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Abstract in Greek

[Tepiinym
Ewayoy:

Ta meplocodTEPOL OpyOVO, KOL OOUEC TOV OVOTTVOCOUEVOL gUPpOov oynuatiloviol Tovg
TPAOTOVG UNVES LETA TN SVAANYM. 1o To Adyo aVTO, TO TPAOTO TPIUNVO TG KVM oG Bempeital
éva Kpioo ¥povikKd Slaotnuo TG EUPPLIKNG avATTLENC, W10iTEPN EMPPETES o€ emMPAaPeic
TapAyovteg, ol omoiot ivan gite evooyevelg, eite emyevelc. Extog amd ™ datpopr Kot
GALoVG TEPIPOAAOVTIKOVG TOPAYOVTEG, N TOXLCOPKIO TNG UNTEPOG TPV TNV KUNOM £€)EL
ocvoyetiobel, Vv tekevtoio dekoetia, pHe ovENuévo KivOouvo EPQOAVIONG UETAPOAMKOV
VOO UAT®V GTOVG amoyOvovus, OmmG movoopkio, SvcAmdaior Kot dttapaynévn ovoyn
YALKOING, OAAG Kol QVENUEVT] ELOAVIOT] VELPOYLYLOTPIKMOV OATOPUYDV GTNV TodKN nAkio
Kol oty eviAko Con. [1€pav g mayvoapkiag, katd TNV KON GT dev £xel peAetn el emapKdg
péypl onpepa n enidpacT GAL®Y TOPAUETP®V TOL UETAROAKOD GLUVOPOLOL Kol 1O1UTEPMG,
TOV Topayoviov ekelvav tov evdountpiov mepifdiioviog ot omoiot emmppedlovv TV
AvATTLEN TOV ATMOOVE 1GTOV KOl TOV VELPIKOV GUGTHUOTOS GTO OVOTTUGCOUEVO EUPPLO.
[Mopadeiypatog ybpv, av kot eivor yvootd O6tL to emineda Prrapivig D g puntépag
AmOTEAODV ONUAVTIKO TOPAYOVIO Y10, TNV OUOAN OVATTLEN TOV OGTMOV KOl TOL VKOV
GLGTNWATOG TOL gUPpvov, Alya givor yvootd yio tov mbovo poro g Prrapivnig D oy

evamdHeon 1OV AITOLG KoL TNV VELPOOVATTLEN TOV ATOYOVE®V.

216%0¢ TG mapovGag OTPPng NTa Vo SIEPEVVIGEL TO POAO TTAPAYOVIOV TOL UETAPOALKOD
oLVOPOLOL NG uNTépag Kot TV emmédwv 25(0OH)-frrapnivng D oto 1o tpipunvo kdnong pe m
COUOTIKY aVATTLEN Kol VELPOOVATTLEN TTadL®Y NAkiag 4 etdv otnv Kp1, 010 mAaicto g

Merétng Mntépag-TTadion Kprtne, Merétn PEA.

Ewdwkoi otoyon:

1. No peremBei n oyxéon mapaydviov Tov HETAPOAIKOD GUVIPOLOL GTIC EYKVOVE, 6T0 1o
Tpiunvo KOMONG HE TNV COUOTIKY] OVOTTLEN KOU TNV EUGAVION TAPAYOVIWOV
KOPOLAYYELOKOD KIVOOVOL G€ Tandtd nAkiog 4 eTmv.

2. No peremBei n oxéon mapaydvtov Tov HETAPOAIKOD GUVIPOLOL GTIC €YKVOVE, 6T0 1o

Tpipnvo KhNoNg e TNV VELPOAVATTLEN TV NAKiog 4 ETOV.



3. No peretnei n oyéon tov emmédwv 25(0OH)D otig eykdovg, oto 1o tpiunvo kdnong
HE TNV COUOTIKN OVATTUEN KOl TV ERPAVIOT) TOPAYOVI®V KOPSIOYYELNKOD KIVOUVOU
o€ ool nAKiog 4 eTdv.

4. No peletn0ei n oyxéon tov enmédwv 25(0OH)D otic eykdovg, 6to 1o tpipnvo kvmong

LE TNV VELPOOVATTLEN TTOdLDY NAKIAG 4 ETDV.

Me0oooroyia:

O mnbvouodg ™G mapovsag STPIPNG TPOEPYETOL amd TNV TPOOTTIKY UEAETN Mntépac-
[Modo «Péay, oty omoia evidydnkav £ykveg katd T didpkela vog £tovg (Mdptiog 2007-
deBpovdproc 2008). O oyediacuog g LeAETNG TepAAUPove 3 S1000YIKEG CUVAVINGELS LE TIG
€YKVDOVG PEYPL KOl TOV TOKETO KOl €V cuveyeia akoAoVONoE TapaKoAoLONOT TOV TOSIOV LE
oLVeVTEDEELS Ko SerypaToAnyia aipotog otovg 9 unveg, otovg 18 pnveg, ota 4 kot ota 6 £t
Comg. H ovAhoyn tov dedopuévav TpoayloTomomonke pHe ) ypnon €PWTNUATOAOYi®V, TN
GLALOYY Kot UAAEN PLOAOYIKAOV deyHdT®mV Kot TNV KAMVIKY €EETOOT) TOV €YKLMOV Kol TOV
Tod1dV Tovg. O1 untépec ekTundnkav kKhvikd oto 1o tpipnvo g kinong, katd 1 ddpkela
NG YUVOIKOAOYIKNG EKTIUMONG Yo To 1o vrepnyoypdenuo tov guppvov, pe TPOGdoPIGHO
TOV VYOLG Kot TOV PAPovg amd €0KA EKTOOEVUEVOVS £EETAOTEG. TavTdypova GLAAETNKOY
TANpoopies Yoo To PApog TV £YKO®V TPV TNV EYKLHOCLVN KOl DTOAOYIGTNKE O OEIKTNG
pélog coOUOTOg TPO NG KUMONG. XNV 0 GUVEVTELEN EKTIUNONKE 1 GLGTOAKN Kot
OloTOAMKY) mieon kot cLAAEYONKav Proroyikd dsiypota yio TOV TPOGOIOPIGUO T®V

OLYKEVTPMOCEWMV GOKybpov, Amdinv kot 25(OH)-Pir D tov eykdwv.

Yta 4 ¢t mapakorobOnomg, €WIKA EKTOOELUEVOL gpguvNTég Tediov, akoAovBmVTOG
CLYKEKPIUEVO TPOTOKOAAD, HETPNOAV TO PAPOg, TO VYOS, TNV TEPIPETPO HEONMS, TIG
OEPUATIKEG TTLYES KOl TNV OPTNPLOKN TECN TOV TOODV, EVO TOVTOYPOVE GLAAEXOMKOV
Bloloywd detypota yioo 1oV TPocdloptcpid tTowv Mmidiov oty tpooyoikn nikio. EmmAéov
ota 6 €1, T0 TOGOGTO MmOVg TV MUV EKTUNONKE pe T HEBOdO NG PronAeKTpikng
avtiotaong (BIA). Ocov apopd v yoyokivntiky avantuén tov toudiov ota 4 £t (ong,
E101KA EKTOOEVUEVOL YLYOAGYOL TV a&loAdyncay ypnoipomoiwvtag T Kiipaxkee Extipnong
[Moawwwov Ag&omitov (McCarthy Scales of Children's Abilities). Emiong n a&ioAdynon
JTOPOYDOV GTN GUUTEPLPOPE TOV TOOLDV EYIVE LLE TN CLUTANPOGN OO TIG UNTEPESG ELOTKAOV
EPOTNUATOAOYI®V TOV QPOPOVCHY TG OLVOTOTNTEG Kol TIG OVOKOAIEG GULUTEPIPOPAS TMOV

oy toug (SDQ questionnaire), kaBmdg kol THV EKONAW®GCN CLUTTOUATOV EAEIUHOTOG
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npocoyns-vrepkvntikotntag (ADHD Test) otnv mpooyolkn nikio. To dedopéva mov

oVAAEXONKOY  avoAOONKOY  UE  TOALTTAPAYOVIIKA HOVIEAD YPOUUIKNG KOl AOYIGTIKNG

TOALVOPOUNOTG.

Amoteréopata:

1)

2)

3)

Koatd ™ diepedvnon g enidpaong mapaydviov Tov petafoikod cuvdpodpov oto 1°
Tpipnvo KuMoNg pe KapdlopeTafoikovs Tapdyovtes KivoHvVoy TodldV TPOGTYOAIKNG
nAikiog Ppikape 0Tt 0 awENUEVOG delkTNG HALOS CAOUOTOG TNG UNTEPOS TPV TNV
eykopoovvn (vépPapeg/ moyvoapkeg) cvoyetileTon pe awénuévo kivovvo vépPapov
N ToyvoapKov madtov oto 4 £t (ong, kabdg kot avénUéEvo KIVOLVO KEVIPIKNG
ToyVoapKiag Kol avéEnUévng mosoTTag MI®OoVG HAlag OTNV TPOGYOAKN MAKid.
Eniong adénon g ouykévipwong g OMKNG YOANGTEPOANG TG UnTépag oto 1o
tpipnvo kumong kotd 40mg/dl Bpébnke va cvoyetiCeton pe avénuévo xivovvo
VIEPPOPOV/TOYVCAPKOV TGOV Kot LENUEVO TTAXOG TOV OEPLATIKMY TTVYDV oTO 4
¢ Cong. H ovoyétion autr| mapéreve GTOTIGTIKA GNUAVTIKT] Kot VoTEPQ amd EAEYYO
SPOPMV GLVETOPOVTOV UETOPANTOV, cvumeptiapfovouévov tov ogiktn palog
OONOTOC TNG UNTEPOAG TP TV Komon. Téhog, ta avénuéva eminedo SLOGTOMKNG
nieong ¢ untépag, oto lo tpipnvo kimeong, Ppébnie va cvoyetilovtal pe avEnpéveg
TOPAUETPOVG TAYVGOPKING TOV amoyOvav ota 4 £t {ong.

A7 10 GUVOAO TOV TOPAYOVI®V TOV HeTAPOAKOD cuVopoLoL 6To 1° Tpiunvo Kdnong
OV HEAETNOAUE, HOVO M Tayvoopkios TG UNTtépag mpv v kumon Ppébnke va
oLOYETICETOL E OMNUAVTIKG YOUNAOTEPT ETIOOCT] GTNV OVTIANTTIKY, OTNV aplOuUNTIKA
KOl OTI YEVIKN YVOOTIKY] KavOTNTO KAO®OG KOl OTIS EMTEMKES AgTOvPYieS TOL
petomiaiov Aofov TV anoyévev ota 4 £t {ong. Eniong n mayvoopkio g untépog
npw TV KOnom Ppébnke va cvoyetiletor pe adénon g EUPAVIONG OLTOPUYDV
OLUTEPIPOPEG Kol EKONAMONG  CULUTTOUATOV — EAAEWOTIKNG  TPOCOYNG-
VIEPKIVITIKOTNTAG TOV Tad®dV ota 4 £t {ong. Ot avetépm cLGYETIoELS TapEUEVOY
ONUOVTIKEG Kot HETE amd TOV  €AeYY0  JPOP®Y  GLYYVTIKAOV TOPAYOVI®V,
coumepthapfavopévon Tov deiktn ndlog COUUTOS TOV TUTEPOL.

Koatd ™ oepevvnon g enidpaong tov cvykevipocemv g 25(0OH) Pir D oto 1°
TPIUNVO KOMOMG GTNV LYEID TOV TOdIMV TPOGYOAIKN G NAkiog, Bpédnke 0Tt Ta 2/3 Twv
YOVOIK®V IOV GUUUETEYOV OTn HEAETN pog Emacyay and avendpkeln Prrapivng D. Ot

amoyovol yovouk®v pe emimeda 25(OH) Pt D oto younidtepo tprmudplo eiyov
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onuovtikd avénuévo BMI SD score, avénuévn kevipikoh TOTOL moyvoapkion Kot
VYNAGTEPO TOG00TO Almovg ota 4 £t (NG, GLYKPIWVOUEVOL UE TOVG OmOYOVOUG
yovauk®v pe vymiodtepa enineda 25(OH) Pt D, 6to mpdTo [cd g kinone.

4) Xe avtibeon, to vyniad emineda 25(0OH) Pt D e puntépag oto 1° tpipumvo g
KONONG PAVNKE VO, TPOGTATEVOVY OO TNV AVATTLEN SLOTOPOYDY GTN) GLUTEPLPOPA
OOV TPOGYOMKNG NAMKiag, kabmg ot amdyovol untépwv pe enimedo 25(0OH) Pir D
07O LYNAITEPO TPITNUOPLO ELYOV ONUATIKE AYOTEPO. GUUTTMOUATA VITEPKIVITIKOTNTOG-
TOPOPUNTIKOTNTOS KOl YEVIKA AyOTEPQ CLUTTOWUATO EAAEATIKNG TpocoynG (ADHD)
KaBmg Ko Mydtepa mpoPAnuata copmepipopds ota 4 £t (NG, GLYKPIWVOUEVOL UE
amoyovoug untépmv pe yapuniotepa enineda 25(OH) Pt D oty kdnon. Ot avotépw
OLGYETIGEIS TOPEUEVOY ONUOVTIKEG VOTEPA OO TOV EAEYXO SLOPOPMOV GLYYLTIKMV
TOPAYOVIOV GUUTEPIAAUPOVOUEEVOD TOV deiKTN HALOG COUATOS TNG UNTEPAS TPV TV

KUNOM KoL 1TOV TLO IGYVPEG 6T Kopitola amd OTL GTa oyOplLaL.

Yopmepaocporta: Xvvoyiloviog OAo TA WOPATAVM, T TOpovce HEAETN €0€1Ee OTL TO
petafolikd voonpata g Untépag kot ta emineda Prrapivng D oto 1° tpiunvo g Kdnong,
noilovv oNUAVTIKO POAO GTNV EKONAMGT TOYLGAPKIOG KOl SLOTAPAYDY GTNV VELPOUVATTLENS
TSIV TPOCYOAIKNG MAKING, aveEdpTnTo OTO KOWMVIKOINUOYPAPIKOVS KOl YEVETIKOVG
napdyovteg. Ta evprjpota avtd givarl Waitepa onuaviikd yioo T dnuocta vysio Kabmg ot
avVOTEPOD TOPAYOVTEG €ivor OuvaTdv va TpomomonBovv He TOV KOTAAANAO GYedoUO
OTPATNYIKOV TPOANYMG kot mapépfacns, wwitepa oe gumabeic mAnbvopove. Ileportépm
TapakoAovONoN TOV MOV o PEYOADTEPEG NAKiEG €lval amapaitnTn, TPOKEWEVOL Vol

emPBeParwbBovv Kot 1yvpomonBodv Ta TOPATAVED CLUTEPAGIATO.

12



Abstract in English

Introduction:

Most organs and structures of the developing fetus are formed in the first months after
conception. Therefore, early pregnancy is highly recognized as a time period with significant
susceptibility to an adverse intrauterine environment. Beyond nutrition and other
environmental risk factors, maternal pre-pregnancy obesity has been associated with
increased risk of offspring obesity, adverse lipid profile and impaired glucose tolerance as
well as neurodevelopmental disorders in childhood and adulthood. However, little is known
about the potential impact of other parameters of the metabolic syndrome in early pregnancy
on metabolic programming and neurodevelopment in the offspring. Additionally, maternal
vitamin D levels are considered an essential biological factor for intrauterine skeletal growth
and muscle development, but limited data exist so far on the potential impact of circulating

vitamin D on offspring adiposity and mental development.

We aimed to investigate in greater detail the effect of metabolic dysregulation and maternal
25(0OH)D levels in early pregnancy with multiple offspring metabolic and neuropsychological

outcomes at 4 years of age, in a prospective pregnancy cohort in Crete, Greece.
Specific Objectives:

1) To investigate the impact of components of metabolic syndrome in early pregnancy
on offspring cardiometabolic traits at 4 years of age.

2) To evaluate the role of components of metabolic syndrome in early pregnancy in
psychomotor development, and behavioral difficulties at 4 years of age.

3) To investigate the association of 25(OH)D levels in early pregnancy on offspring
cardiometabolic traits at preschool age.

4) To examine the impact of 25(OH)D levels in early pregnancy on cognitive and

psychomotor development at preschool age.

Methods: Our study population was part of the “Rhea” study, a prospective pregnancy
cohort, at the prefecture of Heraklion, Crete, Greece. Pregnant women were recruited at the
time of the first ultrasound examination, during the twelve-month period from February 2007
until February 2008. Women were contacted again at various times during pregnancy, at

13



birth, and for child’s follow-up at 9th, 18th months, and at 4 and 6 years of age. Face-to face
completed questionnaires together with self-administered questionnaires and medical records
were used to obtain information on dietary, environmental, and psychosocial exposures
during pregnancy and early childhood. Maternal pre-pregnancy BMI was calculated by
maternal height, measured at the first prenatal visit, and pre-pregnancy weight, as reported at
the first ultrasound visit. At the first prenatal visit trained examiners measured maternal blood
pressure levels, and collected maternal serum samples for maternal glucose, lipid and
25(0OH)D measurements. At 4 years of age data on child anthropometry, blood pressure
measures, and serum samples for offspring lipid measurements were collected by specially
trained research assistants, according to standard operating procedures. Additionally, at 6
years follow up offspring body composition was estimated, by a bioelectric impedance
analysis (BIA). Moreover, children’s cognitive and motor function at 4 years of age was
evaluated by two trained psychologists through the McCarthy Scales of Children Abilities.
Behavioral difficulties were assessed by Strengths and Difficulties Questionnaire and
Attention Deficit Hyperactivity Disorder Test, completed by mothers. Adjusted associations

were obtained via multivariable linear and logistic regression analyses.

Results: 1) In the analysis of the relationship between components of metabolic syndrome in
early pregnancy and cardiometabolic traits at preschool age, we found that maternal
overweight/obesity pre-pregnancy was associated with increased risk of offspring
overweight/obesity, central adiposity, and greater fat mass at 4 years of age, predominantly in
girls. In addition, an increase of 40mg/dl in fasting serum cholesterol levels in early
pregnancy was also associated with increased risk of overweight/obesity and fat mass in
preschoolers. The associations remained the same after adjustment for several maternal and
child characteristics, including maternal BMI. Seemingly a significant positive association
was observed between higher levels of maternal diastolic blood pressure and adiposity
measures at 4 years of age. 2) Among maternal metabolic diseases examined, only maternal
overweight/obesity pre-pregnancy was associated with a significant score reduction in
perceptual performance, quantitative ability, general cognitive function, and executive
functions at 4years of age. In addition maternal overweight/obesity pre-pregnancy was
associated with significant increment in behavioral problems and ADHD-like symptoms at
preschool age. The observed associations remained significant after adjustment for several

confounders, including paternal BMI. 3) In our analysis for the impact of maternal 25(OH)D
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status on offspring health outcomes at preschool age, about two-thirds of participating women
suffered from vitamin D deficiency in the first half of pregnancy. Offspring of mothers with
25(0OH)D levels in the lower tertile had significantly increased BMI SD score, central
adiposity and body fat percentage at 4 years of age, compared to offspring of mothers with
higher 25(OH)D levels. 4) In contrast increased maternal 25(OH)D levels in early pregnancy
seemed to protect from behavioral problems in early childhood, as offspring of women with
25(0OH)D levels in the high tertile had significantly decreased hyperactivity/impulsivity and
total ADHD-like symptoms, as well as decreased total behavioral difficulties at 4 years of
age, compared to offspring of women with 25(OH)D levels in the low tertile. The observed
associations remained the same after adjustment for several confounders and maternal BMI,

and were more pronounced in girls than in boys.

Conclusions: In summary, findings in the present thesis support the view that maternal
metabolic dysregulation and vitamin D status in early pregnancy may have an important
impact on offspring adiposity measures and neurodevelopmental outcomes in early
childhood, independently of sociodemographic and family parameters. Our results may have
important public health implications, as the examined exposures are modifiable risk factors
and may be prevented with appropriate awareness and guidance. Further follow-up of this
cohort will allow to determine whether our findings persist at later ages.
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1. General Introduction
1.1 Early life programming /The DOHaD model and child outcomes

Over the past two decades, it has been increasingly recognized that several of the major
diseases in adulthood, including obesity, coronary heart disease, and neurodevelopmental
disorders, originate from impaired intrauterine growth and development!. These diseases may
be defects in "early life programming"”, whereby a stimulus or insult at critical time points of
early life can result in permanent effects on structure, physiology, and metabolism of the
developing fetus®3. Barker and collaborators were the first who supported that undernutrition
result in low birthweight, which may program the onset of cardiovascular disease or diabetes
mellitus in early adult life. This association has been postulated to be an adaptive response of
the fetus to a suboptimal intrauterine environment to ensure survival of the organism, through
a “sparing” of vital organs such as the brain at the expense of organs such as the pancreas,

heart, kidney, and skeletal muscle known as the “thrifty phenotype” theory*.

With the addition of other epidemiological findings, such as the role of preconception
maternal obesity, or the role of factors in utero that do not impact on fetal weight or growth,
the model has been expanded to include events beginning prior to conception as well as in
early postnatal life, a model now referred to as the Developmental Origins of Health and
Disease (DOHaD)®. Fetal adaptations are thought to vary according to the timing, type,
dosage and duration of environmental exposures across early development® while a mismatch
between pre-and postnatal factors is considered the basis of disease in later life (Figure 1)’
Since the first introduction of this concept, it has been corroborated by many animal studies,
showing that environmental factors or maternal exposures may affect fetus development by
disrupting the intrauterine environment or by influencing specific gene expression mainly

through epigenetic changes, such as DNA methylation’.
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Maternal metabolic diseases are of great interest in humans on their plausible effects on the
developing fetus. In the last decades several epidemiological studies have investigated the
association between maternal obesity pre-pregnancy and offspring outcomes supporting an
inverse relationship of maternal body mass index (BMI) with increased risk of obesity,
adverse lipid profile and impaired glucose tolerance in childhood and adulthood®. Moreover
accumulating data support a link between maternal obesity and adverse fetal brain
development, resulting in impaired cognitive abilities, attention deficit hyperactivity
disorders (ADHD) and neuropsychiatric diseases'®!!. Limited epidemiological data exist so
far on the effect of other components of the metabolic syndrome such as maternal
hyperlipidemia, hypertension or impaired glucose tolerance, in early pregnancy, on fetus

metabolism or neurodevelopment.

