/0saf009/8257602 by Jozef Stefan Institute user on 18 February 2026

‘[EAISIUL 2DUSPYUOD %56 D %S6 DOUSISIJIP ULSW PIZIPIBPUEIS ((JNS ‘UOTIEIADD PIBPUE]S :pS ‘0nBL SPPo MO ‘o[qedidde Jou YN :Suoneaiqqy

9100°0=d
%56 = .1
[sT'299'T] 1%v— =40 (129)8 (€796) 012 (oot) 01 (¢6) Tv1 (oo1) €1 (18) so (6'16) S6C (¥6) 19C (c6) 1% (cd) vt (s6) ¢t (z6) ¥8 Suipsapseaiq
90'0=d
%8 =1
[98°€1 ‘9z°0] 08'9 =¥O (oo1) ¥T (0'66) 90z VN VN VN VN (ce6) 0¥ (8'66) 847 VN VN (c6) €T (86) 80¢ (£(=) 1e8dv
90'0=d
%T6 =41
[s9°1 ‘2001280 = ans 8Y1FCIE  CCTFLYE VN VN VN VN VN VN 0E'SFTCh 0S¥ F1Ch  ¥CCFPI8C 0LTFHLTE  OUSIJWINDID ISTR/M
€00'0=d
%6 = ¢l
[62'1 ‘sz°0l 20T = ANS STIF8EE  9TTIF6VE 06'07'€E 0STF¥bve  0STFLTe  0STF8VE  [CTF68Te  99TFeehe ¥/ 1FC8€e OvIFovhe €OTFECes (9TFS8PE  90UAIRJWINIID PeSH
1000=d
%8 =1
l6°z ‘¥8'0l 29’1 = ANS 09TF08%Y  S6TF0TS  08TF08y 08CF80S O0SCFIOLF 0CTFSSS EVeFITHyr 0STF6L6Y  98CFIS Ly C6TF9L6V (SEFIVLY  €LTFSC0S (wd) WSeH
100°0=d
%8 =l
[v1'zi6z Tl 21 =ans YC0FSOT  IVOFSYE  PEOFVLT  SYOFESE  0SO0FE9VT  0S0FOSYE  IS0FITT  VHOFETE  [90FC6T  6V0FCee  £90F/ET  CSOFOEE (&%) wSem
100°0=d
%6 = ¢l
[og'z ‘ov'1] 88’1 =4O TUTF0LE  OCTFE6E  060FS/E  080F968 OCTFBE9E OL'TF¢88E /¥CFICSe  9STF88E  VOCTFES/E SOTF/LI6E S6CTFCLSE  T9TFSI6E o8 [eUOnEISSD
1000=d
%0 = .1
[€0°9 ‘88°€] 96'F =4O VN VN VN VN (o1 (cer) o VN VN (1) £ (98) € (0o (o1) L€ uoneIs}e dHouWY
$0'0=d
%0 = ;1
[s9°6 ‘e€'sl LT'£=40 (e€8)oT (8°02) 05T VN VN (ece) et (9%9) e¥¢ (8'99) 651 (8'22) 601 (68) ¥¢ (19) ¥¢ (¢9) 0z (eo) 1z UOROIs UBIIBSIB)
Mg 1V
10=d
%L9 = ;1
[60°Z ‘oz'0l ¥T'T =40 (£58) 9 (8799) szt (0%)9 (o¥) 601 (¢69) 6 (69¢) 6CT (998) z0¢ (5's¥) 81¢C (9g) ot (1) 9 (%) ¥1 (0€) sot ws[qoid A>ueudaid
£0=d
%E9 = ;1
[ee€ 610l 92T =40 (T19) % (09) et (9%9) 9 (9°82) v (c69) 6 (8'12) 16 (#1%) 66 (8%) € (td) et v (c8) €¢ (1) ese JusWIIRRL} S, IS0
Aoueudaid Suumg
£5°0=d %S =1
[81°1 ‘s9'0] 92'0 =4O #9°0) 6 (ezs)zit (%) 11 (¢¥) 0t (0s) et (€05) ¥8T (co¥) geC (s'ev) 012 (19) 12 (89) s¢ (€2) o1 (8%) 991 El
X3S
90% vLLT vl oze 24 9/ €1 9/g 6£C 6% ¥S %9 29 65 YHvaH
L s L s L s L s L s L s L S pyd
[1D %56] suoiar8urs
03 surmy Sumreduiod (ps ¥) ueaw (ps ¥) ueawt (ps ¥) ueaw (ps ¥) ueaw (ps ¥) uesw (ps ¥) ueawt