In recent years, increased attention has also received on the impact of steroids on impaired
fetal programming. Steroids cross the placenta and via their receptors are binding to DNA
elements and act as transcripting factors regulating the expression of several genes*2. Vitamin
D is a secosteroid with important role on calcium homeostasis and bone metabolism, but is
also recognized as a potent modulator of cellular proliferation and differentiation and a potent
immunomodulator'®. Vitamin D is able to directly or indirectly regulate up to 2,000 genes*

and may affect maternal and perhaps fetal gene expression during pregnancy®®. Vitamin D
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deficiency is recognized as a public health problem and is common among pregnant
women?®, Several epidemiological studies have shown a link between low maternal vitamin
D levels and increased risk of adverse pregnancy and birth outcomes?’, but data on child
obesity and cardiometabolic outcomes or neurodevelopmental disorders are still inconsistent.

Population-based prospective birth cohorts offer an excellent opportunity to investigate
associations between early life exposures and later human diseases, and to understand
mechanisms involved in disease predisposition. Birth cohorts have important strengths in that
they collect data prospectively on many covariates and follow children for several years after
birth, thereby providing insights into developmental problems at birth as well as in the first
years of life. Although association between maternal metabolic diseases and vitamin D status
with pregnancy or birth outcomes have been established, large mother-child cohorts
investigating their plausible impact on child metabolism, cognitive function and behavioral

difficulties at preschool age are limited, with inconsistent results.

1.2 Components of metabolic syndrome and pregnancy

1.2.1 Metabolic syndrome overview

The metabolic syndrome is described as a cluster of biochemical and physiological
abnormalities associated with the development of cardiovascular disease®®. Its main
components are considered dyslipidemia (elevated triglycerides and apolipoprotein B-
containing lipoproteins, and low high-density lipoproteins (HDL)), elevation of arterial blood
pressure, dysregulated glucose homeostasis, abdominal obesity, and/or insulin resistance®®.
Chronic proinflammatory and prothrombotic states, non-alcoholic fatty liver disease and
sleep apnea have recently been added to the syndrome, making its definition even more
complex*®. However, no clearly defined diagnostic criteria exist so far.

Over the last two decades, various organizations have proposed different definitions, using
varying terminologies. One of the most widely used definitions is that of the NCEP:ATP IlI
according to which metabolic syndrome is diagnosed when 3 of these 5 components are
present: 1) elevated waist circumference (>88 cm for women and >102 cm for men), 2)

elevated triglycerides (>150 mg/dL) 3) low HDL cholesterol (<40 mg/dL for men and <50
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mg/dL for women) 4) elevated blood pressure (systolic >130 mm Hg, or diastolic >85

mmHg, or both), and 5) elevated fasting glucose (=110 mg/dL)%.

The prevalence of metabolic syndrome is high due to obesity epidemic and depends on the
criteria used. According to National Health and Examination Survey (NHANES) 2003-2006
approximately 34% of people studied met the NCEP:ATPIII revised criteria for metabolic
syndrome?!. Components of metabolic syndrome during pregnancy are a significant concern,
in terms of global public health due to their association with gestational complications and

long-term consequences for offspring.

1.2.2 Components of metabolic syndrome in pregnancy and offspring cardiometabolic

traits and neurodevelopment
Pre-pregnancy maternal obesity

The prevalence of obesity, especially in women of child-bearing age, has increased
worldwide to almost epidemic proportions and depending on the population, it can be as high
as 34%°2%23, The prevalence of maternal overweight and obesity in Greece has been estimated
as 16.6% and 25.6 % respectively, according to the WHO cut-offs?*, Numerous studies have
reported an increased risk of gestational diabetes?®, gestational hypertension/pre-eclampsia?®,
and caesarean delivery?’, among women who are overweight/obese prior to conception.
Maternal pre-pregnancy obesity has also been linked with a variety of adverse fetal
outcomes®. These include increased risk of congenital anomalies?®, large-size-for gestational
age at birth®, and infant mortality®%3!. Furthermore, accumulating epidemiological evidence
support an association between maternal pre-pregnancy obesity with increased risk of low

Apgar score, neonatal hypoglycemia and referral to neonatal intensive care unit®,

Several epidemiological studies have shown a relationship between maternal body mass
index pre-pregnancy with offspring adiposity measures in childhood®*3. Maternal pre-
pregnancy obesity has been associated with a threefold higher risk of childhood obesity*?,
higher waist circumference and higher total body fat mass®-. According to Generation R, a
large birth-cohort in Rotterdam maternal body mass index pre-pregnancy was associated with
both subcutaneous fat mass and abdominal pre-peritoneal fat mass, a measure of visceral fat
mass in children at the age of 6 years®. A relationship of maternal obesity with adverse lipid

profile and higher blood pressure, in children has also been demonstrated by several studies,
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however results are still inconclusive®®3-4!, Differences in sample size, examined outcomes,
populations under study and incomplete adjustment for confounders may explain inconsistent
results between studies. To our knowledge, no study has examined so far the effect of pre-
pregnancy maternal obesity with child obesity and cardiometabolic traits in Greek children.

An emerging body of evidence support an association between maternal obesity during
pregnancy and mental health outcomes in later life. Animal studies have shown that maternal
obesity in mice impairs hippocampal progenitor cell division, neuronal production and
consequently hippocampus-dependent cognitive functions in young offspring, possibly due to
metabolic and oxidative changes*. Moreover, fetal brain inflammation produced by maternal
obesity has been associated with reduced offspring brain apoptosis and increased
susceptibility to mental disorders later in life*®, Human studies support that offspring of
overweight/obese women are at increased risk for cognitive deficits, attention deficit
hyperactivity symptoms, eating disorders in adolescence and neyropsychiatric disorders in
adulthood!®!; however, it is not clear if the observed relationships are mainly due to an
adverse intrauterine environment or they are confounded by socioeconomic and family risk

factors.

A way to control for family background is to compare the associations of maternal and
paternal BMI on child neurodevelopmental outcomes, since a stronger maternal association
would reflect direct intrauterine mechanisms*. Only four studies have examined the
influence of maternal versus paternal obesity on child neurodevelopmental outcomes, with
inconclusive results®>“®, Casas et al found that maternal obesity (and not paternal) was
associated with reduced neurodevelopmental scores at 2 years of age in the Rhea and the
Spanish INMA birth studies *°, while Brion et al, in an analyses of two other pregnancy
cohorts, found no association between maternal/paternal obesity and child verbal skills or
behavioral difficulties at 3 and 8 years of age*’. In contrast Bliddal et al have shown that both
maternal and paternal BMI were associated with reduced child 1Q at 5 years of age*®, while
Suren et al support a strong association of paternal obesity with autism spectrum disorders at
4-13 years of age®. Differences in study designs, and neurodevelopmental outcomes
examined by each study may explain the aforementioned discrepancies. Additionally most of
these studies have examined only one neurodevelopmental outcome, making it difficult to

determine whether offspring are at risk for cognitive problems or behavioral difficulties.
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With the obesity epidemic in reproductive-age women, an ever-increasing number of fetuses
will be at risk for large for gestational age neonates and metabolic derangements®; however,
no data exist on the potential mediating role of macrosomia on the association of maternal

obesity and child neurodevelopment.
Maternal dyslipidemia

During the first two-thirds of gestation there is an increase in body fat accumulation,
associated with both hyperphagia and increased lipogenesis*. In late pregnancy the mother
switches to a catabolic condition which is characterized by an accelerated breakdown of fat
depots, necessary for normal fetal development**°0, As gestation progresses maternal total
cholesterol and triglycerides levels are increased and taken up by the placenta, where they
metabolized and transported to the fetus in various forms®:. Although maternal cholesterol is
an important source of cholesterol for the fetus during early gestation, its importance
becomes minimal during late pregnancy, due to cholesterol synthesis by fetal tissues per se®2.
On the other hand maternal triglycerides do not cross the placental barrier, but the presence of
lipoprotein lipase and other lipases in placenta allows their hydrolysis and the release of fatty
acids and glycerol to the fetus*®. Normal fetal development depends on the availability of
both essential fatty acids and long chain polyunsaturated fatty acids, and the nutritional status
of the mother during gestation has been related to fetal growth®. However, excessively high
levels of maternal total cholesterol or triglycerides have been associated with adverse
pregnancy or birth outcomes.

Maternal dyslipidemia has shown to increase the risk of gestational diabetes®®, pregnancy-
induced hypertension®, and pre-eclampsia®™®® in some studies, although in others no
association between maternal lipid profile and pregnancy outcomes has been demonstrated®’.
Epidemiological data on birth outcomes have shown an association between maternal
dyslipidemia with spontaneous preterm birth>®>°. Additionally, several studies support that
high maternal triglyceride levels increase the risk of being large for gestational age®®®?,
whereas low maternal cholesterol®®®? or triglyceride levels®® increase the risk for being small

for gestational age, both are known to be associated with childhood obesity.

The potential impact of maternal lipid profile on offspring development has mainly been

investigated during the second and third trimester of pregnancy, a time period that pregnancy-
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related complications or placenta dysfunction may confound effect estimates. One birth-
cohort, investigating the relationship between maternal non fasting lipid levels in early
pregnancy with offspring adiposity measures, has shown that maternal apolipoprotein B and
total cholesterol levels were positively associated with child fat percentage and maternal
triglyceride levels were positively associated with child waist-to-height ratio values at
preschool age®. These findings are supported by animal studies showing that an exaggerated
lipid profile in utero can result in offspring hyperphagia, altered adipocyte function,
accelerated weight gain, and adiposity through alterations in neuroendocrine system®®.
Beyond adiposity measures, no study have examined so far the plausible role of maternal
dyslipidemia on other cardiometabolic risk factors such as lipid profile and blood pressure or

adverse neurodevelopmental outcomes in offspring.
Maternal glucose intolerance

Glucose metabolism during pregnancy is characterized by a complex endocrine—metabolic
adaptation process, including impaired insulin sensitivity, increased p-cell response, and
moderately increased blood glucose levels, particularly after a meal®. Progressive insulin
resistance, during pregnancy, may favor glucose supply to the fetus by switching the maternal
energy metabolism from metabolizing carbohydrates to lipid substrates (i.e., free fatty acids),
redirecting carbohydrates toward the fetal tissues®’. Although, glucose homeostasis is
maintained in normal pregnancies, gestational diabetes develops as soon as insulin secretion
from B-cell is no longer sufficient to compensate for insulin resistance®®. The degree of
insulin resistance seems to be influenced by obesity pre-pregnancy, with the incidence of
gestational diabetes (GDM) estimated as 1.4- to 20-fold higher in obese pregnant women,
compared to their normal weight counterparts?>®®. However, gestational hyperglycemia may
have distinct effects on offspring clinical outcomes independently of obesity alone.

Women with GDM are in a higher risk of adverse pregnancy outcomes such as pre-
eclampsia, pre-term delivery, and polyhydramnios, compared to normal pregnant women’®.
In addition, GDM has been associated with fetal complications including congenital
anomalies, macrosomia, shoulder dystocia, stillbirth, growth restriction, and hypoglycemia,

among others’,
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The association of in utero hyperglycemia with metabolic programming in fetus was first
described in the Native American Pima population. Offspring born to mothers with GDM had
a considerably higher risk of diabetes and obesity than those born to mothers who developed
diabetes after pregnancy’"’2. However, whether similar putative programming effects occur
in mild maternal hyperglycemia in other populations remains uncertain. Several prospective
cohort studies have reported an association between maternal gestational diabetes with
increased risk of obesity”® or impaired glucose tolerance in offspring’"’, but results are not
clear yet, in part due to differences in the definitions of maternal hyperglycemia and
gestational diabetes and in adjustments for confounding factors. Additionally, in most studies
mothers diagnosed with gestational diabetes had received interventions to normalize the
glycemic level during pregnancy, which may confound the effect of this complication on
offspring outcomes.

Several epidemiological studies support a possible association between GDM and increased
risk of neurobehavioral abnormalities such as cognitive deficits, behavioral problems
(particularly ADHD), or internalizing psychopathology’®8!. However, results from other
studies suggest negative®% 828 or null®#" associations. A recent systematic review and meta-
analysis found that infants of women with GDM had a lower mental and psychomotor
development, but evidence is scarce for older children®. Whether maternal glucose
intolerance of non-diabetic women in early pregnancy-a critical time point for organ
formation- affects offspring metabolic or neurodevelopmental outcomes has not been

investigated so far.
Maternal blood pressure

Hypertension is the most common medical disorder of pregnancy. It complicates up to 1 in 10
gestations and affects about 240,000 women in the United States every year®. Hypertensive
disorders of pregnancy are classified into the following categories: chronic hypertension,
gestational hypertension, pre-eclampsia, and pre-eclampsia superimposed on preexisting
hypertension®. Chronic hypertension is defined as blood pressure exceeding 140/90 mm Hg
before pregnancy or before 20 weeks' gestation, while gestational hypertension or pregnancy-
induced hypertension is the development of new hypertension in a pregnant woman after 20
weeks gestation without the presence of protein in the urine®®. Almost in half of the cases of
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gestational hypertension the disorder progresses into pre-eclampsia, a potential dangerous

complication for expectant mothers®..

Hypertensive disorders in pregnancy may increase morbidity during pregnancy, and they
remain a leading cause of maternal mortality®?. They could also result to major adverse
effects in mothers, including central nervous system injuries such as seizures (eclampsia),
hemorrhagic and ischemic strokes, hepatic disorders such as transaminase elevation, the so-
called “HELLP syndrome” (hemolysis, elevated liver enzymes, and low platelets), or hepatic
failure, renal dysfunction, and increased frequency of cesarean delivery. In addition, pre-
eclampsia-eclampsia have been associated with preterm birth®?, and can lead to higher
frequency of induced labor, fetal growth restriction, neonatal respiratory difficulties, and
increased frequency admission to neonatal intensive care unit®. In contrast, the effects of
chronic, controlled hypertension in pregnancy on the fetus are minimal, while gestational
hypertension, even in its more severe forms, causes only minimal increased risk for perinatal
or fetal death®.

Beyond infancy, pregnancies complicated by pre-eclampsia have been associated with
increased offspring blood pressure and BMI in childhood, although evidence are still
inconclusive®. On the other hand, hypertension in early pregnancy has been associated with
increased risk of fetal growth restriction®®®, but its potential impact on offspring
cardiometabolic traits and cognitive abilities or behavior in childhood has not been
investigated so far.

Vitamin D

1.3.1 Overview

The last decade is highly acknowledged that Vitamin D is one of the essential nutrients to
sustain the human health. As a member of the steroid hormone family, it regulates hundreds
of genes around the body including those coding for proteins involved in cell proliferation,
differentiation, apoptosis, immune regulation, genome stability, and neurogenesis as well as
calcium and phosphate homeostasis®”. Vitamin D deficiency and insufficiency is a global
health issue®. Epidemiological studies have shown that Vitamin D levels are closely related

to the occurrence and development of many chronic conditions in humans, such as bone
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metabolic disorders, tumors, cardiovascular diseases, and diabetes, while vitamin D is
recognized as an important risk factor for neuropsychiatric disorders and autoimmune
diseases®™. Vitamin D deficiency is highly prevalent in pregnant women, children and
adolescents as well as older people’®.

The prevalence of vitamin D deficiency among pregnant women, ranges from 18 to 84%,
depending on the country of residence and local clothing customs!®1%2 Accumulating
evidence suggest that maternal vitamin D status may be an independent risk factor for
pregnancy and birth complications, as well as, adverse offspring health outcomes later in life.
However, data on the potential effect of vitamin D on offspring growth and
neurodevelopment is limited with inconsistent results. As fetal vitamin D status is totally
dependent on maternal supply, recognizing the adverse health effects of maternal vitamin D
deficiency, in critical time points during pregnancy, is an important public health issue, to
design interventions and early treatments for those who are likely to have low vitamin D

levels.
1.3.2 Vitamin D metabolism and action

Vitamin D is a fat soluble vitamin, but its 4-carbon ring backbone makes it more of a steroid
hormone than a vitamin!%, Vitamin D exists in several different forms that differ primarily in
their side chains. The two major forms are vitamin D2 or ergocalciferol, and vitamin D3 or
cholecalciferol, known collectively as calciferol'®. Vitamin D2 is made by plants and
vitamin D3, is made by animals, including humans. Both forms require UV light, specifically
UVB in the spectrum of 280-320 nm to catalyze the reaction. In humans solar ultraviolet B
radiation penetrates the skin and converts 7-dehydrocholesterol to previtamin D3, which is
rapidly converted to vitamin D3%. The synthesis in the skin is the most important source of
vitamin D and depends on season and latitude!®®. Humans get also vitamin D from their diet
which is absorbed with neutral lipids in the small intestine and transferred to the lymphatic
system in chylomicrons. Vitamin D is present only in a few foods (oily fish, eggs, and
fortified dairy products) and therefore only a small amount (<10-20%) is obtained through
diet sources?’. Vitamin D intake from diet is even too low in vegetarians or people used to

have low milk consumption and low fish intake!%,

Vitamin D is cleared rapidly from the blood and lymphatics in the liver'®1% where the first
hydroxylation takes place to produce 25-hydroxyvitamin D [25(OH)D]. 25(OH)D is
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considered as one of the most stable vitamin D biomarkers and under normal circumstances is
used to determine a patient’s vitamin D status'®*%, 25(OH)D is transported in the blood by
vitamin D binding protein (DBP; which binds vitamin D and its metabolites in serum) to the
kidney, where in the proximal renal tubule the second hydroxylation to a variety of
metabolites takes place. The most important and biologically active metabolite is 1,25-
dihydroxyvitamin D, which is hydroxylated at the position of carbon 1 of the A ring (Figure
2)1% 1,25-dihydroxyvitamin D can also be locally produced in many tissues and cells in the
body such as osteoblasts, monocytes, macrophages, neuron cells, pancreatic cells, breast

cancer, and colon cancer cells!'?,

Figure 2 Vitamin D metabolism Source Christakos et al 1

The biological actions of 1,25-dihydroxyvitamin D are mediated by the vitamin D receptor
(VDR). VDR belongs to the steroid receptor superfamily, which include receptors for retinoic
acid, thyroid hormones, sex hormones, and adrenal steroids 2. VDR is present in the cytosol
and has both ligand and DNA binding domains. Homodimerization or heterodimerization
with the retinoic acid X receptor precedes the binding of the hormone receptor complex to
specific vitamin D response elements in the promoter regions of genes that code for several
peptides'®. Bone and intestine are traditionally regarded as the main target organs of 1,25-
dihydroxyvitamin D action, but receptors have also been identified in many tissues in the

body not directly involved in calcium metabolism*%.
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Over the course of the last decades, it has become increasingly clear that 1,25-
dihydroxyvitamin D is necessary to maintain health and function of multiple systems beyond
calcium and phosphate homeostasis including immune, reproductive, muscular, skeletal and
integumentary system and can directly or indirectly regulate the expression of thousands

genest®,
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1.3.3 Vitamin D deficiency in general population

The 25(0OH)D levels recommended as 'cutoffs' to define vitamin D deficiency differ between
the US Institute of Medicine (IOM) report and the US Endocrine Society guideline.
According to US Endocrine Society guideline vitamin D deficiency is defined as 25(OH)D
level less than 20 ng/ml (50 nmol/l), vitamin D insufficiency as 25(OH)D level between 21
and 29 ng/ml (52.5 to 72.5 nmol/L), while the safety margin to minimize the risk of
hypercalcemia is considered as 25(OH)D level equal to 100 ng/ml (250 nmol/l)!!3, On the
other hand, the US IOM report concluded that a 25(OH)D concentration equal to 20 ng/mi
(50 nmol/l) covers the requirements of >97.5% of the population for bone health, and
25(0OH)D >50 ng/ml (125 nmol/l) should raise concerns about potential adverse health

effects!?4,

Vitamin D status worldwide varies according to latitude, season, skin pigmentation and
diet'®, Traditional risk groups for vitamin D deficiency include pregnant women, children,
older persons, the institutionalized, and non-western immigrants'®. Recent data suggest that
about 1 billion people have low vitamin D levels and this is found in all ethnicities and age
groups®. In Europe serum 25(OH)D are higher in Northern Europe than in Southern Europe,
a phenomenon known as the vitamin D paradox in the Mediterranean region'4. Possible
reasons for this paradox could be a higher intake of fatty fish and cod liver oil in northern
countries, as well as differences in maternal skin pigmentation, clothing, sunshine exposure,
and prevalence of obesity!!*. In addition, preventive strategies for maternal vitamin D
deficiency in the Mediterranean region are lacking so far, as hypovitaminosis D is largely

unrecognized and underrated in several South European countries'4,

1.3.4 Vitamin D and pregnancy

Vitamin D metabolism in gestation

Vitamin D metabolism during pregnancy differs significantly from nonpregnant and nonfetal
states!®®. 25(OH)D serum concentrations in pregnant women are either similar to or lower
than those in non-pregnant women. In contrast circulating concentrations of 1,25-
dihydroxyvitamin D are increased from the beginning of pregnancy. By 12 weeks of
gestation, maternal circulating 1,25-dihydroxyvitamin D levels are more than twice that of a

non-pregnant adult and continue to rise two to threefold from the non-pregnant baseline,
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without causing hypercalciuria or hypercalcemiall®. These circulating levels of 1,25-
dihydroxyvitamin D during pregnancy are possibly of placental origin or from increased
action of maternal renal 1-a-hydroxylase, that would have to be uncoupled from feedback
control by classic regulators such as calcium, phosphorus and PTH, Contributors to this
rise in 1,25-dihydroxyvitamin D levels may be calcitonin, also known to rise during
pregnancy and is capable to stimulate renal 1-a-hydroxylase gene independently of calcium
levels!*"11® and prolactin, which has also been considered as a stimulator of the 1-a-
hydroxylase gene!®.

During gestation, the 1,25-dihydroxyvitamin D levels rise much higher and depend on
25(0OH)D availability more than ever observed in normal human physiology, driven by
classical calcium homeostasis. Although, it was first thought that this increase in circulating
1,25-dihydroxyvitamin D levels during pregnancy was due to an increase in the serum
vitamin D binding protein with the fracture of unbound or ‘free’ 1,25-dihydroxyvitamin D
remaining the same, several studies demonstrated that free 1,25-dihydroxyvitamin D levels
are also increased during pregnancy*'®'?°, In addition, data from a randomized, controlled
trial support that a circulating 25(OH)D level of approximately 100 nmol/l (40 ng/ml) is
required to optimize the production of 1,25-dihydroxyvitamin D during human pregnancy
through renal and/or placental production of the hormone!!®. It is hypothesized that, 1,25-
dihydroxyvitamin D increment is important for maternal tolerance to the foreign fetus, whose
DNA is only half that of the mother’s DNA!Z,

Cord concentrations of 25(OH)D are consistently lower than those measured in the mother’s
serum, but correlate significantly with maternal levels implying a passive diffusion of this
metabolite across the placental barrier and that the 25(OH)D pool of the fetus depends
entirely on maternal supply®. Several studies support that maternal 25(OH)D level would
need to be at least 80 nmol/l to attain cord blood 25(OH)D levels of 50 nmol/l 116122,
Relations of maternal and fetus 1,25-dihydroxyvitamin D concentrations are more complex.
Accumulating evidence suggest that under physiological conditions, there is little maternal-
placental crossover, while the most of the 1,25-dihydroxyvitamin D levels in fetal plasma
derives from fetal kidney production, according to the fetal needs in mineral*?®. Thus, in both
the mother and fetus, the rise in 1,25-dihydroxyvitamin D depends on substrate availability,

in this case, 25(0OH)D, and is independent of calcium homeostasis.
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Vitamin D deficiency in pregnancy and maternal health outcomes

Using the 20ng/ml (50 nmol/l) cut off point, studies worldwide show high percentages of
vitamin D deficiency during pregnancy ranging from 100% in Somali immigrants in Sweden
to 7% in North Carolina women'?*, Several cross-sectional observational studies, conducted
across Europe, have shown a very high prevalence of pregnant populations with vitamin D
deficiency, including countries of Mediterranean region!41%-127 Yet, as mentioned earlier,
the optimization of 1,25-dihydroxyvitamin D production does not occur until total circulating
25(0OH)D levels are at least 40 ng/mL (100nmol/L). It is suggested that in developed
countries, with the present Western diet and lifestyle, without adequate supplementation, a
high percentage of un-supplemented pregnant women worldwide do not have optimal 1,25-
dihydroxyvitamin D production.

Animal studies has shown that vitamin D receptor was expressed differentially throughout
pregnancy in placental, decidual, and ovarian follicular tissue, suggesting a profound role of
vitamin D in the physiological changes of pregnancy*?. Gene expression profiles of pregnant
women with low levels of vitamin D (<25.5ng/ml) compared to those with higher levels
(>31.7ng/ml) showed significant differences in the expression of more than 300 genes known
to be involved in multiple functions such as angiogenesis, carbohydrate metabolism, and

immune function'?,

Accumulating epidemiological evidence associate maternal vitamin D deficiency throughout
pregnancy with adverse maternal health outcomes, including glucose intolerance and
gestational diabetes mellitus (GDM), pre-eclampsia, bacterial vaginosis, high rates of
caesarian section and preterm birth!13131 However, randomized clinical trials on the effect
of vitamin D supplementation during pregnancy on maternal outcomes are scarce with
inconsistent results. Most of them support a protective association between vitamin D
supplementation and pre-eclampsia risk'*2. A recent review of the Cochrane Pregnancy and
Childbirth Group has also demonstrated a lower risk of pre-eclampsia in women who
received vitamin D with calcium compared to those not receiving any intervention, but an
increased risk of preterm birth!3, whereas a recent meta-analysis support a reduction of
preterm birth risk in women receiving vitamin D supplementation alone®®*. The clinical
significance of the increased serum 25(OH)D concentrations in pregnancy remains unclear,

while further investigation is needed to confirm the above results.
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Maternal Vitamin D deficiency and offspring cardiometabolic traits and neurodevelopment

As mentioned above the fetus is completely dependent on maternal vitamin D stores for the
supply of 25(OH)D, which crosses the placenta. Therefore maternal vitamin D status may

influence the offspring’s health and development in various ways.

During the first and second trimesters, the fetus is developing most of its organ systems and
laying down the collagen matrix for its skeleton, while in the last trimester, the fetus begins to
calcify the skeleton, thereby increasing maternal demand for calcium. Early rickets and
symptomatic neonatal hypocalcaemia have been reported in infants born to mothers with
profound vitamin D deficiency, most commonly in offspring of mothers with dark skin
pigmentation or extensive skin covering®*>!%. Vitamin D status during pregnancy appears to
play a significant role in fetal skeletal development, tooth enamel formation, and general fetal
growth and development®®’. Fetuses of mothers with low maternal 25(OH)D levels may have
smaller femoral volumes'*® and widening of the distal femoral metaphysis relative to femur
length®3®, as estimated by gestational ultrasound. However, intervention studies on the
relation of vitamin D nutrition status with gestational length reported no statistically
significant difference in mean gestational length, between control and intervention groups®’.
Regarding neonatal birth weight, two meta-analyses of observational studies showed that
women with 25(OH)D concentrations <50 nmol/l were at increased risk of small for
gestational age (SGA) neonates**®!4l while others could not confirm a significant
association'*2, Additionally data from randomized controlled studies (RCT) are still

controversial*s,

Beyond growth, recent reports have shown increased risk and severity of acute viral
infections from respiratory syncytial virus in neonates of mothers with low 25(OH)D cord
blood levels the first year of life**1%°, Additionally, low maternal vitamin D concentrations
during pregnancy have also been hypothesized to increase the risk of childhood asthma,
wheezing, rhinitis and eczema through a U-shaped association'*®. However, the long-term
metabolic effects on children born to mothers with vitamin D deficiency in pregnancy have
not been widely studied. Some studies have shown an association of low maternal vitamin D
status with insulin resistance and low muscle mass'#’ or poorer bone mineral accrual'®, but
the effect of maternal vitamin D levels on offspring adiposity and other cardiometabolic

outcomes is still unclear. Epidemiological studies investigating the impact of low maternal
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25(0OH)D status in late pregnancy on offspring anthropometric measures and cardiometabolic
risk factors support an association with offspring lower fat mass at birth'*® but greater fat
mass at ages 4 and 6 years*°, and higher fat percentage at 9.5 years'*’. However, other
studies have not observed these relationships'®®1%2, Two birth cohorts in the first half of
pregnancy found a significant inverse association of maternal 25(OH)D concentrations with

153 and increased fat

offspring BMI z-score and increased odds of overweight at age 1 year
percentage at 5-6 years'®*. Differences in the sample size, timing of blood collection and
variation in outcome measures may partly explain the above heterogeneity. To our
knowledge the impact of profound vitamin D deficiency on offspring cardiometabolic risk

has not been investigated so far.

Vitamin D in utero could also affect fetal neurodevelopment by several ways including its
effects on cell differentiation, neurotrophic factor expression, cytokine regulation,
neurotransmitter synthesis, intracellular calcium signaling, anti-oxidant activity, and the
expression of genes/proteins involved in neuronal differentiation, structure and
metabolism*>®. However, few epidemiological data have investigated the impact of maternal
vitamin D status on offspring cognition and behavior. Studies in the first half of pregnancy
support an association of high maternal 25(OH)D levels, with improved mental and
psychomotor development in infants!?, better receptive language development at 2 years of
age'®®, less language difficulties at 5 and 10 years of age®®’, and a lower risk of developing
ADHD-like symptoms in preschoolers'®®. Birth cohorts examining the impact of maternal
25(0OH)D status in late pregnancy or cord blood levels on offspring neurodevelopment found
very little™®1%% or no association with offspring 1Q**°, and no association with behavioral
difficulties'®>!% or ADHD diagnosis in mid childhood and adolescence®®!®2 Differences in
the sample size, timing of blood collection and variation in outcome measures may partly
explain the heterogeneity between studies. To our knowledge no study has examine so far the
impact of maternal vitamin D status in early pregnancy on both cognitive function and

behavioral difficulties in preschoolers.
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2. Hypothesis and aims of the present thesis

Hypothesis

The main hypothesis of the present thesis is that in utero exposure to maternal modifiable
factors such as the components of metabolic syndrome (maternal obesity pre-pregnancy
glucose intolerenance, dyslipidemia, and hypertension) or inadequate vitamin D status in
early pregnancy has a critical role on children’s adiposity and cardiometabolic risk as well as
neuropsychological development and behavioural difficulties later in life. The identification
of such potential modifiable maternal factors are of particular importance for public health.
The publications included in the present thesis are focused in adverse offspring metabolic and
neurodevelopmental outcomes at 4 years of age.

Aims

The important role of maternal obesity in offspring obesity is well documented. However,
findings from current literature on the relationship between maternal obesity and other
cardiometabolic risk factors such as adverse lipid profile and high blood pressure in children
remain inconclusive, with numerous inconsistencies and limitations. Similarly, accumulating
evidence suggest a significant effect of maternal obesity on offspring cognitive abilities and
behavior, but most of the studies have examined only one neurodevelopmental outcome,
making it difficult to determine whether offspring are at risk for cognitive dysfunction or
abnormal behavior. Additionally, it is not clear if the observed relationships are mainly due to
an adverse intrauterine environment or they are confounded by socioeconomic and family
risk factors. A few studies have compared so far the associations of maternal and paternal
BMI on child neurodevelopmental outcomes, a way to control for family background, with

conflictive results.

Although, early pregnancy is a critical time point for programming organ formation in the
developing fetus, current research has mainly focused to examine the potential role of
maternal dyslipidemia, glucose intolerance and hypertension on offspring metabolic and
neurodevelopmental consequences, in late pregnancy. To our knowledge, no studies have
investigated so far the effect of components of metabolic syndrome in early pregnancy with
offspring cardiometabolic and neurodevelopmental outcomes in childhood.
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Similarly, despite the well documented role of vitamin D status in utero on skeletal and
muscle development in offspring, a great inconsistence exist between studies for the potential
impact of maternal vitamin D levels on child metabolic and neurodevelopmental disorders. In
addition, the effect of profound low concentrations of maternal vitamin D on offspring health

outcomes has not been investigated in depth.

From a public health perspective, unlike other causes of child metabolic and
neurodevelopmental health problems, maternal metabolic factors and inadequate vitamin D
status in utero are modifiable risk factors, which can be changed with appropriate awareness
and guidance. Interventions to enhance better maternal metabolic profile and sufficient
vitamin D levels in early pregnancy is possible to lead to more cost-effective approaches in
the prevention and management of metabolic and neuropsychiatric health disorders in later
life.

The overall aim of the present thesis is to fill the aforementioned research gaps and contribute
to a better scientific understanding of the impact of components of maternal metabolic
syndrome and vitamin D status in early life on offspring metabolic and neurodevelopmental
programming at preschool age, using data from the only Greek mother-child birth cohort
study to date, the RHEA study in Crete, Greece.

The specific objectives are:

1) To investigate the role of components of metabolic syndrome in early pregnancy on
multiple offspring cardiometabolic traits at 4 years of age, in the Rhea pregnancy cohort
(paper 1).

2) To evaluate the role of components of metabolic syndrome in early pregnancy and to
compare maternal and paternal obesity effect on psychomotor development, and behavioral
difficulties at 4 years of age, in the Rhea pregnancy cohort (paper 2).

3) To evaluate 25(OH)D levels in pregnant women in Crete, Greece and to examine the
impact of 25(OH)D status in early pregnancy on both cognitive and psychomotor
development at preschool age, in the Rhea pregnancy cohort (paper 3).

4) To investigate for the first time the association of very low 25(OH)D levels in early
pregnancy on offspring obesity measures and cardiometabolic traits at pre-school and school

age, in the Rhea pregnancy cohort (paper 4).
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Methods

This section provides a summary of the methods used in the research papers included in this

thesis. Further details can be found in the papers presented in the results section.
3.1 Study Design

The Rhea mother-child birth cohort study

The “Rhea” mother-child study, is a prospective population-based birth cohort that started in
February 2007 at the prefecture of Heraklion, Crete, Greece. Female residents (Greek and
immigrants) who became pregnant within a 12-month period, starting in February 2007, were
contacted and asked to participate in the study. The first contact was made before 15 weeks’
gestation, at the time of the first ultrasound. Participants were invited to provide blood and
urine samples and to participate in a face-to-face interview. Women were contacted again at
various times during pregnancy, at birth, at 8-10 weeks after delivery and for child’s follow-
up at 9th, 18th months, 4 and 6 years of age (Figure 3). Face-to-face structured questionnaires
together with self-administered questionnaires and medical records were used to obtain
information on several dietary, environmental, and psychosocial exposures during pregnancy
and early childhood. The inclusion criteria for study participants were: residents in the study
area; pregnant women aged > 16 years; no communication handicap. The study has followed
the guidelines of the Declaration of Helsinki. In addition it was approved by the Ethical
Committee of the University Hospital of Heraklion (Crete, Greece), and all participants

provided written informed consent after complete description of the study.

During the study recruitment period 1,765 eligible women were approached, 1,610 (91%)
agreed to participate, and 1,388 (86%) were followed up until delivery. Of 1363 singleton
live births in the Rhea study, 879 (65%) singletons participated at the 4-year follow-up, from
October 2011 to January 2013, during which neurodevelopmental assessment was performed
in 875 children (99.5%). In each research paper the number of participants differentiates

according to the available data for the particular analysis.
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Figure 3 Overview of the data collected in the RHEA pregnancy cohort
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3.2 Assessment of components of maternal metabolic syndrome in early

pregnancy

Maternal pre-pregnancy overweight/obesity

Pre-pregnant body mass index (BMI) was calculated by maternal height, measured at the first
prenatal visit, and pre-pregnancy weight, as reported at the first ultrasound visit, by using the
formula: BMI= weight (kg)/height (m?). Women were divided into 3 categories as follows:
no excess weight (pre-pregnant BMI<25 kg/m?), overweight (pre-pregnant BMI: 25-29.9
kg/m?) and obese (pre-pregnant BMI >30kg/m?) according to the definitions of the World
Health Organization.

Maternal fasting glucose and lipid levels in early pregnancy

We measured maternal fasting glucose and lipid serum levels by standard enzymatic methods
(Medicon, Greece) on an automatic analyzer (AU5400 high-volume chemistry analyzer;
Olympus America, Inc., Melville, New York). Low density lipoprotein cholesterol (LDL)
concentration was estimated by using the formula: LDL = TC-[(TG/5) + HDL]. Maternal
insulin concentration was measured by IMMULITE 2000 immunoassay system (Siemens
Healthcare Diagnostics, Inc., Deerfield, Illinois). The inter- and intra-assay coefficients of

variation were less than 5%.

Maternal hyperglycemia in early pregnancy was defined as a maternal fasting blood glucose
level >92 mg/d1'%3, Maternal abnormal lipid profile in early pregnancy was defined as total
cholesterol levels >200 mg/dL, or high density lipoprotein cholesterol (HDL) levels <50
mg/dL, or low density lipoprotein cholesterol (LDL) levels >130 mg/dl or triglyceride levels
>150 mg/dL%,

Maternal blood pressure in early pregnancy

Systolic and diastolic blood pressure were measured at the ultrasound examination, after 10
minutes of rest in a sitting position. All readings were replicated 3 times in the right arm for
each woman. The mean value obtained from the second and third readings was used in the

analysis®,
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3.3 Assessment of maternal 25(OH)D concentrations during pregnancy

We used chemiluminescent immunoassay (CLIA) test (DiaSorin, Cat. No. 310600) to
measure the total amount of 25(0OH)D (both serum 25(OH)D, and 25(OH)Ds3)'®® from
maternal non-fasting serum samples stored at -80°C. The analytical range for the 25(OH)D
assay was 10-375 nmol/l. Inter- and intra-assay precision were <10 and <5% respectively.

Maternal vitamin D concentrations were treated as categorical variable divided into tertiles.
3.4. Cardiometabolic traits assessment at preschool age

Child adiposity outcomes

Child anthropometric measures at preschool age, were taken by specially trained research
assistants according to standard procedures at the University Hospital of Heraklion, Crete,
Greece. Body weight and height was measured with subjects standing without shoes and in
light clothing. Overweight/obesity were defined using age-and sex-specific BMI thresholds
proposed by the International Obesity Task Force!®”. Waist circumference (WC) was
measured in the standing position, at the high point of the iliac crest at the end of a gentle
expiration. We used age-and sex-specific 90" waist circumference percentiles based on
national references!®®, as a cut-off point to define central adiposity. Skin fold thickness was
measured at four anatomical sites (triceps, thigh, subscapular and suprailiac) on the right side
of the body. Body composition was estimated at 6 years follow up by a bioelectric impedance
analysis (BIA) performed using a tetra-polar device (Bodystat 1500). All children had not
eaten or participated in physical activity a minimum of 120 mins prior to being measured. We
used pediatric specific BIA equation®®® to obtain free fat mass (FFM), fat mass (FM) and
body fat percentage (%BF) at 6 years of age. As BIA was not available at the 4 years follow

up, we estimated child %BF at 4 years using the Slaughter skinfold-thickness equations®.

Child non fasting lipid profile
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We measured non fasting child serum lipid levels with the same biochemical methods used
for maternal lipid measurements. As there is no standard definition for lipid disorders at
preschool age, we used the 75th percentile of the study cohort distribution for total
cholesterol ( >173.9 mg/dL) and LDL (>111.5 mg/dL) and the 25" percentile for HDL levels
(<40 mg/dL) as a cut-off point to denote abnormal lipid levels in children™,

Child blood pressure

Systolic and diastolic blood pressure at preschool age were measured by trained research
assistants after 5 minutes rest in the seated position, at the child right arm with a cuff of
appropriate size for arm circumference. We used the average of five consecutive
measurements, taken with 1 minute intervals!’?2. We then calculated blood pressure
percentiles specific for age, sex, and height, as blood pressure measurements in children are

suggested to differ according to these characteristics.
3.5 Neurodevelopmental assessment at preschool age

McCarthy Scales of Children’s Abilities

Children’s cognitive and motor development at preschool age was assessed using the
McCarthy Scales of Children’s Abilities (MSCA)*". The MSCA represent an age appropriate
instrument, developed for children of ages 2%2-8Y2 years, which gives standardized test scores
for five domains: i) the Verbal Scale (verbal expression and verbal comprehension ability); ii)
the Perceptual-Performance Scale (reasoning ability through materials manipulation); iii) the
Quantitative Scale (number aptitude and numbers interest); iv) the Memory Scale (short term
memory through verbal and non-verbal stimuli); v) the Motor Scale (gross and fine motor
ability)*”®. A general cognitive score, which estimates global intellectual function, was

calculated by combining the verbal, perceptual performance and quantitative scores.

To further improve our understanding of the specific functions associated with the exposures
of interest, the MSCA items were reorganised, for tasks highly associated with specific
neurocognitive functions, into the following new outcomes,: executive functions of frontal

cortex and functions of posterior cortex.
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The MSCA was administered individually and the administration time ranged from 40 to 60
min. All testing was done at the University Hospital of Heraklion, Crete, Greece, and Medical
Health Centres in the prefecture of Heraklion, Crete, by two trained psychologists. A strict
protocol was applied to avoid inter-observer variability, including two sets of quality controls
undertaken during the fieldwork (one at the beginning and one in the middle of the follow
up). The Intra-class correlation coefficient (ICC) was used to measure the inter-rater
reliability for absolute agreement between scores in a two-way random model. The inter-rater
reliability was very high for all scales at both periods of reliability assessment (ICC>0.973).
The psychologists also noted critical comments about the difficulties or special conditions of
the neurodevelopmental assessment so as to evaluate the “quality of assessment” such as: no
difficulties, difficulties due to physical problems (e.g. physical illness, tiredness, asleep),
difficulties due to behavior problems (e.g. nervousness, shyness).

Raw scores of MSCA scales were standardized for child’s age at test administration.
Standardized residuals were then typified having a mean of 100 points with a 15 SD to
homogenize the scales. Standardized scores were treated as continuous variables with higher
scores representing better general cognition, language, or psychomotor development. MSCA
translation and cross-cultural adaptation was conducted according to the internationally
recommended methodology. Internal consistency (Cronbach's alpha) varied between 0.76 and
0.89, showing adequate reliability for all the scales. Confirmatory factor analysis supported
good fit of the model (y2/df =2, CF1=.83, GFI=.97, RMSEA=.034)"4,

Behavioral difficulties

Information on children’s behavior and ADHD-like symptoms at preschool age was obtained
via maternal report on two standardized child behavior scales. Strengths and Difficulties
Questionnaire (SDQ)!™, is a behavioral screening instrument designed for children aged 3-16
year old. It consists of five subscales generating scores for emotional symptoms, conduct
problems, hyperactivity/inattention, peer relations problems and prosocial behavior. A total
SDQ score can be calculated by aggregating the scores for the above subscales except
prosocial behavior, with a high score being less favourable (range 0-40).Two additional
scores were calculated: the internalizing problems score by adding the emotional and peer
relationships subscales together (range 0-20) and the externalizing problems score by adding

the conduct and hyperactivity subscales together (range 0-20). The prosocial behavior scale
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provides information on protective factors of the child; a low score is less favourable. The
SDQ has been translated and adapted for the Greek population'’®. The Cronbach’s alpha

measuring internal consistency of the total SDQ score was a=0.667.