QNS 10 40 081C =N

10 (%) N ¥EZ = Nl BIUSAO[S

10 (%) N 00€ = N BREOID

10 (%) N 68€ =N pue[od

10 (%) N 8T£ =N [e8ni1od

10 (%) N 8TT =W ATear

10 (%) N 12y = N @dueld

“Apnis SFHXT YL ‘(SIsA[euB-RIDW) STHXT UI (SUMMI = I, PUB SUOIR[SUIS = §) YIq Jo adA) £q yiaiq 3e pue £ourudaid SuLMp sonsueIdRIRYD S,UBIP[IYD *E S[qE.L



8 | Exposome, 2025, Vol. 5, No. 1

Twin Singleton Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (random)
France o] 62 25 359 = — 0.10 [0.01; 1.75] 15.3%
taly (o] 54 4 64 — = 0.12 [0.01; 2.34] 13.9%
Portugal o 239 17 479 — 0.06 [0.00; 0.92] 15.2%
Greece o] 2 3 50 T 2.71 [0.11;68.25] 11.6%
Poland o] 13 42 376 H 0.29 [0.02; 4.99] 14.9%
Croatia o] 24 37 276 0.13 [0.01; 2.19] 15.2%
Slovenia (o] 14 5 220 E 1.35 [0.07; 25.65] 13.9%
Common effect model 408 1824 e 0.16 [0.06; 0.47] =
Random effects model e 0.24 [0.08; 0.73] 100.0%
Heterogeneity: /12 = 0%, t2 =0, p = 0.51 ! T ! L

0.01 0.1 1 10 100
Macrosomia

Twin Singletons Weight
Study Events Total Events Total Odds Ratio OR 95% -Cl (random)
France 39 62 25 359 —— 2265 [11.75; 43.67] 28.3%
taly 32 54 5 64 —‘—F 17.16 [5.93; 49.64] 10.8%
Portugal 147 239 24 479 == 30.29 [18.63;: 49.26] 51.6%
Greece 1 2 2 50 24.00 [1.07: 539.11] 1.3%
Poland 11 13 k=] 376 224.28 [43.27; 1162.42] 4.5%
Croatia o 24 5 276 1.01 [0.05; 18.76] 1.4%
Slovenia 2 14 1 220 — 36.50 [3.09; 431.43] 2.0%
Common effect model 408 1824 * 25.81 [18.29; 36.42] -
Random effects model L 27.37 [19.30; 38.82] 100.0%
Heterogeneity: 12 = 529, t2 < 0.0001, p = 0.05 ! I I

0.001 0.1 1 10 1000
Low-birthweight

Twin Singletons Weight
Study Events Total Events Total Odds Ratio OR 95% -Cl1 (random)
France 18 62 19 359 "-.“ 7.32 [3.57; 15.00] 24 2%
Italy 17 54 1 64 . 28.95 [3.70: 226.48] 11.9%
Portugal 107 239 27 479 + 13.57 [8.53; 21.59] 26.3%
Greece (o] 2 6 50 v 1.37 [0.06; 31.82] 6.7%
Poland 8 13 6 376 E — 98.67 [24.87; 391.44] 17.5%
Croatia 2 24 o 276 — 4 61.44 [2.86; 1319.16] 7.0%
Slovenia (o] 14 1 220 E 5.05 [0.20; 129.41] 6.4%

)
Common effect model 408 1824 <> 13.09 [9.14; 18.77] .
Random effects model i 16.18 [6.35; 41.21] 100.0%
Heterogeneity: /12 = 59%, t2 = 0.8084, p = 0.02 r T T 1
0.001 0.1 1 10 1000
Preterm

Figure 3. Comparative risks of adverse perinatal outcomes in twin vs singleton pregnancies: a meta-analytic perspective. OR: odds ratio; 95% CI: 95%

confidence interval.

during pregnancy, possibly needing medications, were signifi-
cantly more frequent in twins than in singletons (OR =4.04, 95%
Cl: 2.11-7.75, P=0.01) (Table 2).