The Attention Deficit Hyperactivity Disorder Test (ADHDT)Y’, is designed to identify and
evaluate ADHD symptoms in ages 3-23 years. It is composed of 36 items in three subscales;
(1) Hyperactivity, (ii) Inattention, and (iii) Impulsivity. All 36 items are summed to generate
an index for total ADHD difficulties (range 0-72). Higher scores indicate more intensive
ADHD symptoms. The ADHDT has been translated and adapted for the Greek population’®,

The Cronbach’s alpha measuring internal consistency of the total ADHD index was 0=0.951.

We used the ADHD Criteria of Diagnostic and Statistical Manual of Mental Disorders, fourth
edition (DSM-1V) to categorize ADHD-like symptoms. Three quantitative traits were
generated for use in our analyses: (1) a count of the number of hyperactive—impulsive
symptoms, (2) a count of the number of inattentive symptoms, and (3) a count of the total
number of ADHD-like symptoms. In all three cases, a binary measure indicating the presence
or absence of each symptom was measured and the totals were generated by summing over
all symptoms, making the maximum number of symptoms 9, 9, and 18, respectively.

3.6 Statistical analysis

In summary, differences in distributions of normally distributed variables were tested with
either Student t-test or ANOVA,; non-normally distributed continuous variables were tested
with non-parametric Mann—Whitney U test for two independent samples and Kruskal-Wallis
test for more than two independent samples, whereas categorical variables were tested with
Chi square test. Pearson’s r or Spearman’s rho correlation coefficient was used to estimate
the strength of the association between continuous dependent and independent variables. The
possibility of nonlinear associations was tested by generalized additive models (GAMs).

Analyses between components of metabolic syndrome in early pregnancy and offspring

outcomes

Maternal pre-pregnancy BMI, lipid levels and blood pressure in early pregnancy were used
both as categorical and continuous variables. Multivariable log-Poisson regression models
with robust standard errors were used for dichotomous outcomes, as these are more
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appropriate than logistic regression when the incidence of the outcome is 10% or more!’®,

Linear regression models were performed for continuous outcomes. Estimated associations
were described as relative risks (RR) with 95% confidence intervals (Cls) or -coefficients
with 95% Cls accordingly. Potential covariates associated with the exposures and the
outcomes of interest with a p < 0.05, as well as a priori selected potential confounders were

included in the multivariable models.
Analyses between maternal 25(OH)D during pregnancy and offspring outcomes

The distribution of mean 25(OH)D concentration was plotted by calendar month and showed
a seasonal variation. As 25(OH)D concentrations followed a sinusoidal pattern, we fitted a
cosinor model to the data to predict “deseasonalized” annual mean 25(OH)D concentration
for each participant adjusted for month at blood collection. Maternal 25(OH)D concentration
was treated as categorical divided into tertiles. In order to test the dose-response relationship

of 25(OH)D concentrations and outcomes of interest, p-for-trend was assessed (p <0.10).

A more detailed description of the statistical methods used can be found in the following

section, in each paper.
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4. Results

4.1 Paper 1. Metabolic Profile in Early Pregnancy Is Associated with Offspring
Adiposity at 4 Years of Age: The Rhea Pregnancy Cohort Crete, Greece

Main Findings:

Our findings support that exposure to metabolic dysregulation in early pregnancy may predict
increased risk of obesity in preschool children. Most specifically:

1. Higher maternal pre-pregnancy BMI was associated with increased risk of offspring
overweight/obesity, central adiposity, and fat mass in preschoolers, predominantly in

girls.

2. Hypercholesterolemia in early pregnancy was associated with increased offspring

overweight/obesity, greater fat mass and adverse lipid profile at preschool age.

3. Higher diastolic blood pressure in early pregnancy was associated with increased

offspring fat mass at preschool age.

This paper is reproduced according to the original published version.
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Abstract

Context

Maternal pre-pregnancy obesity may increase the risk of childhood obesity but it is unknown
whether other metabolic factors in early pregnancy such as lipid profile and hypertension
are associated with offspring cardiometabolic traits.

Objective

Our objective was to investigate whether fasting lipid, glucose, and insulin levels during
early pregnancy and maternal pre-pregnancy weight status, are associated with offspring
adiposity measures, lipid levels and blood pressure at preschool age.

Design and Methods

The study included 618 mother-child pairs of the pregnancy cohort “Rhea” study in Crete.
Greece. Pregnant women were recruited at the first prenatal visit (mean: 12weeks, SD:

0.7). A subset of 348 women provided fasting serum samples for glucose and lipid measure-
ments. Outcomes measures were body mass index, abdominal circumference, sum of skin-
fold thickness, and blood pressure measurements at 4 years of age. A subsample of 525
children provided non-fasting blood samples for lipid measurements.

Results

Pre-pregnancy overweight/obesity was associated with greater risk of offspring overweight/
obesity (RR: 1.83, 95%CI: 1.19, 2.81), central adiposity (RR: 1.97, 95%Cl: 1.11,3.49), and
greater fatmass by 5.10mm (95%Cl: 2.49, 7.71) at4 years of age. These associations were
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more pronounced in girls. An increase of 40mg/dl in fasting serum cholesterol levels in early
pregnancy was assodated with greater skinfold thickness by 3.30mm (95%Cl: 1.41, 5.20)
at4 years of age after adjusting for pre-pregnancy BMI and several other confounders. An
increase of 10mmHg in diastolic blood pressure in early pregnancy was associated with in-
creased risk of offspring overweight/obesity (RR:1.22, 95%Cl: 1.03, 1.45), and greater skin-
fold thickness by 1.71mm (95% CI: 0.57,2.86) at 4 years of age.

Conclusions

Metabolic dysregulation in early pregnancy may increase the risk of obesity at preschool
age.

Introduction

Childhood obesity is one of the greatest public health challenges worl dwide and is having a
major impact on human morbidity, mortality and quality of life [1, 2]. In Europe, its prevalence
has increased dramatically in last decades, while recent estimates report that Greece has the
highest prevalence of childhood obesity [3]. The commonly held causes of obesity, which are
over-eating, inactivity, and genetic pre-disposition, do not fully explain the current obesity epi-
demic [4]. According to the developmental origins of health and disease (DOHaD) hypothesis
changes in the intrauterine environment at critical or sensitive periods of the developmental
process could have irreversible, lifelong consequences in offspring metabolism [4, 5]. Metabolic
disorders during pregnancy like obesity, gestational diabetes, and excess gestational weight
gain are well known exposures that predispose offspring to obesity [6-9]. However, the role of
matemal metabolism in the first trimester of pregnancy, which is a critical developmental time
window for gestational programming, is unclear [10].

Epidemiological studies indicate that higher matemal pre-pregnancy body mass index is as-
sociated with increased risk of childhood obesity [7, 8]. Few studies have examined so far its as-
sociation with other cardiometabolic risk factors such as lipid levels and blood pressure in
children with controversial results [11-15]. Whether these associations reflect direct intrauter-
ine causal mechanisms or are driven in a gender-related manner remains unclear. Animal stud-
ies suggest that sex-specific vulnerabilities to an altered in utero metabolic environment may
mediate sex differences in fetal growth and predisposition to adult diseases, such as cardiovas-
cular disease [16, 17]), however evidence from human studies is scarce [18]. Moreover, it has
been suggested that maternal gestational weight gain and smoking during pregnancy can act as
confounders of such associations [6, 19, 20], although it can be argued that they may also act
as mediators.

Studies on other maternal cardiovascular risk factors such as dyslipidemia or hypertension
in pregnancy in association with offspring cardiometabolic health are scarce with conflicting
results [21, 22]. Maternal non fasting lipid levels in early pregnancy were shown to be associat-
ed with increased offspring’s fat percentage and waist-to-height ratio values at preschool age
[22]. Hypertension in early pregnancy has been associated with increased risk of fetal growth
restriction [23, 24]), and preeclampsia [23], but there are no studies examining blood pressure
in early pregnancy with offspring cardiometabolic traits.

In this study, we aimed to fill these research gaps by investigating the impact of maternal
metabolic profile in early pregnancy characterized by pre-pregnancy Body Mass Index (BMI),
blood pressure levels, and fasting lipids, insulin and glucose levels on offspring cardiometabolic

PLOS ONE | DOL10.1371/joumal.pone.0126327 May 13,2015

2/18

46



@ PLOS | one

Metabolic Profile in Pragnancy and Offspring Obesity

traits in early childhood, in a prospective pregnancy cohort in Crete, Greece, after controlling
for several confounding and mediator factors.

Materials and Methods

Study design and population: Rhea cohort

The present study is part of the “Rhea” project, a pregnancy cohort which examines prospec-
tively a population-based cohort of pregnant women and their children at the prefecture of
Heraklion, Crete, Greece [ 25]. We recruited pregnant women (Greek and immigrants) at the
time of the first comprehensive ultrasound examination, around week 12 of gestation (mean:
12.1 weeks, SD: 0.7), from four prenatal clinics (two public and two private) in Heraklion city,
during the twelve-month period from February 2007 until February 2008, The inclusion crite-
ria for study participants were: residents in the study area; pregnant women aged > 16 years;
Ist prenatal visit hospitals or private clinics at Heraklion district; no communication handicap.
The study was approved by the Ethical Committee of the University Hospital of Heraklion
(Crete, Greece), and all participants provided written informed consent after complete descrip-
tion of the study.

Of 1363 singleton live births in the Rhea study, 879 children participated at the 4 years fol-
low up, during which anthropometry and non-fasting blood samples were obtained from 785
children. From those, complete data for maternal anthropometry, follow-up interview and
child anthropometric measurements were available for 631 mother—child pairs. We excluded
women who had been diagnosed with preeclampsia [n =13 (8in this, and 5 in previous preg-
nancies}], since this condition is associated with a higher blood pressure and BM1 in childhood
and early adult life [21]. Thus, a cohort of 618 mother—child pairs was available for the present
analysis. Of them a subset of 348 women provided fasting blood samples for glucose and lipid
measurements, due to the timing of enrollment in the study. A subsample of 525 children pro-
vided non-fasting blood samples at the 4 year follow up (mean: 4.2 years, SD: 0.2).

Exposures: maternal pre-pregnancy BMI and metabolic profile during
early pregnancy

Maternal overweight/obesity. Maternal height, measured at the first prenatal visit, and
pre-pregnancy weight, as reported at the first major ultrasound visit, were used to calculate the
pre-pregnant body mass index (BMI; weight (kg)/height (m)7). Women were divided into 3
categories as follows: no excess weight (pre-pregnant BMI<25 kg/m®), overweight (pre-preg-
nant BMI: 25-29.9 kg/m?) and obese (pre-pregnant BMI >30kg/m?) according to the defini-
tions of the World Health Organization.

Maternal fasting glucose and lipid levels in early pregnancy. We measured lipids [total
cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C})] and glu-
cose by standard enzymatic methods (Medicon, Greece) on an automatic analyzer (AU5400
high-volume chemistry analyzer; Olympus America, Inc., Melville, New York). Low density li-
poprotein cholesterol (LDL-C) concentration was estimated by using the formula:

LDL-C = TC-[(TG/5) + HDL-C]. C-reactive protein levels were measured with a high-sensitiv-
ity homogenous immunoassay (ORS 6199, Beckman Coulter, USA) on an automatic analyzer
(AUS5400 high-volume chemistry analyzer; Olympus America, Inc., Melville, New York). Ma-
ternal insulin concentration was measured by IMMULITE 2000 immunoassay system (Sie-
mens Healthcare Diagnostics, Inc., Deerfield, llinois). The inter- and intra-assay coefficients
of variation were less than 5%.
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Matemal abnormal lipid profile in early pregnancy was defined as triglyceride levels > 150
mg/dL, or total cholesterol levels =200 mg/dL, or high density lipoprotein cholesterol
(HDL-C) levels <50 mg/dL, or low density lipoprotein cholesterol (LDL-C) levels > 130 mg/dl
[26]. Matemal hyperglycemia in early pregnancy was defined as a maternal fasting blood glu-
cose level =92 mg/dl [27].

Maternal blood pressure in early pregnancy. Systolic (SBP) and diastolic (DBP) blood
pressure were measured at the ultrasound examination. Measurements were taken by using an
electronic blood pressure monitor after 10 minutes of rest in a sitting position. All readings
were replicated 3 times in the right arm for each woman. The mean value obtained from the
second and third readings was used in the analysis [25].

Outcomes: Offspring cardiometabolic traits during eary childhood

Child adiposity outcomes at 4 years of age. Child anthropometric measures at 4 years of
age (mean: 42 years, SD: 0.2), were taken by specially trained research assistants according to
standard procedures at the University Hospital of Heraklion, Crete, Greece. Body weight was
measured once by a digital scale (Seca Bellisima 841) to the nearest 0.1kg with subjects standing
without shoes and in light clothing. Height was measured to the nearest 0.1 cm with the use of
a commercial stadiometer (Seca 213). Overweight/obesity were defined using age-and sex-spe-
cific BMI thresholds proposed by the Intemational Obesity Task Force [28].

Waist circumference (WC) was measured in duplicate to the nearest 0.1 cm in the standing
position, at the high point of the iliac crest at the end of a gentle expiration, using a flexible tape
measure (Seca 201). We used age-and sex-specific 90™ waist circumference percentiles based
on national references [29], as a cut-off point to define central adiposity.

Skin fold thickness was measured to the nearest 0.1mm at four anatomical sites (triceps,
thigh, subscapular and suprailiac) on the right side of the body, using calibrated calipers (Har-
penden HSK- Bl, CE-0120).

Child non fasting lipid profile at 4 years of age. We measured non fasting total cholester-
ol (TC) and high-density lipoprotein cholesterol (HDL-C) with the same biochemical methods
used for maternal lipids measurements. As there is no standard definition for lipid disorders at
preschool age, we used the 75th percentile of the study cohort distribution for total cholesterol
(=173.9mg/dL), LDL-C- (>111.5 mg/dL) and the 25" percentile for HDL-C levels (<40 mg/
dL) as a cut-off point to denote abnormal lipid levels in children [30].

Child blood pressure at 4 years of age. At 4years of age, trained research assistants mea-
sured systolic (SBP) and diastolic blood pressure (DBP) after 5 minutes rest in the seated posi-
tion, at the child right arm with a cuff of appropriate size for amm circumference usinga
Dinamap Pro Care 400, which utilizes an oscillometric method We used the average of five
consecutive measurements, taken with 1 minute intervals [31]. We then calculated blood pres-
sure percentiles specific for age, sex, and height, as blood pressure measurements in children
are suggested to differ according to these characteristics.

Potential confounders

Potential confounders included characteristics that have an established or potential association
with maternal metabolic profile in early pregnancy or cardiometabolic risk in childhood in-
cluding: maternal age at delivery (years); matemal education (low level: <6 yrs. of school; me-
dium level: <12 yrs. of school; high level: university or technical college degree ); maternal
origin (Greek/other); marital status (married/other); physical activity before pregnancy (yes/
no}; parity (primiparous/multiparous); type of delivery (vaginal/caesarean); smoking during
pregnancy (yes/no); gestational weight gain, categorized according to 2009 Institute of
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Medicine guidelines [32]; family history of dyslipidemia (yes/no); family history of diabetes
(yes/no); gestational diabetes (yes/no); gestational hypertension (yes/no); gestational age
(weeks); birth weight (kg); child’s sex (male/female); duration of breastfeeding (months); day
of care attendance at the first 2 years of life (yes/no}; TV viewing at 4 years of age (hours/day);
child's energy intake (Kcals/day) at 4 years of age based on a validated food frequency ques-
tionnaire [33].

Statistical analysis

Differences in distributions of normally distributed variables were tested with t-test, non-nor-
mally distributed continuous variables were tested by using non parametric tests (ie., Mann-
Whitney, Kruskal-Wallis, and Spearman non parametric statistical tests), whereas categorical
variables were tested with chi-square test (Pearson’s or Fisher exact test with Monte-Carlo cor-
rection). The possibility of nonlinear associations was tested by generalized additive models
(GAMs) indicating linear relationships for all exposure-outcomes associations.

Multivariable log-Poisson regression models with robust standard errors were used for di-
chotomous outcomes, as these are more appropriate than logistic regression when the inci-
dence of the outcome is 10% or more [34]. Linear regression models were performed for
continuous outcomes. Estimated associations were described as relative risks (RR) with 95%
confidence intervals (Cls) or B-coefficients with 95% Cls accordingly. We examined the associ-
ations of maternal metabolic profile in early pregnancy with childhood cardiometabolic traits
at 4 years of age in 3 models: The first model (crude model) was adjusted for the child's sex (ex-
cept models using offspring systolic and diastolic blood pressure percentiles as an outcome);
the second model (confounder model) was additionally adjusted for matemal age, education
level, parity, smoking during pregnancy and pre-pregnancy BMI (only for models using mater-
nal fasting lipid levels or blood pressure as an exposure variable). In a third model (mediation
model}), we additionally adjusted for maternal weight gain during pregnancy, birth weight,
breastfeeding duration, child's anthropometry at age of outcome assessment, and child lifestyle
characteristics [TV viewing (hours/day)]. Because relations of pre-pregnancy BMI with off-
spring cardiometabolic traits could be moderated by paternal BMI we also examined associa-
tions after adjusting for paternal BML

We examined potential effect modification by child’s sex, maternal smoking during preg-
nancy, and gestational weight gain by including the interaction term in the models (statistically
significant effect modification if p-value<0.05) and stratified analyses accordingly. We also ex-
amined potential effect modification by child BMI in the models using child lipid levels asan
outcome variable.

All hypotheses testing were conducted assuming a 005 significance level and a 2-sided
alterative hypothesis. We used Stata S.E. version 11.2 for the statistical analyses (Stata Corp,
Texas, USA).

Results

Participants’ characteristics. Maternal and child demographic characteristics according
to maternal overweight/obesity status are shown in Table 1. A total 0f 209 (34%) women were
overweight/obese pre-pregnancy, while 77 (12.5%) women were obese prior to gestation. Over-
weight/obese women prior to gestation were more likely to be multiparous, less educated, to
gain excessive weight during pregnancy and to breastfeed their children for shorter durations
compared with women with no excess weight (Table 1). S1 Table in the supporting information
material shows that mothers without offspring follow-up data were more likely to be younger,
smokers, less educated, and of non-Greek ethnicity. There were no significant differences in
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Table 1. Mother- child characteristics by pre-pregrancy overweight/obesity status, Rhea pregnancy cohort, Crete, Greece.
Pre-pregnancy obesity status

No excess weight Overweight/Obese P-value *
(n = 409) (n=208)
Maternal characteristics
Matermal age at delivery (yr), mean (SD) 29.87 (02) 2398 (0.3) 0.891
Education, n (%) <0.001
Low 49 (12.0) 54 (258)
Medium 208 (50.9) 102 (48.8)
High 152 (37.2) 53(254)
Greek onigin, n (%) 384 (93.9) 199 (95.2) 0.499
Primiparous, n (%) 194 (47.4) 70(335) 0.001
Smoking during pregnancy, n {%) 126 (30.8) 70 (335) 0.497
Gestational diabetes, n (%) 32(8.4) 18(9.2) 0.758
Gestational hypertension, n (%) 15(4.0) 14(7.1) 0.106
Gastational waight gain (kg), » (%) <0.001
Inadequate 114 (27.9) 15(7.2)
Adequate 155 (37.9) 81(338)
Excassive 140 (34.2) 113 (54.1)
Caesarian section, n (%) 185 (48.0) 115 {55.0) 0.100
Metabolic profile in eary pregnancy (n = 348)
Glucose (mg/dL), mean (SD) 74.93(07) 76.10(1.2) 0.341
Insulin (mg/dL), mean SD) 9.33(0.9) 1275(1.5) <0.001
TC (mgidL), mean (SD) 185.49 (2.3) 203.87 (3.7) 0.025
LDL-C (mg/dL), mean (SD) 113.87(1.8) 123.14 (3.0) 0.008
HDL-C (mgkiL), mean (SD) 60.18(09) 5542(1.3) 0.007
TG (mg/dL), mean SD) 108.04 (2.8) 126.23 (4.8) <0.001
SBP (mmHg), mean SD) 105.06 (0.5) 109.92 (0.8) <0.001
DBP (mmHg), mean (SD) 69.27 (05) 7131(0.7) 0.013
Child characteristics in infancy
Sex, girl, n (%) 201 (49.1) 93 (44 5) 0.274
Birth weight (kg), mean (SD) 320(0.02) 3.21 (0.03) 0.887
Gestational age (weeks), mean (SD) 38.32 (0.07) 38.08(0.11) 0.123
Duration of braastieeding (months), mean (SD) 459 (0.2) 3.44 (0.3) <0.001
Day care atlendance in the first 2 years of lifle, n (%) 79 (19.5) 36(173) 0.518
Child characteristics at 4 years of age
BMI (Kgﬁ'n’). mean (SD) 16.11(0.08) 1693 (0.15) <0.001
Overwaightiobese, n (%) 74 (18.1) 60 (28.7) 0.002
Waist circumferance (cm), mean (SD) 5290(02) 54 66 (0.4) <0.001
Waist circumfarence >90th pat, n (%) 35(8.7) 37 (179) <0.001
Sum of skinfolds (mm), mean SD) 37.78(0.7) 4329(1.1) <0.001
TC (mg/dL), mean (SD) 156.39(1.5) 158.97 (2.0) 0.247
LDL-C (mg/dL), mean (SD) 69.98 (27.4) 6958 (26.7) 0.856
HDL-C (mg#dL), mean (SD) 47.17 (0 8) 4778 (0.8) 0.518
TG (mg/dL), mean SD) 69.69(15) 70404{2.1) 0.690
Time spent watching TV (hours/day), n (%) 0.019
Almost never 124 (30.5) 52(250)
1-2 hours/day 251 (61.8) 126 (60.6)
More than 3 hours/day 31(7.6) 30(14.4)
(Continuved)
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Table 1. (Continued)

Pre-pregnancy obesity status
No excess weight Overweight/Obese P-value *
(n = 409) (n=209)
Energy intake (Kcalsbay), mean (SD) 1583.5 (23.0) 15943 (32.1) 0.752

BMI, Body Mass Index; TC, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density

Lipoprotein Cholesterol; TG, Triglycende; CRP, C-reactive protein; SBP, Systalic Blood Pressure; DBP, Diastolic Blood Prassure; pct, percantile
* Pvalues obtained by Mann-Whitnay U test for two independent samples, and 12 test or Fisher exact st with Monte-Carlo correction.
Numbers may not correspond to the total due 1o missing numbers.

doe 10.1371 fouma pane 0126327 1001

socio- demographic characteristics between women who provided fasting blood samples and
those who did not (52 Table).

In the subset of pregnant women with available fasting serum samples in early pregnancy,
dyslipidemia was the most frequent metabolic disorder, as 49.7% women had total cholesterol
levels = 200 mg/dL, 26.8% had HDL-C levels< 50 mg/dL, and 18.7% had TG levels > 150 mg/
dL Only 22 (6.3%) women were suffering from hyperglycemia in the first trimester of pregnan-
cy. Overweight/obesity prior to gestation was associated with higher fasting total cholesterol,
LDL-C, triglycerides, and insulin levels at the first trimester of pregnancy, lower HDL-C levels,
and higher systolic and diastolic blood pressure (Table 1),

The prevalence of overweight/obesity and central adiposity (WC = 90th percentile) at 4
years of age was 21.7% (n = 134) and 11.8% (n =72), respectively (Lable 1). Mean (+SD) non
fasting total cholesterol, LDL-C and HDL-C were 198.1 (£36.2), 116.7 (£29.4), and 58.7
(£14.1) respectively. Children whose mothers were overweight/obese prior to gestation had
higher BMI, waist circumference, and fat mass at 4 years of age compared to children whose
mothers had no excess weight pre-pregnancy (Table 1),

Overweight/obesity pre-pregnancy in association with offspring
cardiometabolic traits at 4 years of age

Generalised additive models examining the shape of the relationships of metabolic profile in
early pregnancy with offspring cardiometabolic traits at 4 years of age showed no significant
departures from linearity overall. Pre-pregnancy overweight/obesity showed a positive linear
relationship with the probability of overweight/obesity at 4 years of age (Fig 1). Pre-pregnancy
overweight/obesity was also positively associated with all other offspring adiposity outcomes at
4 years of age (Lable 2). We found no association between pre-pregnancy BMI and offspring
non-fasting lipid levels or blood pressure percentiles at 4 years of age (Table 2). Further adjust-
ment for paternal BMI did not attenuate the observed associations (53 Table).

Fasting lipid, glucose and insulin levels in early pregnancy in association
with offspring cardiometabolic traits at 4 years of age

Matemal fasting cholesterol levels showed a positive linear relationship with the probability of
overweight/obesity at 4 years of age (Fig 2). An increase of 40mg/dl in total cholesterol levels
was associated with 42% increased risk of overweight/obesity (RR: 1.42,95% C1: 1.03, 1.95) and
greater skinfold thickness by 3.30 mm (95%CI: 1.41, 520) at 4 years of age after adjustment for
several covariates and pre-pregnancy BMI(Model 3). A positive association was also observed
between maternal fasting cholesterol levels and offspring cholesterol levels at 4 years of age, but
the associations were attenuated when we further adjusted for potential mediators (Table 3,
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Fig 1. Relationship between pre-pregnancy BMI and the estimated probability for overweightiobesity
(A) and cholesterol levels >75th percentile (B) at 4 years of age. Esimated probability is based on
multivariable models adjusted for matemal age, education, parity, smoking during pregnancy, gestational
weight gain, birth weight, braastisedingdurationand TV watching at 4 years of age. Q2 5, Q50,Q97.5
reprasant the 2.5th, 50.0th, and the 97 5th percentiles of the studied populaton. Long-dashes rapresent he
95%Cls.
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model 3). No association was found between maternal fasting cholesterol levels and offspring
blood pressure percentiles at 4 years of age (Lable 3). No association was also observed among
matemal fasting glucose and insulin serum levels in early pregnancy and offspring cardiometa-
bolic traits at 4 years of age (data not shown).

Maternal blood pressure levels in early pregnancy in association with
offspring cardiometabolic traits at 4 years of age

Anincrease of 10mmHg in diastolic blood pressure in early pregnancy was associated with
23% increased risk of offspring overweight/obesity (RR: 122, 95%CI: 1.03, 1.45), and greater
skin fold thickness by 1.71 mm (95%CIL: 057, 2.86) in the fully adjusted model (Lable 4), We
found no association between maternal blood pressure levels in early pregnancy and offspring
lipids and blood pressure percentiles at 4 years of age (Table 4).
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Table 2. Association of maternal pre-pregnancy obesity status with offspring cardiometabolic traits at 4 years of age, Rhea pregnancy cohort

Crete, Greece.

Pre-pregnancy overweight/obese ( >25 kg/m?)

(n=209)

Cardiometabolic traits at 4 years of age n Model 1 Model 2 Model 3
Adiposity outcomes

RR (95%Cl) RR (85%Cl) RR (95%Cl)
Overweightiobese 134 1.59(1.17,2.15) 1.53(1.11,2.09) 1.83 (1.18, 2.81)
WC (cm) > 20th pet 72 2.03(1.32,3.14) 1.89(1.20,2.96) 1.97 (1.11, 3.49)

pB-coef. (95%CH) B-coet. (95%C1) B-coel. (85%Cl)
Child BMI 618 0.80 (0.45,1.14) 0.78 (0.44,1.12) 0.79 (0.36, 1.06)
WC (cm) 806 1.75(0.87, 2.63) 1.76 (0.89, 2.64) 1.36 (0.55, 2.17)
Sum of 4 Skinfolds (mm) 801 5.74(3.17,8.30) 5.37(2.75,7.99) 5.10 (249, 7.71)
Non-fasting lipid levels B-coeff. (85%CI) B-coef. (85%CH) B-coet. (95%Cl)
TC{mg/di) 525 2.64 (221, 7.50) 2.52 (-2.50. 7.55) 218 (-3.04. 7.41)
HDL-C{mg/d)) 525 0.59 (-1.38, 2.56) 0.43 (-1.63, 2.49) 0.59 (-154,273)
Blood pressure levels PB-coef. (95%Cl) B-coef. (95%Cl) B-coef. (35%C1)
SBP percentiles 488 0.26(-0.17, 0.69) 0.30 (0.13, 0.75) 0.21 (024, 0.67)
DBEP percentiies 488 -0.07 (049, 0.34) 0,11 (053, 0.31) -0.10 (0.54,0.33)

BM|, Body Mass Index; WC, Waist Circumference; TC, Total Cholesterol; LDL-C, Low Deansity Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein
Cholasiarol; SBP, Systolic Blood Prassure; DBP, Diastolic Blood Prassure; pet, percentile

Model 1: adjusted for child sex. (except modals using offspring systolic and diastolic blood pressure parcantilas as an cutcome)

Model2: model 1 further adjusted for matemal age, education leval, parity, smoking during pregnancy

Model 3: model 2 additionally adjusted for gestatonal weight gain, birth weight, breastfeading duration, and TV watching at 4

yaars of age (hours/day). Models using offspring WC and sum of skinfolds as an outcome variable were also adjusted for child

height, while hose using offspring non-fasting lipid levels as an outcome were also adjusied for child BML. Bold indicated statistically significant differences

at p<0.05.

dot 10.1371 foumal pone 0126327 002

Effect modification-Sensitivity analyses

In the mediation model, further adjustment for birth characteristics, child's anthropometry
and life-style behaviors did not substantively alter the adjusted estimations for most childhood
outcomes (Tables 2, 3and 4). Further analyses showed evidence for an interaction between
child sex and maternal pre- pregnancy BMI in response to offspring overweight/obesity and
central adiposity (p for interaction <0.05), but not with skinfold thickness (Lable 5). The great-
est risk for these adiposity outcomes was observed for girls whose mothers were overweight/
obese prior to gestation (RR-overweight/obesity: 3.54, 95%CI: 1.80, 6.98; RR-central adiposity:
5.33,95%ClL: 217, 13.07), whereas similar associations in boys were not significant (Lable 5).
We saw no evidence for a multiplicative interaction of maternal metabolic profile in early preg-
nancy with maternal smoking during pregnancy, gestational weight gain or child BMI (p for
interaction >0.05).

To elucidate whether gestational diabetes modified the observed results, we performed a
sensitivity analysis in which we excluded all women who were diagnosed with gestational dia-
betes (n = 50). Results did not differ substantially from those derived from the main analysis
(54 Table, S5 Table and $6 Table). We also found no difference in the observed estimates after
excluding preterm births (data not shown).
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Fig 2. Relationship between first-trimester fasting maternal cholesterol levels and the estimated
probability for overweight/obesity (A) and cholesterol levels ~75th percentile (B) at4 years of age.
Estmated probability is based on multivariable models adjusted for matemal age, education, parity, smoking
during pragnancy, BMI pra-pregnancy, gestatonal weight gain, birth weight, breastieeding duration, and TV
watchingat 4 years of age (hours/day). Q2.5, Q50, Q97 5 reprasent the 2.5th, 50.0th, and the 97 5th
percantilas of the studied population. Long-dashes represent the 95%Cls.
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Discussion

In this prospective pregnancy cohort we showed that exposure to metabolic dysregulation in
early pregnancy may predict increased risk of obesity in preschool children. To our knowledge
this is the first study examining maternal metabolic profile in early pregnancy with the use of
fasting serum samples in association with offspring cardiometabolic risk.

Our findings are in consistence with previous epidemiological studies examining the effect
of maternal pre-pregnancy BMI with child BMI measures [7, 8, 35], and fat mass [12, 14,22,
36, 37]. The associations of maternal pre-pregnancy BMI with childhood adiposity may be ex-
plained by intrauterine mechanisms or shared environmental, life -style and genetic character-
istics [9]. Animal studies suggest that epigenetic alterations induced by matemal ovemnutrition
in pregnancy may modulate expression of genes that regulate adipogenesis, glucose homeosta-
sis, inflammation, and/or insulin signaling, including genes encoding hormones (e.g, leptin),
nuclear receptors (adipogenic and lipogenic transcription factors PPARy and PPARa, respec-
tively), gluconeogenic enzymes and transmembrane proteins [38]. Moreover, adverse matemal
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Table 3. Association of maternal fasting lipid profile in early pregnancy with offspring cardiometabolic traits at 4 years of age, Rhea pregnancy co-

hort Crete, Greece.
Fasting TC levels in early pregnancy Fasting LDL-C levels in early pregnancy
(per increase in 40 mg/dL) (perincrease in 15 mgidL)
(n=348) (n =348)

Cardiometabolic traits at 4 years n Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

of age

Adiposity outcomes
RR (95%Cl) RR (95%Cl) RR (95%C1) RR (95%Cl) RR (95%Cl) RR (95%C1)

Overweightbbase 64 118 (0.92 1.27 (0.97, 142(1.03, 1.03 (0291, 1.07 (0.93, 1.10 (0.94,
1.50) 1.86) 1385) 1.17) 1.22) 129)

WC (cm) > 90th pet 30 107 (0.73 1.07 (0.71, 124 (0.74, 1.02 (084, 1.07 (0.87, 1.12(0.88,
1.56) 1.62) 205) 1.23) 1.32) 144)
p-coet. (95% B-coef. (85% pB-coef. (95% p-coef. (95% B-coef. (85% p-coel. (95%
cl) ci Ci) )] cH &)

Child BMI 348 0.08 (0.12, 0.04 (-0.18, 0.01(-0.24, 0.02 (0.08, 0.00 (-0.12, 0.01(-0.16,
0.29) 0.28) 028) 0.13) 0.13) 0.13)

WC (cm) 348 0.34 (0286, 0.29 (-0.41, 040 (-0.25, 0.34 (0286, 0.29 (0.41, 040 (-0.25,
0.95) 1.00) 107) 0.95) 1.00) 107)

Sum of 4 Skinfolds (mm) 341 253 (0.92, 2.76 (1.00, 330(1.41, 0.77 (.08, 0.80 (0.16, 1.11(0.08,
4.14) 4.52) 520) 1.63) 1.77) 213)

Non-fasting lipid levels B-coef. (95% pB-coeff. (85%  P-coeff.(95%  P-coeff.(95%  p-coeff. (95%  P-coeff. (95%
[+)) ci cl) ch) ()] &)

TC(mg/dl) 294 4.4 (1.00, 3.43 (0.04, 325(-0.53, 2.09 (056, 1.93 (0.28, 190 (-0.04,
7.28) 6.83) 7.04) 3.61) 3.58) 385

HDL-C{mg/dI) 204 0.18(-1.47, -0.59 (2086, -1.04 (274, <035 (-0.95, -0.56 (<124, 0.71 (-1.49,
1.11) 0.87) 0865 0.24) 0.10) 0.06)

Blood pressure levels p-coef. (85% B-coef. (95% B-coet. (95% p-coet. (95% B-coef. (95% B-coet. (95%
cl) ci Cl) Cil) ci) Cl)

SBP percentiles 284 0.05(-0.35, -0.07 (040, 006 (-0.42, 004 (-0.19, -0.05 (022, 40.06 (-0.24,
0.24) 0.25) 029) 0.09) 0.10) 0.10)

DBP percentiles 284 0.19(-0.50, -0.19 (052, 0.15(-0.51, -0.08 (.23, -0.09 (024, 0.09 (-0.27,
0.12) 0.12) 021) 0.06) 0.06) 007

BMI, Body Mass Index; WC, Waist Circumference; TC, Total Cholesteral; LDL-C, Low Density Lipoprotsin Cholesterol; HDL-C, High Density Lipoprotain
Cholestarol; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Prassure; pet, percentle
Model 1: adjusted for child sex. (except models using offspring systolic and diastolic blood pressure pearcentiles as an outcoms)
Mode! 2: model 1 further adjusted for matemal age, education level, panty, smoking during pregnancy and pre-pregnancy BMI

Model 3: model 2 additionally adjusted for gestatonal weight gain, birth weight, breastfeading duration, and TV walching at 4 ysars of age (hours/day).

Models using offspring WC and sum of skinfolds as an outcome variable were also adjusted for child height, while those using offspring non-fasting lipid
levals as an outcome were also adjustad for child BMI. Bold indicated statistically significant differences at p<0.05

conditions such as maternal obesity, have been demonstrated in animal studies to affect placen-
tal morphology, blood flow, feto-maternal exchanges and endocrine function, which have di-
rect consequences for fetal tissue development, and may lead to 2 higher offspring
susceptibility to develop metabolic disorders [39]. Although adjustment for several sociodemo-
graphic and lifestyle related characteristics did not explain our findings, we cannot rule out the
possibility of residual confounding mainly related to shared mother-child lifestyle. The ob-
served effects were not mediated by pregnancy complications such as gestational diabetes,
birth characteristics, and infant feeding patterns (breastfeeding), which have been associated
with both maternal BMI and offspring postnatal growth. Additionally, our results remained
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Table 4. Association of maternal blood pressure levels in early pregnancy with offspring cardiometabolic traits at4 years of age, Rhea pregnancy

cohort Crete, Greece.

SBP in early pregnancy

DBP in early pregnancy

(perincrease in 10 mm Hg)

(perincrease in 10 mm Hg)

(n = 536) (n = 536)

Cardiometabolic traits at 4 years n Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

of age

Adposity outcomes
RR (95%Cl) RR (95%Cl) RR (85%C1) RR (95%Cl) RR (85%Cl) RR (95%LCH)

Overwaightiobese 156 1.18 (1.01, 1.11 (0.95, 1.15(0.97, 1.23 (1.05, 1.19 (.01, 122(1.03,
1.37) 1.31) 1.36) 1.45) 1.41) 145)

WC (cm) > 90th pet 60 1.16 {0.93, 1.020.81,129) 103(0.82, 1.19 (094, 1.09 (0.84, 1.09(0.84,
1.44) 131) 1.50) 1.40) 141)
pBcoefl. (85%  P-coefl. (95%  Bcoeff.(95%  Pcoeff.(95%  P-coeff. (85%  B-coeff. (95%
cl ch ci) ci) ci) ()]

Child BMI 536 0.15 (0.00, 0.05 (-0.10, 0.09 (-0.086, 0.13(-0.03, 0.06 (0.09, 0.09 (-0.08,
0.30) 0.21) 026) 0.29) 0.23) 025)

WC (cm) 532 0.38 (0.01, 0.20(-0.18, 022(-0.12, 0.36 (005, 0.21 (0.19, 026 (-0.09,
0.76) 0.58) 057) 0.79) 0.62) 0861)

Sum of 4 Skinfoids (mm) 524 1.59 (0.35, 0.98(-0.32, 1.11(-0.19, 1.96 (0.79, 1.49 (0.32, 1.71(0.57,
2.83) 2.30) 242) 3.13) 2.66) 2.86)

Non-fasting lipid levels p-coeff. (95%  p-coeff. (85%  P-coeff.(95%  B-coeff.(95%  B-coeff. (85%  B-coeif. (95%
ch cy c cl) chn c

TC(mg/di) 458 0.33(-2.50, -0.81 (-3.05, 097 (3.22, 085 (-3.50, -1.03 (3.70, -1.12 (-3.86,
1.83) 1.42) 127) 1.79) 1.63) 1.60)

HDL-C(mg/d) 458 0.64 (026, 0.80 (-0.18, 080 (-0.20, 021(-1.23, 0.04 (-1.00, 0.02 (-1.11,
1.54) 1.77) 1.80) 0.80) 1.10) 1.05)

Blood pressure levels B-coeff. (95%  P-coeff. (85%  P-coeff.(95%  P-coeff.(95%  p-coeff. (95%  P-coeff.(95%
ch ch c1 cl) c) cl)

SBP percentiles 422 005 (012, 0.04 (-0.15, 008 (-0.10, 0.10(-0.10, 0.08 (0.13, 007 (-0.14,
0.22) 0.23) 027 0.31) 0.30) 029)

DBP pearcentiles 422 0.00 (0.18, 0.04 (-0.14, 002 (-0.18, 0.08 (-0.12, 0.06 (0.14, 007 (-0.15,
0.19) 0.24) 022) 0.29) 0.27) 029)

BMI, Body Mass Index; WC, Waist Circumference; TC, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein
Cholesterol, SBP, Systolic Biood Pressure; DBP, Diastolic Blood Prassure; pet, percentile
Modeal 1: adjusted for child sex. (except models using offspring systalic and diastolic blood pressure percentiles as an outcoms)
Model 2: modal 1 further adjusted for matemal age, education level, parity, smoking during pragnancy and pre-pregnancy BMI

Modal 3: model 2 additionally adjusted for gestatonal weight gain, birth weaight, breastfeeding duration, and TV watching at 4 yaars of age (hours/day).

Models using offspring WC and sum of skinfolds as an outcome variable were also adjusted for child haeight, while those using offspring non-fasting fipid
levals as an outcome were also adjusied for child BMI. Bold indicated statistically significant differences al p<0.05

doz 10.1371 fournd pone 0126327 1004

substantially the same after adjusting for paternal BMI, implying potential intrauterine mecha-
nisms in the observed associations.
The greatest risk for overweight/obesity and central adiposity was observed for girls whose
mothers were overweight/obese prior to gestation. The long-term effects of the same environ-
mental insult, such as maternal obesity, can have various phenotypic effects on male and fe-
male offspring [17]. There are no consistent findings from epidemiological studies on offspring
sex-specific responses to maternal weight status, while sex specificity in response to maternal
anthropometry has been shown in fetal growth measures [40]. Animal studies have shown that
there are sex-specific differences in the regulation and expression of placental genes, proteins,
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Table 5. Association of pre-pregnancy BMI with offspring obesity measures at 4 years of age, stratified by child sex, Rhea pregnancy cohort,

Crete, Greece.
Offspring adiposity measures at 4 years of age

Overweight/obese WC (cm) > 90th percentile * Sum of 4 skinfolds (mm)*

(n=134) (n=72) (n=601)

RR (95% Cl) RR (95% Cl) B-coeff.(95% CI)
Maternal pre-pregnancy BMI (kg/m®)
Aln=618 1.08(1.04,1.13) 1.10(1.04, 1.16) 0.51 (0.25, 0.77)
Boys fn=324) 1.04 (0.98, 1.10) 1.02(093 1.11) 0.22 (007, 0.52)
Girs 0 =294) 1.13(1.06,1.20) 1.19(1.10, 1.29) 0.79 (0.34, 1.25)
P for interaction 0032 0.004 0.030
Overweight/Obese (>25kg/m?) prior to gestation
Al n = 209) 183(1.19,281) 1.97 (1.11, 3.49) 510 (249, 7.71)
Boys fn = 116) 1.10(0.61,201) 0.97 (042, 2.21) 3.03 (0.07, 5.99)
Girts 0 =93 354 (1.80,6.98) 5.33 (217, 13.07) 7.59 (3.10, 12.08)
P for interaction 0.007 0.007 0.0681

BMI, Body Mass Index; WC, Waist Circumferance

All modals are adjusted for matemal age, education, parity, smoking during pregnancy, gestational weight gain, birth weight, breastieading duration, and
TV watching at 4 years of age (hoursiday).

“Also adjusted for child height.

Bold indicated statistically significant differances at p<0.05.

do 10.1371 fouma pone 0128327 005

steroids and structure [41, 42]. Microarray animal experiments also showed that the response
to a high-fat diet during gestation triggers sex-specific epigenetic alterations throughout the ge-
nome, together with sexually dimorphic deregulation of clusters of imprinted genes: mainly
cell signaling involving immune cells, and uptake and metabolism of amino acids for females,
and development and function of the vascular system, and uptake and metabolism of glucose
and fatty acids for males [43]. Timing of exposure is also a critical issue in sex differences in de-
velopmental programming Female fetuses respond more than males to the mother’s precon-
ception nutrition and metabolism, while, in contrast, male fetuses are more vulnerable to
metabolic changes during gestation, especially after the first trimester of pregnancy [44, 45].
Further epidemiological studies are needed to explore the sex-specific causal variables and how
females versus males respond and adapt to maternal obesity.