Overall results from the meta-analysis across
EXHES countries

Figure 3 presents the results of a meta-analysis investigating the
differences in several neonate-related variables between single-
ton and twin births. As expected; there was a trend toward a sig-
nificantly higher risk of preterm birth in twins compared to
singletons (OR=16.18 (95% CI: 6.35-41.21), and a significantly
higher risk of low birth weight in twins compared to singletons
(OR=27.37 (95% CI: 19.30-38.82). On the other hand, the results
suggest that there was a significantly lower risk of macrosomia
in twins compared to singletons, with an odds ratio of 0.24 (95%
CI: 0.08-0.73).

Discussion

The EXHES cohort has revealed significant differences and het-
erogeneity in various maternal and children’s variables when
comparing twin and singleton pregnancies across Europe. As
expected, twin pregnancies were associated with a higher risk of
health problems during pregnancy, cesarean section, preterm
birth, a birth weight < 2.5kg, lower anthropometric parameters,
and a lower risk of macrosomia, that can be explained by a num-
ber of factors, including increased risk of maternal and fetal com-
plications in the case of twins’ pregnancy.’>?’ No association

with maternal employment status was observed although occu-
pation may be a relevant factor, potentially due to the different
environmental, lifestyle, social and chemical exposures.?’
Unexpectedly, our results showed a significant trend toward less
twin births among mothers highly educated. Reversely, in Greece
higher twin rates are associated with higher maternal education,
better paid parental occupations, and thus wealthier families,
married maternal status, while immigrants present a lower twin-
ning rate than Greeks.?®

To our knowledge, the EXHES cohort is among the first
European cohorts that provides comprehensive information on
the Exposome of the mother-child dyad in the case of both single-
tons and twins. In addition to being based on a real-life popula-
tion, EXHES is designed to have longitudinal follow-up extending
into the childhood of the children, thereby enabling the investi-
gation of children development in relation to their short-term
and long-term exposome of the first 1000days of life (namely
prenatal, perinatal, and postnatal exposures).

In the long term, the EXHES cohort should also enable omics-
based analyses, examining differences in DNA methylation pat-
terns both between twins and singletons, as well as between
monozygotic and dizygotic twins for a subset of the children, po-
tentially providing insights into the epigenetic signatures associ-
ated with twinning status and zygosity, further elucidating the
complex interplay between both chemical and environmental
factors, genomic regulation, and early life development.

Although other major mother-child cohorts, including the
Generation R Study,*® the Norwegian Mother, Father and Child
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Cohort Study,® the Canadian Initiative for Active Surveillance of
the Mother-Child Cohort (CAMCCO),*” the European HELIX co-
hort®® as well as the French Mother-Child cohort (EDEN) and the
national French cohort (ELFE)**3* have previously investigated
components of the Exposome, namely specific environmental
exposures, such as air pollution, diet, and chemical contami-
nants, in relation to various health outcomes, few cohorts have
considered twinships. The twin study, or “twinship,” is a powerful
methodology in genetics and environmental epidemiology re-
search. When combined with the exposome, it offers unique op-
portunities to understand how environmental and genetic
factors interact to influence human health. Twin cohorts also en-
able control of genetic variability when evaluating the exposome,
including the microbiome, metabolome and epigenome.

This has been developed by Drouard et al. who have revealed
that twins with different lifestyles tend to be less similar in terms
of both their internal and external exposome profiles, even
though they share at least half of their genetic makeup as well as
a common family environment.®® Similarly, studies conducted
on large MZ-twin cohorts have demonstrated that environmental
factors are the major causes of chronic diseases such as leuke-
mia and asthma or certain cancer types. Exposure-related fac-
tors, as characterized by the overarching “exposome” construct,
generally account for over 90% of the risk associated with the de-
velopment of these chronic health conditions.?® Correspondingly,
epidemiological studies have elucidated associations between oc-
cupational history or chemical exposures and specific disease pa-
thologies. Graham et al. reported a robust, statistically
significant link between regular vehicle maintenance and amyo-
trophic lateral sclerosis (ALS) incidence in discordant monozy-
gotic twins.?” Furthermore, the same study also found a notable
association between professional paint use and the occurrence of
motor neurone disease.’