To our knowledge, this is the first study to investigate associations of maternal blood pres-
sure levels at the first trimester of pregnancy with offspring cardiometabolic traits. We found
that high blood pressure levels in early pregnancy were associated with increased risk of over-
weight/obesity and increased fat mass at 4 years of age after excluding pre-eclamptic pregnan-
cies. The observed effects were notattenuated by pre-pregnancy BMI or weight gain during
pregnancy, implying an independent role of maternal blood pressure to ofspring fat distribu-
tion. Maternal hypertension in early pregnancy may disrupt the typical physiological changes
in the spiral arteries of the decidua and myometrium, resulting in poor placental perfusion,
early placental hypoxia and oxidative stress [46]. Therefore, it may be possible that even a
small increase in blood pressure levels (10mmHg) in early pregnancy may predispose to ad-
verse metabolic outcomes and increased fat mass later in life.

We also found that abnormal fasting cholesterol levels in early pregnancy were associated
with increased risk of offspring overweight/obesity, and greater fat mass at 4 years of age. The
observed associations were not attenuated by matemal BMI pre-pregnancy, gestational diabe-
tes status, birth size, or child BMI at age of outcome assessment. Gademan et al reported
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recently a positive association between maternal lipid levels and offspring fat percentage and
waist-to height ratio values at 5-6 years of age children [22]. There are no other studies so far
on the association of maternal lipid levels in pregnancy with offspring cardiometabolic traits
other than adiposity measures. Maternal dyslipidemia could increase the oxidative stress in the
fetus resulting not only in damage of the vessel wall, but also in the disruption of normal pla-
centation. Hypercholesterolemia in early pregnancy has been associated with increased off-
spring atherosclerotic lesions both in animal models [47], and in human tissues [48]. One
potential explanation for such increased cardiometabolic risk in children of mothers with
hypercholesterolemia, is the induction of a constitutional state of overexpression of “athero-
genes” in the fetal vascular wall by maternal hypercholesterolemia or the resulting fatty-streak
formation [48].

Strengths and limitations

The strengths of the present study include the population-based prospective design and de-
tailed cardiometabolic measurements in early pregnancy and in childhood. Unlike previous
epidemiologic studies, blood pressure, lipids, glucose, and insulin concentrations were not col-
lected from medical records but measured during the study follow up according to validated
protocols. Moreover, fasting serum samples were available in early pregnancy that is a rather
complicated goal for a cohort involving pregnant women. The exclusion of mother-child pairs
with multiple pregnancies, pregnancies with preeclampsia, as well as adjustment for several
sociodemographic variables, reduced the likelihood of potential confounding However, be-
cause of the observational study design, residual confounding because of other unmeasured
confounders may still occur,

The levels of attrition in the Rhea cohort is similar to those found in other birth cohort stud-
ies. Offspring of more educated women, and of older women were more likely to attend follow-
up clinical assessment. Assuming that mothers and children with a higher BM1 are less likely
to participate ina detailed obesity follow-up, our estimates may be underestimated. A selection
bias could be theoretically generated by the possibility that we included only women receiving
an early ultrasound. However, all pregnant women in Greece have to attend several compulso-
ry prenatal visits, one of which take place around 12 weeks of gestation, which is the time of
our enrolment phase. Information on maternal pre-pregnancy weight was self-reported, which
might have led to misclassification of matemal BMI pre-pregnancy. However, we have per-
formed a validation study comparing self-reported pre- pregnancy weight with clinically mea-
sured weight in the first prenatal visit, which was available in our cohort, showing high
correlation (r 0.93) and a fairly good agreement between self-reported and objectively mea-
sured BMI(Bland-Altman plots, data not shown). We were not able to measure fasting lipid
levels to children at 4 years follow up, as expected at this age of follow up. It has been shown
that children fasting serum lipids levels have small differences with non-fasting level s[49].

Conclusions

The results of the present study indicate that metabolic dysregulation in early pregnancy may
determine offspring obesity at preschool age. The complex underlying mechanisms that ex-
plain these findings require additional study. Further follow-up of this cohort will allow to de-
termine whether matermal metabolic profile in early pregnancy is associated with a broader
range of offspring cardiometabolic disorders at later ages.
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Supporting Information

S1 Table. Maternal and child characteristics of participants and non-participants in the
childhood follow up of the Rhea pregnancy cohort Crete, Greece. * Statistically significant
differences (p<0.05), based on Mann-Whitney U test for two independent samples and Pear-
son’s %2 test for independence.

(PDF)

S2 Table. Maternal and child characteristics of women who provided fasting blood samples
in early pregnancy and those who did not, Rhea pregnancy cohort Crete, Greece. * Statisti-
cally significant differences (p<0.05), based on Mann-Whitney U test for two independent
samples and Pearson's 32 test for independence,

(PDF)

§3 Table. Association of maternal pre-pregnancy obesity status with offspring cardiometa-
bolic traits at 4 years of age after adjustment for patemal BM 1, Rhea pregnancy cohort
Crete, Greece. BM I, Body Mass Index; WC, Waist Circumference; TC, Total Cholesterol;
LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein Cholesterol;
SBP, Systolic Blood Pressure; DEP, Diastolic Blood Pressure. All models were adjusted for
child sex (except models using offspring systolic and diastolic blood pressure percentiles as an
outcome) maternal age, education level, parity, smoking during pregnancy, gestational weight
gain, birth weight, breastfeeding duration, TV watching at 4 years of age (hours/day) and pater-
nal BMI. Models using offspring WC and sum of skinfolds as an outcome variable were also
adjusted for child height, while those using offspring non-fasting lipid levels as an outcome
were also adjusted for child BMI. Bold indicated statistically significant differences at p<<0.05.
(PDF)

S$4 Table. Association of maternal pre-pregnancy obesity status with offspring cardiometa-
bolic traits at 4 years of age, after excluding women with gestational diabetes (n = 50), Rhea
pregnancy cohort Crete, Greece. BMI, Body Mass Index; WC, Waist Circumference; TC,
Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipo-
protein Cholesterol; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; Model 1: ad-
justed for child sex. (except models using offspring systolic and diastolicblood pressure
percentiles as an outcome). Model 2: model 1 further adjusted for matemal age, education
level, parity and smoking during pregnancy Model 3: model 2 additionally adjusted for gesta-
tional weight gain, birth weight, breastfeeding duration, and TV watching at 4 years of age
(hours/day). Models using offspring W C and sum of skinfolds as an outcome variable were
also adjusted for child height, while those using offspring non-fasting lipid levels as an outcome
were also adjusted for child BML Bold indicated statistically significant differences at p<0.05.
(PDF)

S5 Table. Association of maternal fasting lipid profile in early pregnancy with offspring
cardiometabolic traits at 4 years of age, after excluding women with gestational diabetes

(n = 25), Rhea pregnancy cohort Crete, Greece BMI, Body Mass Index; WC, Waist Circum-
ference; TC, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High
Density Lipoprotein Cholesterol; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;
Model 1: adjusted for child sex (except models using offspring systolic and diastolic blood
pressure percentiles as an outcome) Model 2: model 1 further adjusted for maternal age, educa-
tion level, parity, smoking during pregnancy and pre-pregnancy BML Model 3: model 2 addi-
tionally adjusted for gestational weight gain, birth weight, breastfeeding duration, and TV
watching at 4 years of age (hours/day). Models using offspring WC and sum of skinfolds asan
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outcome variable were also adjusted for child height, while those using offspring non-fasting
lipid levels as an outcome were also adjusted for child BMI. Bold indicated statistically signifi-
cant differences at p<<0.05

(PDF)

$6 Table. Association of maternal blood pressure levels in early pregnancy with offspring
cardiometabolic traits at 4 years of age, after excluding women with gestational diabetes

(n = 50), Rhea pregnancy cohort Crete, Greece. BMI, Body Mass Index; WC, Waist Circum-
ference; TC, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High
Density Lipoprotein Cholesterol; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;.
Model 1: adjusted for child sex (except models using offspring systolic and diastolic blood pres-
sure percentiles as an outcome). Model 2: model 1 further adjusted for maternal age, education
level, parity, smoking during pregnancy and pre-pregnancy BMI. Model 3: model 2 additional-
ly adjusted for gestational weight gain, birth weight, breastfeeding duration, and TV watching
at 4 years of age (hours/day). Models using offspring W C and sum of skinfolds as an outcome
variable were also adjusted for child height, while those using offspring non-fasting lipid levels
as an outcome were also adjusted for child BMI. Bold indicated statistically significant differ-
ences p<<0.05.

(PDF)
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$1 Table. Matemnal and child characteristics of participants and non-participants in the childhoed follow up of the
Rhea pregnancy cohort Crete, Greece

Participants Non participants
(n=698) (n=610)
Maternal characteristics P- value*
Maternal age (years), mean(SD) 29083=48 28.88=52 =0.001
Maternal educanon. 7 (%2l =0.001
Low 117 (16.8) 153 (265)
Medium 351(503) 204(31.0)
High 230 (33.0) 130(225)
Mother’s ongmn, » (%s) <0.001
Greeck 660 (947) 516 (86.1)
Non greck 37(33) 83(13.9)
Smokmg status, n (%) =0.001
Smoker 218 (312) 226 (41.0)
Non-smoker 480 (68.8) 325(59.0)
Panty, » (%) 0.065
Primiparous 304459 217 (384)
Mulnparous 304 (564 348 (61.6)
Pre-pregnancy BMI (kg'm®), mean{SD) 2451=48 23.69=456 <0.001
Pre-pregnancy BMI categones 0.284
<25 kg’ 471 (67.5) 402(703)
=25 kg/m 227(325) 170 (29.7)
Gestational weight gain (kg), n (%) 0.210
Inadequate 130 22.1) 106 (252)
Adequete 203 (345) 124(205)
Excessive 256 (43.50 191 (4549
Delivery mype, n (%) 0.888
Vaginal 350 (504 303 (50.8)
Caesarean 345499 204(492)
Child characteristics
Child gender, n (%) 0.239
Male 362 (519) 202 (436
Female 336 (48.1) 09514
Breastfeeding duranon (months), mean(SD) 410=44 308=36 <0.001
Birth weight (kg), mean(SD) 321=04 31405 0.016
Gestational age (weeks), mean(SD) 38.24=15 38.21=1.6 0.971

* Stanstically significant differences (p<0.05), basad on Mann-Whimey U test for two independsnt samples and Pearson's ¢2 t23t for independence.
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S2 Table. Maternal and child characteristics of women who provided fasting blood samples in

early pregnancy and those who did not in the Rhea pregnancy cohort Crete. Greece.

Fasting samples Non fasting samples
(n=348) (n=145)
Maternal characteristics P- value®
Maternal age (years). mean (SD) 2990 (4.7) 30.50(4.7) 0.160
Maternal education, n( %) 0.552
Low 58 (16.7) 23 (15.9)
Medium 178 (51.1) 68 (46.9)
High 112 (32.2) 54 (37.2)
Mother’s origin. n (%s) 0.193
Greek 328 (94.2 132 (91.0)
Non greek 20(5.8) 13 (9.0)
Smoking status, 1 (%) 0.178
Smoker 101 (29.0) 51(35.2)
Non-smoker 24 7(71.0) 94 (64.8)
Parity, n (%s) 0.619
Primiparous 138 (39.7) 61 (42.1)
Multiparous 210 (60.3) 84 (57.9)
Pre-pregnancy BMI (kg/m?). mean (SD) 2462 (4.8) 24.67 (4.8) 0.957
Pre-pregnancy BMI categories 0.768
<25 kg/m® 228 (65.5) 97 (66.9)
=25 kg/m? 120 (34.5) 48 (33.1)
Gestational weight gain (kg). n (%) 0.204
Inadequate 67 (19.3) 34(23.4)
Adequete 134 (38.5) 62 (42.8)
Excessive 147 (42.2 49 (33.8)
Delivery type. n (%) 0.564
Vaginal 166 (47.8) 73 (50.7)
Caesarean 181 (52.2 71(49.3)
Child characteristics
Child gender, n (%) 0.087
Male 195 (56.0) 69 (47.6)
Female 153 (44.0) 76 (52.4)
Breastfeeding duration (months). 4.26(4.3) 4.67 (4.6) 0.586
mean(SD)
Burth weight (kg), mean (SD) 3.20(0.4) 3.24(0.4) 0.406
Gestational age (weeks), mean (SD) 38.25(L.5) 38.39(1.5) 0437

* Statistically significant differences (p=0.03). based on Mann-Whitney U test for two independent samples and
Pearson's y2 test for independence.
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53 l'able. Association of maternal pre-pregnancy obesity status with offspring cardiometabolic traits at 4

years of age after adjustment for paternal BMI in the Rhea pregnancy cohort Crete. Greece.

Pre-pregnancy overweight/obese (>25 kg/m)
Offspring cardiometabolic traits at 4 years of age n (n=206)

Adipesity outcomes

RR (95%CI)

Overweight/obese 133 1.31 (0.94, 1.81)
WC (em) = 90th pet 71 1.40 (0.90, 2.18)

B-coeff. (95%CI)

Child BMI 609 0.58 (0.24, 0.93)
WC (em) 601 1.14 (0.34, 1.93)
Sum of 4 Skinfolds (mm) 592 4.34 (1.71, 6.97)
Nen-fasting lipid levels f-coeff. (95%CI)
TC (mg/dl) 518 2.37(-2.87,7.62)
HDIL-C (mg/dl) 518 0.82(-1.31,2.96)
Blood pressure levels f-coeff. (95%CI)
SBP percentiles 482 0.12(-0.33.0.58)
DBP percentiles 482 -0.12 (-0.56, 0.31)

BMI. Body Mass Index: WC., Waist Circumference: TC, Total Cholesterol: LDL-C, Low Density Lipoprotein
Cholesterol: HDL-C, High Density Lipoprotein Cholesterol: SBP, Systolic Blood Pressure: DBP, Diastolic Blood
Pressucte: pet, percentile:

All models were adjusted for child sex (except models using offspring systolic and diastolic blood pressure
percentiles as an outcome) maternal age. education level. parity, smoking during pregnancy. gestational weight gain,
birth weight. breastfeeding duration TV watching at 4 vears of age (hours/day) and paternal BMI. Models using
offspring WC and sum of skinfolds as an outcome variable were also adjusted for child height, while those using
offspring non-fasting lipid levels as an outcome were also adjusted for child BMI.

Bold indicated statistically significant differences at p<0.05.
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54 Table. Associaton of maternzl pre-pregnancy obesity status with offspnng cardiometabolic trasts at 4 vears of age, after excluding women

with gestzhonal diabetes (p=50}, Fhea pregnancy cohort Crete, Greece.

Pre-pregnancy overweight'obese (=25 ke/m)

(m=209)
Offspring cardiometsholic maits at 4 years of age n Model 1 Aodel 2 Model 3
Adipesity oufeomes
RR (95%CT) RR (95%CT) RE (95%CT)

Crverweightiobess 112 165(1.21, 2.26) 157(1.14,2.18) 1,30 (0.98, 167}
WC {cm) = 80th pet 63 107 (132, 325) 1.00(1.19, 3.04) 1.51 (0.92, 2.46)

f-cogfl. (#3%CT) F-coefl (95%CD [Fcocfl (95%CD
Child BMI 568 0,31 (0.44, 117) 0.78 (042, 1.14) 0.71 (0.32, 1.10)
WC {cng) 356 L77 (.84, 2.70) 1.76 (084, 2.68) 1.35 (0.45, 2.25)
Sum of 4 Skinfolds (nmz) 551 5.52(2.85, 819 5.05(2.34,7.75) 438 (142, 7.35)
Non-fusting lipid levels Fcoeflf. (#5%CT) F-coeff (95%CT) Fcoefl (95%CD
TC({mg'dl) 475 273 (-128,7.749) 2.74(-2.47, 798) 1.84(-3.87,7.59)
HDIL-C{mez/dl) 475 043 (-1.64,2.30) 0.30{-1.78,2.35) 022(213,257)
Blood pressure levels f-cogfl. (35%CT) F-coefl. (95%CT) Fcogff (B5%CD
SBP percentiles 438 035 (0.11,081) 0.40 (-0.07, 0.88) 032 (-0.16, 021)
DEP percentiles 438 -0.02 (-0.46, 0.42) -0.07 (-0.51, 0.40) 0,05 (-0.50, 0.40)

BMI, Body Mass Index: WC, Waist Ciroumference; TC, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein
Cholesterol; SBP, Systolic Blood Pressure; DEP, Dizstolic Blood Pressure; pot, percentile;

Mipdel 1: adjusted for child sex.(except models wsing offspring systolic and diastolic blood pressure percentiles as an outcome)

Model 2: model 1 further adjusted for maternal age aducation level, parity and smoking during pregnancy

Model 3: model 2 additionslly adjusted for gectational weight gain birth weight breastfeeding duration, and TV watching at 4 years of age (hours/day). Modsls
nsing offspring WC and sum of skinfiolds as an outcome variable were also adjustad for child height, while those using offspring non-fasting lipid lavels as an
ontcome were slso adjusted for child BAMI. Bold indicated statistically sisnificant differences at p=0.05.
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5% Table. Assoctation of maternal fasting lipid profile in early pregnancy with offspring cardiometabolic traits at 4 vears of age, after excluding women
with gestational diabates (p=25), Fhea pregnancy cohort Crete, Greace.

Fasting TC levels in early preznancy

Fasting LDL-C levels in early pregnancy

(per increase in 40 mg/dL) (per increase in 15 mg/dL)
(n=313) (m=313)
Offspring cardiometsbaolic
traits at 4 years of age n Model 1 Model 2 Model 3 Model 1 Model 2 Model 2
Adiposity oufcomes
RR (95%CD RR (95%CT) RR (95%CD RR (95%CT) RR (95%CD) RR (95%CH

Orverweight ‘obese 50 1.18 (0.92, 1.53) 1.23 (0.95, 1.61) 137 (0.00, 1.80) 1050093, 1.19)  1.06 (093, 1.21) 1.08{0.92, 1.27)
WiC (cm) = ®ith pct 17 1.05 (0.71, 1.56) 1.04 (0.70, 1.5T) 124 (072, 211) 104 (0.86,127)  1.06 (0.86, 1.30) 111 {0.87, 1.41)

Preogfl (95% D feoefl (93%CT)  froogft (B3%CD  F-coff (93%CT)  F-coeff (#3%CT)  Fcoglf (FF%CDH
Child BMI 173 0.06 (-0.16,0.2¢)  0.08 (-0.16,032) 0.03 (-0.22,0.28) 0.01(-0.10,013) 002 (-01L 016  ppo -0.17,0.12)
WC (cm) 173 029 (037,005 030(-042,101) 0.42 (-0.26, 1.11) 0.10(-02504) 011(-027. 0500 514 (025, 0.53)
Sum of 4 Skinfolds (nmm) 16 2.52 (0.78, 4.28) 2.82 (098, 4.65) 319 (122, 515) 0.78 (-0.15,171)  085(-0.15,1.86) |4 (0.02,2.13)
Non-fasting fipid levels Fcoqll, (95%CT fcoef) (9556CT)  pcoefl (9376CT)  fcoefl. (95°6CT)  fcoqll (93%CT)  fcoell (93%CT)
TC{mg/dl) 60 345(0.10,68]1)  3.44(-0.12,7.00) 3.68 (-0.38, 7.75) 212E(060,3.06) 220(0.#H, 305 234022, 4.47)
HDL-Clmz/dl) 250 -UAT(LER084) 083(-232,0687) 45 (-2.93,0.62) <043 (-1.10,0.24) -0.68(-1.28.0.12) g4 (-1.56,0.14)
Biwod pressure levels B-cogfl (#5%CD  f-coefl (P5%CT) F-cogfl (93%CD  f-cogfll (95%CT)  f-coefl (5% CT)  f-coelf (35%CDH
SHP percentiles 259 -0.08(-042,035) -012{-047,023) 5.4 (0.52,0.24) -0.06{-0.22,0.10) -0.08{-0.25,009) g (-0.27, 0.0%)
DEP percentiles 259 012(-032,008) -016(-036,005) 514 (0.39, 0.05) -0.04 (-0.14,0.05) -0.07(-0.17,003) g7 (-0.18, 0.03)

EMI, Body Mass Index: WiC, Warst Cironmference; T'C, Total Cholesterol; LDL-C, Low Density Lipoprotein Cholesterol; HDL-C, High Density Lipoprotein
Cholesterol; SBE, Systolic Blood Pressure; DBEF, Disstolic Blood Pressure; pot, percentile;

Model 1: adjusted for child sex (exrept models using offspring systolic and diastolic blood pressure percentilss as an outcome)

Model 2: model 1 further adjusted for maternal age, aducation level, panty, smoking duning pregnancy and pre-pregaancy BMI

Model 3: model 2 addinonally adjusted for gestatonal weight zain birth weight, breastfeedine duraton snd TV watching at 4 years of age (hours/day). Models using
offspring WC and sum of skinfolds as an outcoms variable were also adjusted for child height while those using offspring nou-fasting lipid levels as an outcome were
also adjusted for child BMI. Bold indicated statstically significan: differences at p<<0.05
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56 Table. Aszociation of maternal blood pressure levels in early pregnancy with offspring cardiometabolic wraits at 4 years of age, after excluding
women with gestational dizbetes (p=48), Fhea presnancy cohort Crete, Gresce

SBP in early presmancy DEF in early preznancy
(per increase in 10 man Hg) (per increase in 10 mm Hg)
(m=488) (n=433)
Offspring
cardicmetabolic raits at 4
vears of age n Model 1 Model 2 Model 3 Model 1 Aodel 2 Model 3
Adiposity outcomes
RR (#5%CD RE (35%CD) RE (#5%CD RR (95%CT) RR (#5%CIT) RE (95%CH

Oreerweizht/obese 103 123(10d, 1L44) 122 (104, 1.44) 122 (1.02, 1.45) 1.25 (06, 1.4T) 123 (104, 146 123(103,147T)
WC (cm) = 90th pct 54 1.22(097,154) 1.18 (093, 1.51) 1.07 (084, 136) 1.22 (096, 1.56) 1.18 (092, 1.53) 1.14 (088, 1.48)

Feoglfl (5% CT)  feogl (93%CT)  Feogff (P3%CD  fcogll (FI%NCT) fcogll (95%CT)  Feoglf (F5%CT
Child BMI 462 018 (0.04, 0.36) 018 (0,00, 0.35) 013 (-0.05,032)  0.15(-0.03,033) 015(0.01, 03 012004 0.30)
WC (cm) 438 048 (0.05, 092) 0.48 (005, 092y  0.27(-0.13,0.68)  0.44(-0.02,091) 040 (005 086 032(-005071)
Sum of 4 Skinfolds (mm) 451 185 (0.40, 3.30) 1.74 (0,31, 3.18) 1.43 (-0.09, 2.95) 230 (L0, 35T) 216 (093, 2.39) 193071 3.14)
Non-fasting Hpid levels Breoglyl (35%CD)  fcocflfl (35%CT) Fcoefll (F3%CEH fcogll (F3%CT) fcogll (F3%CT) Soeefl (75%CD
TC(mg/dl) 395 -0.T0(-307, 16T 067(3.07,1.77) -119(3.76,1.17) -l62(450,115) -136(4320,14T) -178(4.77,119)
HDL-C{mg/dl) 305 051(-046,148) 054(043,151) 0.72(-034,1.79) -0.40(-1.60,052) 0.24(-1.37,0.88) -022(-1.40,005)
Blood pressure [evels Feoglfl (FF%CD fcogll (F53%CT) fcogll (F3%CH  feogll (95%CT) fcoglt (95%CD  S-cogfl (F3%CH
5BP percentiles 360 018000, 0.3T) 0.1 {0.00, 0.38) 023 (0202, 0.43) 0.20{-0.01,041)  017(0.04, 035 017 (-0.04, 0.39)
DBP percentles 360 007 (-0.04,0.19)  0.07(-0.04,01%  0.00(-0.02,021) 0.10(-0.03,023) 008 (005 0I1) 0.08(-0.05,0.21)

BMI Body Mazs Index; WC, Waist Cironmiference; TC, Totsl Cholestero]; LDL-C, Low Density Lipoprotein Cholasterol; HDI-C, High Density Lipoprotein
Cholesterol;; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Prassure; pot, percentile;

Model 1: adjusted for child sex (except models using offspring systolic and diastolic blood pressure percentiles as an outcome)

Model 2: model 1 further adjusted for maternal age, education level panty. smoking during preg y and pre-preg y BMI

Model 3: model 2 additonally adjusted for gestational weight gain birth weight breastfeeding duraton, and TV watching at 4 years of age (hours/day). Models
using offspring WC and sum of skinfolds as an outcome variable were also adjusted for child heizght. while those using offspring non-fasting lipid levels as an
outcome were also adjusted for chuld BMI. Bold indicated stanistically significant differences at p<0.05
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4.2 Paper 2. Effect of parental obesity and gestational diabetes on child
neuropsychological and behavioral development at 4 years of age: the Rhea

mother—child cohort, Crete, Greece
Main Findings:

1) Maternal obesity pre-pregnancy was associated with reduced child cognitive
development at preschool age, independently of paternal obesity status and shared

family characteristics.