A study conducted by Fraga et al. has revealed that epigenetic
modifications may underlie the discordance observed between
MZ-twins with respect to the development of common disease
pathologies.®® Importantly, these epigenetic differences may rep-
resent the mechanistic interface through which environmental
factors influence phenotypic variability among genetically identi-
cal MZ-twins.*® Research using the Swedish twin registry has
supported the hypothesis that environmental factors play an im-
portant role in the development of Adolescent Idiopathic
Scoliosis (AIS).>**° This study found a unique environmental ef-
fect size of 0.60 for AIS, indicating that environmental influences
are substantial in the etiology of this condition. Additionally,
studies have shown that the concordance rates among MZ-twins
with AIS range from 0.73 to 0.92,*°*? with lower concordance
rates of 0.13 and 0.10 have been reported by the Danish and
Swedish twin registries, respectively.***°

The less than 100% concordance rates observed in MZ-twins
further supports the important role of environmental, lifestyle
factors in the development of several pathologies. Pietildinen
et al. showed that genetics factors account for 80% of BMI varia-
tion in adolescents aged 16-17, with twin boys being leaner than
singletons, and a higher prevalence of overweighting in single-
tons.?® Gordon et al. conducted a study to investigate the involve-
ment of environmental and lifestyle factors in the development
of Crohn’s disease (CD) and ulcerative colitis (UC) among MZ and
DZ-twins.?” Their study showed that the environmental factor
most strongly implicated in the development of CD was smoking.
In contrast, for UC, breastfeeding was found to have a protective
effect, while a history of frequent gastroenteritis was associated
with future disease development.”” Notably, the same study

revealed that the concordance rate did not reach 100% for either
CD or UC, even among MZ and DZ-twins.?’

What are the main strengths and weaknesses?
The primary strengths of the EXHES is its general population-
based design, with the inclusion of women early in pregnancy
(between the second and third trimester of gestation) in a sys-
tematic way. Additionally, the EXHES study provides a wide
range of data with frequent collections, particularly in the first
1000days of life, and offers the potential of in-depth exposome
construction and phenotyping through various tools and exams
for both mothers (during pregnancy, at delivery, and postpartum)
and for the child. In doing it, EXHES uses standardized and tai-
lored questionnaires to gather information. Lastly, as previously
mentioned, EXHES brings population-based pairs of twins.
Although there are several Twins Registries in Europe. While
twin registries are valuable for their large sample sizes and ge-
netic focus, they may lack the depth of time-specific data and
the adaptability of a cohort study designed for continuous and
comprehensive data collection.

We acknowledge that this study has some limitations. First,
the EXHES cohort exhibits a selection bias due to its recruitment
strategy, which favored urban mothers in most countries. This
could limit the generalizability of the findings, as it may not ac-
curately reflect the experiences of rural mothers. Consequently,
important health disparities and unique environmental factors
affecting maternal health could be overlooked. Secondly, the
follow-up was run in part conducted during the COVID epidem-
ics, which limited the participation. As a consequence, missing
data and related bias are common in EXHES and do not allow a
complete comparison. However, mothers were recruited at the
main maternity of the involved cities in an exhaustive way dur-
ing a certain period of time. In addition, these constitute the ref-
erence center for twin births that are potentially considered as
at-risk outcomes.

As a general comment, using twin data in a context where
there are distributional differences between twin and singleton
cohorts like in EXHES requires a careful, methodologically sound
approach. However, although twin cohorts differ from singleton
populations in key characteristics (eg, birth weight, gestational
age, early-life exposures), they remain a powerful resource for
understanding the etiology of complex diseases such as asthma
and allergies, overweight and neurodevelopmental troubles in
children. Their main strength lies not in providing generalizable
prevalence estimates, but in offering unique analytic opportuni-
ties to disentangle genetic, shared environmental, and
individual-specific effects. By comparing monozygotic and dizy-
gotic twins or leveraging within-pair differences—especially in
discordant monozygotic twins—researchers can control for con-
founding by shared genetics and family environment. This allows
for more robust causal inference and investigation of gene-
environment interactions, epigenetic effects, and exposure-
outcome relationships with reduced bias. To address the nonrep-
resentativeness of twins relative to the general population, find-
ings from twin cohorts should be complemented by analyses in
singleton cohorts, or adjusted statistically to account for distri-
butional differences. Twins are thus best used as mechanistic or
analytic subcohorts, rather than standalone populations for
population-level inference. In sum, despite inherent limitations,
twin data are invaluable for advancing mechanistic understand-
ing of environmental health effects and should be strategically
integrated into broader research frameworks.
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The limited size of the study cohort and the presence of miss-
ing values for certain variables restrict the ability to investigate
some associations and extreme values of continuous interval
variables, resulting in wider confidence intervals around the esti-
mates. The small sample size for twins reduced the statistical
power to detect and analyze uncommon outcomes, while the
missing data introduced uncertainty and decreased the effective
sample size for analyses involving those variables. Consequently,
the precision and statistical significance of the findings were di-
minished, particularly for rare events or extreme values of con-
tinuous variables. However, our paper is intended to provide a
preliminary description of differences between twins
and singletons.