2) Born large for gestational age may modify the association between maternal

overweight/obesity and child cognitive function at preschool age.

3) Glucose metabolism in early pregnancy was not associated with child

neurodevelopment.

This paper is reproduced according to the original published version.
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Abstract Studies have suggested an association between
maternal obesity pre-pregnancy and gestational diabetes
(GDM) with impaired offspring neurodevelopment, but it is
not clear if these associations are explained by shared famil-
iar characteristics. We aimed to assess the associations of
maternal and paternal obesity, maternal glucose intolerance
in early pregnancy and GDM. with offspring neurodevelop-
ment at 4 years of age. We included 772 mother—child pairs
from the “Rhea” Mother—Child cohort in Crete, Greece. Data
on maternal/paternal body mass index (BMI) and maternal
fasting serum samples for glucose and insulin measurements
were collected at 12 weeks of gestation. GDM screening was
performed at 24-28 weeks. Neurodevelopment at 4 years
was assessed using the McCarthy Scales of Children’s Abili-
ties. Behavioral difficulties were assessed by Strengths and
Difficulties Questionnaire and Attention Deficit Hyperac-
tivity Disorder Test. Multivariate linear regression analyses
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showed that maternal obesity was associated with a sig-
nificant score reduction in general cognitive ability (S-coeff
—4.03, 95% CI. —=7.08, —0.97). perceptual performance
(B-coeff —4.60, 95% CI: —7.74, —1.47), quantitative abil-
ity (B-coeff —4.43, 95% CI: —7.68, —1.18), and executive
functions (B-coeff —4.92, 95% CI: —8.06, —1.78) at 4 years
of age. after adjustment for several confounders and paternal
BMI. Maternal obesity was also associated with increased
behavioral difficulties (B-coeff 1.22, 95% CI: 0.09, 2.34)
and ADHD symptoms (B-coeff 4.28, 95% CI: 1.20, 7.36)
at preschool age. Paternal obesity maternal glucose intoler-
ance in early pregnancy and GDM was not associated with
child neurodevelopment. These findings suggest that mater-
nal obesity may impair optimal child neurodevelopment at
preschool age independently of family shared characteristics.

Keywords Obesity - Gestational diabetes -
Neuropsychological development - Behavior - Preschool
age - Longitudinal study

Abbreviations
ADHD Attention Deficit Hyperactivity Disorder

AGA  Appropriate for gestational age
BMI Body mass index

CI Confidence interval

GAMs  Generalized additive models
GDM  Gestational diabetes mellitus
IOM Institute of Medicine

1Q Intelligence quotient

LGA Large for gestational age
MSCA  McCarthy Scales of Children’s Abilities
SDQ Strengths and Difficulties Questionnaire

SD Standard deviation
SGA Small for gestational age
TSH Thyroid stimulating hormone
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Introduction

The prevalence of obesity in pregnant women is increasing
worldwide at an alarming rate [1]. In a recent study for the
prevalence of maternal overweight and obesity in Greece
16.6% of participating pregnant women in 6 Greek coun-
ties were classified as overweight and 25.6% as obese.
according to the WHO cut-offs [2]. Maternal obesity is a
critical public health problem because of its association
with multiple adverse health outcomes for the child includ-
ing neurodevelopmental disorders [3].

Recent data suggest that offspring of overweight/obese
women are at increased risk for cognitive deficits, exter-
nalizing problems, and internalizing psychopathology in
childhood and adolescence [3, 4]; however, it is not clear
if the effect of maternal obesity on offspring neurodevel-
opment is mainly due to an adverse intrauterine environ-
ment or if it is confounded by socioeconomic and family
risk factors. A way to control for family background is to
compare the associations of maternal and paternal BMI on
child neurodevelopment, since a stronger maternal associa-
tion would reflect direct intrauterine mechanisms [5]. How-
ever, only four studies have assessed so far the influence
of maternal versus paternal obesity on child neurodevel-
opment with conflicting results [6-9]. In addition, most of
these studies have examined only one neurodevelopmental
outcome, making it difficult to determine whether offspring
are at risk for cognitive dysfunction or abnormal behavior.
With the obesity epidemic in reproductive-age women, an
ever-increasing number of fetuses will be at risk for large
for gestational age neonates and metabolic derangements
[10]: however. no data exist on the potential mediating role
of macrosomia on the association of maternal obesity and
child neurodevelopment.

A common characteristic of overweight/obese women
is the development of gestational diabetes (GDM) which is
commonly diagnosed in mid-gestation [11]. Several epide-
miological studies suggest a possible association between
GDM and neurobehavioral abnormalities including cogni-
tive deficits, behavioral problems (particularly ADHD), or
internalizing psychopathology [12—14]. However, results
are inconclusive suggesting negative [14—18], null [19, 20]
or positive associations [21]. A recent systematic review
and meta-analysis found that infants of women with GDM
had a lower mental and psychomotor development; how-
ever, evidence is scarce for older children [22]. There are
no studies so far evaluating the effect of maternal glucose
intolerance in early pregnancy on offspring neurodevelop-
ment of non-diabetic women.

We aimed to add to this research more detailed data by
investigating the associations of maternal and paternal obe-
sity status, as well as maternal glucose intolerance in early
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pregnancy and GDM, with multiple offspring neurodevel-
opmental outcomes including cognitive and behavioral
development, at 4 years of age, in a prospective pregnancy
cohort in Crete, Greece.

Methods
Study design and participants

The present study is part of the “Rhea”™ study. a prospec-
tive pregnancy cohort, at the prefecture of Heraklion, Crete,
Greece [23]. A detailed description is provided elsewhere
[23]. In brief female residents (Greek and immigrants)
were enrolled at the time of the first comprehensive ultra-
sound examination [mean (SD): 12.4 (1.6) weeks] from
February 2007 to February 2008 [23]. Women were con-
tacted again at various times during pregnancy. at birth, at
8-10 weeks after delivery, and for child’s follow-up at 9th,
18th months, and at 4 years of age. Face-to face completed
questionnaires together with self-administered question-
naires and medical records were used to obtain information
on dietary, environmental, and psychosocial exposures dur-
ing pregnancy and early childhood. The inclusion criteria
were the following: residents in the study area: pregnant
women aged >16 years: no communication handicap. The
study has followed the guidelines of the Declaration of Hel-
sinki. In addition it was approved by the Ethical Committee
of the University Hospital of Heraklion (Crete, Greece),
and all participants provided written informed consent after
complete description of the study.

Of 1363 singleton live births in the Rhea study. neurode-
velopmental assessment at 4 years of age was performed
in 875 children from October 2011 to January 2013. We
excluded 26 children with diagnosed neurodevelopmen-
tal disorders (i.e. Pervasive Developmental Disorder). other
severe medical disorders (i.e. plagiocephalus, microcephalus,
hydrocephalus, brain tumor) and/or incomplete examina-
tion, as well as pregnant women with pre-gestational diabe-
tes (n = 6). Thus 843 mother—child pairs were available for
our analysis. From those, complete data for maternal/paternal
obesity was available for 783 mother—child pairs. We further
excluded 11 mothers with missing data for possible con-
founders. Thus, a cohort of 772 mother—child pairs (98% of
the children with maternal/paternal pre-pregnancy BMI data
and neurodevelopmental assessment at 4 years of age) par-
ticipated in the present analysis. Information on behavioral
difficulties and ADHD symptoms was available for 633 and
581 children, respectively, due to incomplete maternal report.
Data for GDM was available for 691 pregnant women. while
452 mothers provided fasting glucose and insulin serum
measurements in early pregnancy due to the time of their
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Fig. 1 Flow chart of the study
population

1363 singleton births included in
Rhea birth cohort

875 children had MSCA
assessment at 4 years of age

Exclusions:

Children with developmental disorders (n=26)
Maternal pre-gestational diabetes (n=6)

783 mother-child pairs with
parental BMI data

Missing data:
Maternal confounders (n=11)

Final sample (n=772)

Sample size for sub-analyses

GDM

691 women had data for

452 mothers with fasting
glucose and insulin
serum measurements in
early pregnancy

378 mother-child pairs
had data for maternal 1Q

ultrasound appointment, where enrolment to the study took
place. We present this information in a flow diagram (Fig. 1).

Measures
Parental overweight/obesity

We calculated maternal pre-pregnancy BMI (kg/ml) based
on maternal height measured at the first prenatal visit
[mean (SD): 12.4 (1.6) weeks] and pre-pregnancy weight
reported by the mother. Paternal BMI was based on pater-
nal weight and height reported by the mother. since the
study protocol did not include contact with the father of
the child. BMI was categorized according to the WHO
classification: underweight (BMI < 18.5). normal weight

(18.5 = BMI < 25), overweight (25 = BMI < 30), and
obese (BMI = 30). For our analysis. we have grouped
together maternal and paternal underweight and normal
weight due to the limited number of underweight partici-
pants (n = 28 mothers and n = 1 father. respectively).

Maternal glucose intolerance in early pregnancy and GDM

Maternal fasting serum samples were collected at the first
prenatal visit [mean (SD): 12.4 (1.6) weeks]. Maternal
glucose concentration was measured by standard enzy-
matic methods (Medicon, Greece) on an automatic ana-
lyser (AU5400 high-volume chemistry analyser; Olym-
pus America, Inc., Melville. New York, USA). Maternal
insulin concentration was measured by IMMULITE 2000
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immunoassay system (Siemens Healthcare Diagnostics,
Inc., Deerfield. Illinois, USA). The inter- and intra-assay
coefficients of variation were less than 5%.

Pregnant women were screened for GDM between 24
and 28 weeks of gestation and GDM was defined by the
two-step approach according to the criteria proposed by
Carpenter and Coustan [24].

Neuropsychological assessment at 4 years of age

Children’s cognitive and motor development at 4 years of
age [mean (SD): 4.3 (0.2) years] was assessed using the
McCarthy Scales of Children’s Abilities (MSCA) [25]. The
MSCA represents an age-appropriate instrument, devel-
oped for children of ages 2%2-8Y2 years, which gives stand-
ardized test scores for five domains: (1) the Verbal Scale
(verbal expression and verbal comprehension ability):
(2) the Perceptual-Performance Scale (reasoning ability
through materials manipulation): (3) the Quantitative Scale
(number aptitude and numbers interest); (4) the Memory
Scale (short-term memory through verbal and non-verbal
stimuli); (5) the Motor Scale (gross and fine motor abil-
ity) [25]. A general cognitive score, which estimates global
intellectual function. was calculated by combining the ver-
bal, perceptual performance and quantitative scores. Raw
scores of MSCA scales were standardized for child’s age
at test administration. Standardized residuals were then
typified having a mean of 100 points with a 15 SD to
homogenize the scales. Standardized scores were treated as
continuous variables with higher scores representing bet-
ter general cognition. language. or psychomotor develop-
ment. MSCA translation and cross-cultural adaptation were
conducted according to the internationally recommended
methodology. Internal consistency (Cronbach’s alpha) var-
ied between 0.76 and 0.89, showing adequate reliability
for all the scales. Confirmatory Factor Analysis supported
good fit of the model (xZ/df= 2. CFI = 0.83, GFI = 0.97,
RMSEA = 0.034) [26].

To further improve our understanding of the specific
functions associated with the exposures of interest, the
MSCA items were reorganized, for tasks highly associated
with specific neurocognitive functions, into the following
new outcomes: executive functions of frontal cortex and
functions of posterior cortex.

Behavioral difficulties at 4 years of age

Information on children’s behaviour at 4 years of age was
obtained via two standardized child behavior scales, which
delineate symptoms and may detect children at high risk of
mental health problems. Strengths and Difficulties Ques-
tionnaire (SDQ) [27] is a behavioral screening instrument
designed for children aged 3-16 years. It consists of five
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subscales generating scores for emotional symptoms, con-
duct problems, hyperactivity/inattention, peer relations
problems. and prosocial behavior. One-point increase in the
above scores corresponds to an increased rate of disorder. A
total SDQ score can be calculated by aggregating the scores
for the above subscales except prosocial behavior (range
0-40). The SDQ has been translated and adapted for the
Greek population [28]. The Cronbach’s alpha measuring
internal consistency of the total SDQ score was o = 0.667.

The Attention Deficit Hyperactivity Disorder Test
(ADHDT) [29] is designed to identify and evaluate ADHD
symptoms in ages 3-23 years. It is composed of 36 items in
three subscales; (1) Hyperactivity, (2) Inattention, and (3)
Impulsivity. All 36 items are summed to generate an index
for total ADHD difficulties (range 0-72). Higher scores
indicate more intensive ADHD symptoms. The ADHDT
has been translated and adapted for the Greek population
[30]. The Cronbach’s alpha measuring internal consistency
of the total ADHD index was « = 0.951.

Procedure

Women were invited to provide blood and urine sam-
ples and to participate in a face-to-face interview at the
first prenatal visit [mean (SD): 12.4 (1.6) weeks]. At the
same time maternal height and weight were measured by
trained nurses. Maternal intelligence quotient (IQ) was
measured using the Raven’s Standard Progressive Matrices
test at 4-year follow-up [31]. Offspring neurodevelopmen-
tal assessments at 4 years of age were conducted by two
trained psychologists via a strict protocol to avoid inter-
observer variability, which was <1%. The MSCA scales
were administered individually and the administration time
ranged from 40 to 60 min. The examiners, also, noted criti-
cal comments about the difficulties or special conditions of
the neurodevelopmental assessment so as to evaluate the
“quality of assessment” such as no difficulties, difficul-
ties due to physical problems (e.g. physical illness, tired-
ness, asleep. etc.), and difficulties due to behavior problems
(e.g. nervousness, shyness, etc.). Information on children’s
behavior was obtained via maternal report on the SDQ and
ADHDT questionnaires. All testing was done at the Uni-
versity Hospital of Heraklion, and Medical Health Centers
in the prefecture of Heraklion. Crete, Greece.

Potential covariates

As potential covariates were considered characteristics
that have an established or potential association with expo-
sures or outcomes of interest, including (A) Parental char-
acteristics: maternal and paternal age (years): education at
recruitment (low level: <6 years of school: medium level:
7-12 years of school: high level: university or technical
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college degree) and origin (Greek/non-Greek): maternal
smoking during pregnancy (yes/no); parity (primiparous/
multiparous); gestational weight gain based on US IOM
guidelines: maternal first-trimester serum TSH levels
(measured by IMMULITE 2000 immunoassay system
(Siemens Healthcare Diagnostics, 1L60015-0778, USA);
maternal 1Q (B) Child characteristics: sex (male/female);
birthweight (g): gestational age. preterm birth (<37 weeks
of gestation; yes/no): growth pattern at birth [Small for
Gestational Age (SGA); appropriate for gestational Age
(AGA): large for gestational age (LGA)] [23]: breastfeed-
ing duration (months): preschool attendance (yes/no); child
BMI (kg/m?) calculated using measured child weight and
height at 4-year follow-up.

Statistical analysis

The baseline characteristics of our study population were
examined with descriptive statistics. Differences in distribu-
tions of normally distributed variables were tested with 1 test:
non-normally distributed continuous variables were tested
with non-parametric Mann—Whitney U test for two inde-
pendent samples and Kruskal-Wallis test for more than two
independent samples, whereas categorical variables were
tested with Pearson’s Chi square test. The main outcome
variables were neurodevelopmental scores in MSCA scales
including executive functions of frontal cortex and func-
tions of posterior cortex, as well as total scores in SDQ and
ADHDT at 4 years of age. The primary exposures of interest
were maternal/paternal pre-pregnancy BMI, maternal fast-
ing glucose and insulin levels in early pregnancy and GDM.
Maternal and paternal pre-pregnancy BMI and GDM were
used as categorical variables. All other measures were used
as continuous variables. The possibility of nonlinear asso-
ciations was tested by generalized additive models (GAMs)
indicating linear relationships for all exposure variables
(p>0.10).

Linear regression was used to assess the association
between exposures and outcomes of interest. We created
three different multivariable-adjusted models, in which
we included covariates associated with the exposures and
the outcomes of interest with a p < 0.05. as well as a priori
selected potential confounders such as child sex and age,
examiner, and quality of assessment. The first minimally
adjusted model included the set of a priori confounders.
The second model was additionally adjusted for maternal
characteristics: age at enrolment, education, origin, parity,
and smoking during pregnancy. Models using paternal BMI
as an exposure variable were adjusted for paternal charac-
teristics: age at enrolment, education, and origin. The third
model included the second model additionally adjusted for
paternal BMI. Models using paternal BMI, glucose/insulin

levels and GDM as an exposure variable were adjusted for
maternal BML

To examine the potential confounding role of maternal
IQ in the observed associations we repeated the analysis
after adjusting for maternal 1Q, in the subsample for which
information was available (n = 378). We further examined
potential heterogeneity in associations related to maternal
educational level, TSH levels in early pregnancy, gesta-
tional weight gain, child’s sex. fetal macrosomia breast-
feeding duration, preschool attendance and child’s BMI
z- score at age of assessment by including the interaction
term in the fully adjusted models (statistically significant
effect modification if p value <0.10) and stratified analyses.
accordingly.

Estimated associations are described in terms of
B-coefficients and their 95% confidence intervals (CI). All
hypotheses testing were conducted assuming a 0.05 sig-
nificance level and a 2-sided alternative hypothesis. We
used Stata S.E. version 13 for the statistical analyses (Stata
Corp, Texas, USA).

Results
Socio-demographic characteristics

A total of 173 (22%) mothers and 397 (51%) fathers were
categorized as overweight, while 101 (13%) mothers and
172 (22%) fathers were categorized as obese. Obese moth-
ers had higher insulin levels in early pregnancy and were
more likely to be less educated, multiparous, to gain less
weight during pregnancy and to breastfeed their chil-
dren for shorter durations compared to underweight/nor-
mal weight mothers (Table 1). Offspring of obese women
were more likely to have a higher BMI at preschool age
(Table 1). GDM was diagnosed in 55 (8%) pregnant women
of our study population. Of them 14 (25%) were obese,
and 12 (22%) received insulin therapy. GDM women were
more likely to be older and to gain inadequate weight dur-
ing pregnancy, but there were no relevant differences in
other sociodemographic or child characteristics compared
to normoglycemic women (Table S1).