Further statistical analyses will follow. In this context, two
types of power calculations will be conducted. First, a traditional
power analysis will estimate the minimum detectable effect size
for a predefined association—such as a significant increase in
asthma risk associated with PM, s exposure—given the available
sample size, variability, and significance level. Second, a power
for discovery analysis will be used in high-dimensional settings
such as exposome-wide association studies (ExWAS) and
metabolome-wide association studies (MWAS), to assess the
expected ability to detect true associations among hundreds of
environmental exposures and biological features (eg, metabo-
lites) with asthma. This approach accounts for multiple testing
and controls for the false discovery rate, providing a more realis-
tic picture of discovery potential in omics-scale datasets.

Ongoing research

The EXHES study will continue to follow the children to study the
impact of the exposome on their health. The combination of twin
and singleton cohorts, when enriched with external and internal
exposomic data, will allow for a multi-scale systems approach to
environmental health. Twin studies serve as a powerful tool to
uncover causal pathways and biological embedding, while single-
ton cohorts ground findings in population health relevance.
Together, they provide a robust framework to move from associ-
ation to causation, and from exposure assessment to actionable
insight in the era of climate change and the allergy epidemic.
More in detail, these complementary cohorts enable a multi-
layered exploration of environmental impacts on health. Twin
studies, especially using monozygotic pairs, offer a powerful de-
sign to isolate environmental effects from genetic and early-life
confounding, enhancing causal inference. In parallel, singleton
cohorts provide broader population-level insights into exposure—
outcome associations, critical for public health relevance and
generalizability. By integrating external exposome data (eg, air
pollution, urban environment) with internal markers (eg, metab-
olomics, epigenetics), the cohorts allow for multi-omics media-
tion analyses, shedding light on biological mechanisms linking
exposures to disease. Moreover, gene-environment interaction
analyses can uncover genetically vulnerable subpopulations,
informing targeted prevention. Together, these approaches sup-
port robust, mechanistically informed, and policy-relevant re-
search on the health impacts of environmental exposures.

Conclusions

The EXHES study provides a detailed protocol allowing the imple-
mentation of a dataset that highlights the differences and com-
monalities in maternal characteristics, health conditions, and
children’s outcomes across multiple European countries. The
cohort’s data allows key insights into maternal health, lifestyle,

and environmental exposures during pregnancy and their poten-
tial long-term impacts on child health, especially when compar-
ing singletons and twins.

As expected, twin pregnancies were associated with a higher
prevalence of pregnancy complications, such as preterm birth,
lower birth weight, and maternal health issues. Twins also dis-
played lower anthropometric measures at birth compared to single-
tons, which can be attributed to shared intrauterine environments
and the increased risks inherent in multiple pregnancies.

The study underscores the potential for exposome research,
particularly the value of twin studies in understanding how envi-
ronmental exposures and genetics interact to influence long-
term health. The findings suggest that future follow-up studies
should focus on the association between early-life environmental
exposures (including multiple chemical exposures) and the de-
velopment of conditions such as asthma, obesity, and neurode-
velopmental disorders

While the study provides valuable data from a general popula-
tion cohort, its limitations include selection bias due to the urban
recruitment strategy and the presence of missing data, which may
impact the statistical power and generalizability of the results.

The EXHES study plans to extend its follow-up into childhood
and adulthood, which will enable deeper analysis of the expo-
some’s influence on health trajectories. The inclusion of omics
data, particularly DNA methylation, offers promising avenues for
understanding the epigenetic effects of early-life exposures.
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