Parental overweight/obesity in association
with offspring neurodevelopmental outcomes at 4 years
of age

Multivariate linear regression analyses showed that maternal
obesity was associated with a significant score reduction in
general cognitive ability (B-coeff —4.03, 95% CI: —7.08.
—0.97), perceptual performance (B-coeff —4.60, 95% CI:
—7.74, —1.47). quantitative ability (S-coeff -4.43, 95% CI:
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Table 1 Parental and child characteristics by maternal pre pregnancy overweight/obesity. Rhea pregnancy cohort. Crete. Greece

Maternal obesity status

Normal weight (n = 498) Overweight (n = 173) Obese (n = 101) p value®
Maternal and paternal characteristics (n = 772)
Maternal age at delivery (years), mean (SD) 29.5 (4.8) 30.2(5.4) 30.2 (4.8) 0.15
Paternal age at delivery (years), mean (SD) 33.4(5.3) 34.8 (6.6) 34.2(5.3) 0.11
Maternal Raven score, median (range) 47 (13-58) 46.5 (12-57) 41 (15-57) 0.02
Maternal education, n (%) <0.01
Low 59 (11.8) 32(18.5) 35(34.7)
Medium 273 (54.8) 81 (46.8) 45 (44.6)
High 166 (33.3) 60 (34.7) 21(20.8)
Paternal education, n (%) <0.01
Low 136 (27.5) 68 (39.5) 58 (57.4)
Medium 225 (45.5) 66 (38.4) 27 (26.7)
High 133 (26.9) 38 (22.1) 16 (15.8)
Primiparous, n (%) 246 (49.4) 68 (39.3) 32 (31.7) <0.01
Smoking during pregnancy. n (%) 171 (34.4) 53 (30.6) 42 (41.6) 0.18
Maternal pre-pregnancy BMI (kg/mz). mean (SD) 21.9(1.9) 27.0(1.5) 344 (4.1) <0.01
Paternal BMI (kg/m?), mean (SD) 26.9 (3.8) 28.3 (4.1) 28.3(4.2) <0.01
Gestational weight gain (kg), mean (SD) 14.5(5.4) 13.8(5.4) 10.7 (6.8) <0.01
Gestational Diabetes. n (%) 35(7.9) 7(3.9) 14 (14.7) <0.01
Maternal TSH (pIU/mL), mean (SD) 1.3 (1.5) 1.4 (1.6) 1.4 (0.8) 0.15
Maternal fasting serum samples in early pregnancy (n = 452)
Maternal Glucose (mg/dl), mean (SD) 73.5(11.9) 75.3(12.8) 77.2(14.2) 0.07
Maternal Insulin (mU/mL). mean (SD) 8.9(14.2) 12.2(15.2) 10.8 (20.4) <0.01
Child characteristics (n = 772)
Sex, girl, n (%) 251 (50.4) 72 (41.6) 55 (54.5) 0.07
Growth pattern, n (%) 0.92
SGA 22 (4.6) 6 (3.6) 3(3.2)
AGA 373(77.2) 129 (77.3) 72 (75.8)
LGA 88 (18.2) 32(19.2) 20 (21.1)
Prematurity (<37 weeks of gestation), n (%) 52 (10.6) 20(1L.7) 19 (19.0) 0.06
Duration of breast feeding (months). mean (SD) 4.6 (4.5) 3.3(3.6) 3.6(47) <0.01
BMI (kg/m"") at 4 years of age. mean (SD) 16.2 (1.7) 16.7 (2.0) 17.1 (2.3) <0.01
Preschool attendance, n (%) 433 (87.1) 139 (80.4) 82 (81.2) 0.06

BMI body mass index, SGA small for gestational age (<10th percentile birthweight for gestational age), AGA appropriate for gestational age
(=10th percentile and <90th percentile birthweight for gestational age). LGA large for gestational age (>90th percentile birthweight for gesta-

tional age)

2 p values obtained by Kruskal-Wallis test for more than two independent samples, and x° test or Fisher exact test

—7.68, —1.18), and executive functions (S-coeff —4.92, 95%
CI: —8.06, —1.78) after adjustment for several confounders
and paternal BMI. Maternal obesity was also associated with
increased behavioral difficulties (S8-coeff 1.22, 95% CI: 0.09,
2.34) and ADHD symptoms (S-coeff 4.28. 95% CI: 1.20,
7.36) at preschool age. Maternal overweight was associated
with a significant score reduction in the scale of percep-
tual performance (B-coeff —2.90. 95% CI: —5.40, —0.40)
(Table 2). Paternal overweight/obesity was not associated
with child neurodevelopment at 4 years of age (Table S2).

@ Springer

Fasting glucose and insulin levels in early pregnancy
and GDM status in association with offspring
neurodevelopmental outcomes at 4 years of age

GDM was associated with a positive trend in all MSCA
scores except motor scale, at 4 years of age, though Cls
included the null value (Table 3). Adjustment for several
covariates, including maternal pre-pregnancy BMI did
not change the results (Table 3). We found no associa-
tion between GDM status and SDQ or ADHD total score
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Table 3 Association of
GDM status with offspring

Gestational diabetes (n = 55)

neurodevelopmental outcomes Model 1 Model 2 Model 3
at 4 years of age
B-coeff  95% CI B-coeff  95% CI B-coeff  95% C1
MSCA scales (n = 691)
Verbal scale 230 —1.77,6.37 2,15 —1.72.6.02 235 —152,622
Perceptual performance scale 1.64  —2.54,5.81 122 -2.79,5.23 1.67 —2.32,5.66
Quantitative scale 1.58 —2.62,5.79 1.71 —2.40, 5.82 200 -2.11.6.11
General Cognitive scale 254 —1.58,6.66 236 —1.52,6.24 272  —1.15,6.59
Memory scale 358 —0.51,7.68 350 —0.51,7.50 378 —0.23,7.79
Motor scale —1.30 —5.62,3.02 —1.82 —6.12,248 -1.50 —5.80.2.79
Executive functions 226 —1.95,647 206 —1.92,6.03 245 —1.51,6.42
Functions of posterior cortex 202 —2.04,6.07 1.86 —2.02,5.74 215 —1.73,6.03
SDQ (n = 583)
Total score 037 —1.05,1.78 0.63 —0.75.2.02 0.59 —0.78.1.98
ADHD (n = 523)
Total score 1L.75 —2.14,5.66 241 —1.45,6.28 232 -—1.52.6.16

Model I: adjusted for child sex, examiner. and quality of assessment. Models using Total SDQ and Total
ADHD as an outcome were adjusted for child sex and age

Model 2: model 1 further adjusted for maternal age. maternal origin, maternal education level. parity, and
maternal smoking during pregnancy

Model 3: model 2 additionally adjusted for maternal pre-pregnancy body mass index

Ref category: Pregnant women with normal glucose tolerance during pregnancy
MSCA McCarthy Scales of Children’s Abilities, SDQ Strengths and Difficulties, ADHD Attention Deficit

Hyperactivity Disorder

(Table 3). We also observed no associations between fast-
ing glucose and insulin serum levels in early pregnancy and
child neuropsychological and behavioral development at
4 years of age (Table S3).

Interaction effect and sensitivity analyses

Further analyses showed evidence for a significant interac-
tion between maternal pre-pregnancy overweight/obesity
and birth weight in response to offspring cognitive func-
tions (p for interaction <0.10). Preschool children of over-
weight and obese mothers born large for gestational age
exhibited significantly reduced neurodevelopmental scores
in most MSCA scales, compared to those born appropri-
ate for gestational age (Fig. 2). We saw no evidence for a
multiplicative interaction of maternal pre-pregnancy over-
weight/obesity with maternal educational level. TSH lev-
els in early pregnancy. gestational weight gain. child sex,
breastfeeding duration. preschool attendance, and child’s
BMI z- score at 4 years of age (p for interaction >0.10).

We repeated our analysis after excluding preterm births
and results remained unchanged (data not shown). To elu-
cidate whether GDM modified the associations between
maternal pre-pregnancy overweight/obesity and offspring
neurodevelopmental outcomes, we performed a sensitivity
analysis in which we excluded all women diagnosed with
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GDM (n = 55). Inverse effect estimates became stronger
but did not differ substantially from those derived from the
main analysis (data not shown). Adjustment for maternal
intelligence in the subsample (n = 378) for which maternal
1Q data were available did not change the direction of asso-
ciations, though confidence intervals were wider, probably
due to small sample size (Table S4).

Discussion

In this prospective pregnancy cohort we provide evidence
about the different domains of child neuropsychological
and behavioral development at preschool age affected by
components of maternal metabolism in early and late preg-
nancy. To our knowledge, this is the first study to examine
the associations of maternal/paternal obesity pre-pregnancy
as well as glucose intolerance in early pregnancy and GDM
with multiple neurodevelopmental outcomes in preschool-
ers. Our findings support an inverse association between
maternal pre-pregnancy obesity and offspring cognitive
scores at 4 years of age, which persisted after adjustment
for paternal BMI. maternal intelligence. and several other
family and child characteristics. We also, found that mater-
nal obesity was associated with increased behavioral prob-
lems and ADHD symptoms at preschool age. Additionally.
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Fig. 2 Association (b coefficient with 95% confidence interval)
of maternal overweight and obesity pre-pregnancy with offspring
cognitive neurodevelopmental scores at 4 years of age stratified by

we showed for the first time that birth weight may modify
the impact of maternal overweight/obesity on offspring
neurodevelopment at 4 years of age. We did not find evi-
dence of an association between paternal overweight/obe-
sity and maternal glucose intolerance in early pregnancy
with child neurodevelopment or behavioral difficulties,
while exposure to GDM had a potential positive impact on
child cognitive scores at preschool age.

Few epidemiological studies have examined so far
maternal and paternal obesity with child neurodevelop-
ment with inconclusive results [6-9]. Casas et al. found
inverse associations of maternal obesity (and not paternal)
with infant neurodevelopment (up to 2 years of age) in the
Rhea and the Spanish INMA birth studies [6]. In our study
we found that the aforementioned associations remained
at preschool age in the Rhea birth cohort. Brion et al. [8]
in an analysis of two pregnancy cohorts found no associa-
tion between maternal/paternal obesity and child verbal

fetal macrosomia. All models were adjusted for examiner, quality of
assessment, child sex, maternal age. maternal education. maternal ori-
gin, parity, maternal smoking during pregnancy and paternal BMI

skills or behavioral outcomes. We also found no impact
of maternal and paternal obesity on child verbal ability at
preschool age. However. we examined a greater board of
neurodevelopmental outcomes and we found an important
impact of maternal obesity on different cognitive abilities,
including perceptual performance, quantitative ability, and
general cognitive ability. We also found that maternal, but
not paternal obesity. was associated with increased behav-
ioral difficulties and ADHD symptoms at preschool age.
Further adjustment for maternal IQ did not change the
direction of the associations, suggesting a limited role of
maternal genetic confounding. Our results on the impact
of paternal BMI on child neurodevelopment are in con-
trast with the findings of Bliddal et al. [7] who support an
inverse association between maternal but also paternal BMI
with child IQ at 5 years of age. and the findings of Suren
et al. [9] who support a strong association of paternal obe-
sity with autism spectrum disorders at 4-13 years of age.
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The aforementioned discrepancies may be explained by
different study designs, and neurodevelopmental outcomes
examined by each study.

Maternal obesity pre-pregnancy has been linked to an
inflammatory in utero environment, resulting in dysregula-
tion of hormonal or immune system, placental transport of
excess nutrients or micronutrient deficiencies (Vitamin D,
folate, iron), and increased oxidative stress [13, 32] which
may impair fetal neurodevelopment [33]. Animal studies
have shown that maternal obesity in mice can affect oxida-
tive status and progenitor cell division in offspring brain,
resulting in decreased hippocampal neurogenesis [34], and
consequently impaired hippocampus-dependent cognitive
functions in offspring. Moreover. fetal brain inflammation
produced by maternal obesity has been associated with
reduced offspring brain apoptosis and increased suscepti-
bility to mental disorders later in life [35]. However, plausi-
ble biological mechanisms are not clear yet.

The effect of maternal overweight/obesity pre-preg-
nancy, in our study, was more pronounced in children born
large for gestational age. Previous studies have already
demonstrated the metabolic impact of over nutrition on
the growing fetus [36]. but little is known for its neuro-
logic impact. Plausible mechanisms could be developmen-
tal adaptations to mild maternal hyperglycemia, hormonal
changes. and increased pre-inflammatory cytokines [10].
However. further studies are needed to replicate the above
results.

Although we did not find an association between mater-
nal fasting glucose and insulin levels in early pregnancy
and offspring neurodevelopment at preschool age. exposure
to GDM had a positive effect in almost all the examined
cognitive scores at 4 years of age. A sibling study suggests
that the association between GDM and offspring cognition
may be explained by shared familial characteristics [19].
Adjustment for several sociodemographic characteristics
including maternal education in our analysis could not
explain our results, although we cannot rule out the pos-
sibility of residual confounding. The lack of significant dif-
ferences in offspring metabolic outcomes, including LGA
and prematurity between women exposed to GDM and
women with normal glucose metabolism, indicated a good
diabetic control in our study population, which may explain
our positive results. A recent review also supported that off-
spring cognitive performance could be within normal limits
in well-controlled GDM women [14].

The strengths of the present study include its prospec-
tive population-based study design, well-established neu-
rodevelopmental outcome measures by using standard-
ized neurodevelopmental scales (mean of 100 points with
a 15 SD), and control for several family and social char-
acteristics, including paternal BMI. We used the McCa-
rthy Scales of Children’s Abilities for assessing children’s

@ Springer

neurodevelopment because they represent a valid, standard-
ized psychometric test which provides both a general level
of child’s intellectual functioning as well as an assessment
of specific neurodevelopmental domains. However, com-
parison of our results with other studies using different psy-
chometric scales would be rather difficult. The inclusion of
maternal intelligence, although available for a subsample of
the total population, should be considered as an additional
strength of the present study, while the exclusion of preg-
nancies with pre-diabetes reduced the likelihood of poten-
tial confounding by this variable.

The study has some limitations. A significant limitation
of our study is the self-reported information on maternal
pre-pregnancy weight, which might have led to misclas-
sification of maternal BMI pre-pregnancy. However. we
have performed a validation study comparing self-reported
maternal pre-pregnancy weight with clinically measured
weight in the first prenatal visit, showing high correlation
(r = 0.93) between self-reported and objectively measured
BMI. We assessed children’s ADHD symptoms and behav-
ioral difficulties using parent-reported measures, which
could be different from assessments made by a health care
professional. However. both ADHDT and SDQ scales are
well-established and widely used screening tools with high
specificity and sensitivity. Finally, although we incorpo-
rated extensive information on potential social and environ-
mental factors that are associated with child neurodevelop-
ment, we acknowledge that residual confounding may still
oceur.

In conclusion, the present study provides evidence that
maternal. but not paternal. pre-pregnancy obesity may
impair multiple domains of child cognitive development
at preschool age supporting as a plausible mechanism
the adverse intrauterine environment of obese pregnant
women. This association is more pronounced in children
born macrosomic and it is independent of the effect of
GDM on child cognition. Whether these findings trans-
late into long-term increased risk of neurodevelopmental
disorders for the offspring of obese women is unknown.
However, there is extensive literature on the public health
impact of a 1-point loss of a neuropsychological scale [37]
which might not be relevant at the individual level, but at
the population level is possible to increase the number of
persons below the normal range. Unlike other causes of
neurodevelopmental disorders, maternal pre-pregnancy
obesity may be prevented with appropriate awareness and
guidance. Therefore. improving strategies to reduce obe-
sity among young women during family planning is highly
recommended.
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TABLE S1 Maternal and child characteristics by Gestational Diabetes

Normal glucose Gestational Diabetes p-
tolerance (n=55) value
(n=636)

Maternal characteristics
Maternal age at delivery (years), mean (SD) 29.6 (4.9) 31.5(4.4) 0.01
Maternal Raven score, median (range) 46 (12-58) 46 (25-57) 0.94
Maternal Education, n (%) 0.43
Low 104 (16.4) 8 (14.6)
Medium 325 (51.1) 33 (60.0)
High 207 (32.5) 14 (25.4)
Primiparous, n (%) 283 (44.5) 28 (50.9) 0.36
Smoking during pregnancy, n (%) 214 (33.6) 18 (32.7) 0.89
Maternal pre-pregnancy BMI (kg/m?), mean (SD) 24.7 (4.7) 25.9 (6.7) 0.62
Gestational weight gain (kg), mean (SD) 14 (5.7) 12 (6.2) 0.02
Maternal fasting serum samples in early pregnancy (n=408)
Maternal Glucose (mg/dl), mean (SD) 74.3 (11.8) 79 (16.3) 0.21
Maternal Insulin (mU/mL), mean (SD) 10.0 (14.7) 22.1(56.4) 0.05
Child characteristics
Sex, girl, n (%) 311 (48.9) 22 (40.0) 0.21
Growth pattern, n (%) 0.32
SGA 24 (3.9) 4 (7.6)
AGA 477 (77.2) 37 (69.8)
LGA 117 (18.9) 12 (22.6)
Prematurity (<37 weeks of gestation), n (%) 76 (12.1) 9 (16.4) 0.35
Duration of breast feeding (months), mean (SD) 4.2 (44) 4.0 (3.9) 0.82
BMI (kg/m?) at 4years of age, mean (SD) 16.5 (1.9) 16.4 (1.8) 0.89
Preschool attendance, n (%) 539 (84.9) 49 (89.1) 0.39

BMI, Body Mass Index; SGA, small for gestational age (<10th percentile birthweight for gestational age); AGA, appropriate
for gestational age (>10th percentile and < 90th percentile birthweight for gestational age); LGA, large for gestational age
(>90th percentile birthweight for gestational age);

2 P-values obtained by Mann-Whitney U test for two independent samples, and y? test or Fisher exact test.
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TABLE S2 Association of paternal overweight/obesity with offspring neurodevelopmental outcomes at 4 years of age

Paternal obesity status

Model 1 Model 2 Model 3
Overweight Obese Overweight Obese Overweight Obese
B 95%Cl B 95%Cl B 95%Cl B 95%Cl B 95%Cl B 95%Cl
MSCA scales (n=772)
Verbal scale 1.74 -0.74, 4.23 2.71 -0.30,5.71 1.79 -0.64, 4.23 2.54 -0.40, 5.47 1.92 -0.53, 4.36 2.75 -0.21,5.70
Perceptual performance scale 111 -1.40, 3.62 0.75 -2.29,3.78 0.97 -1.44,3.38 0.96 -1.95, 3.86 1.29 -1.12, 3.69 1.29 -1.12, 3.69
Quantitative scale 0.08 -2.48, 2.65 0.02 -3.08,3.13 0.19 -2.32,2.69 0.22 -2.79, 3.24 0.37 -2.14,2.88 0.54 -2.49, 3.57
General Cognitive scale 1.34 -1.16, 3.83 1.95 -1.08, 4.97 1.33 -1.07,3.73 1.96 -0.93,4.85 1.57 -0.83, 3.97 2.37 -0.53,5.28
Memory scale 1.06 -1.43,3.55 2.59 -0.43, 5.60 1.18 -1.28 2.63 -0.34,5.60 1.34 -1.13,3.81 291 -0.08, 5.89
Motor scale 1.09 -1.50, 3.68 0.25 -2.88, 3.39 0.85 -1.71,3.41 0.48 -2.60, 3.56 1.02 -1.54, 3.58 0.77 -2.33,3.88
Executive functions 1.09 -1.47, 3.65 1.08 -2.02,4.18 112 -1.34,3.59 111 -1.86, 4.08 1.40 -1.06, 3.86 1.58 -1.40, 4.56
Functions of posterior cortex 1.40 -1.05, 3.86 2.40 -0.57,5.38 1.30 -1.08, 3.69 2.37 -0.50, 5.25 1.48 -0.91, 3.87 2.67 -0.22,5.56
SDQ (n=633)
Total score -0.35 -1.21,0.52 -0.57 -1.63, 0.48 -0.42 -1.27,0.43 -0.55 -1.58,0.47 -0.51 -1.37,0.35 -0.72 -1.75,0.32
ADHD (n=581)
Total score -1.48 -3.77,0.82 -0.64 -3.38,2.11 -1.42 -3.69, 0.85 -0.53 -3.24,2.18 -1.74 -4.02,0.53 -1.11 -3.83,1.62

BMI, Body Mass Index; MSCA, McCarthy Scales of Children’s Abilities; SDQ, Strengths and Difficulties; ADHD, Attention Deficit Hyperactivity Disorder;

Model 1: adjusted for child sex, examiner and quality of assessment. Models using Total SDQ and Total ADHD as an outcome were adjusted for child sex and age.
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Model 2: model 1 further adjusted for paternal age, paternal origin and paternal education level
Model 3: model 2 additionally adjusted for maternal pre-pregnancy body mass index

Ref category: Fathers with normal weight (BMI1<25)
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TABLE S3 Association of fasting glucose and insulin serum levels in early pregnancy with offspring neurodevelopmental outcomes at 4 years of age

Fasting glucose levels (per 15 mg/dL increase)

Fasting insulin levels (per 20 mU/mL increase)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI p-coeff 95%Cl
MSCA scales
(n=452)
Verbal scale 0.43 -1.17, 2.02 0.23 -1.28,1.73 0.48 -1.03,1.99 -0.41 -1.82,1.01 -0.21 -1.54,1.12 -0.06 -1.40,1.28
Perceptual performance 0.71 -0.95, 2.37 0.72 -0.91, 2.34 1.15 -0.45, 2.75 -0.03 -1.51,1.45 0.35 -1.09, 1.78 0.70 -0.73, 2.12
scale
Quantitative scale 0.08 -1.59, 1.74 0.01 -1.63, 1.66 0.28 -1.38,1.93 -0.43 -1.90, 1.04 -0.22 -1.67,1.23 -0.01 -1.46, 1.45
General Cognitive scale 0.50 -1.12,2.11 0.37 -1.18,1.92 0.73 -0.80, 2.27 -0.35 -1.79, 1.08 -0.03 -1.40,1.34 0.23 -1.14,1.60
Memory scale 0.85 -0.76, 2.45 0.70 -0.88, 2.28 0.99 -0.59, 2.57 0.03 -1.40, 1.46 0.24 -1.17,1.64 0.43 -0.98, 1.83
Motor scale -0.35 -2.13,1.43 -0.31 -2.08, 1.46 0.01 -1.76,1.78 -0.26 -1.83,1.30 -0.04 -1.60, 1.52 0.22 -1.34,1.78
Executive functions 0.68 -0.98, 2.34 0.58 -1.02, 2.18 0.95 -0.63, 2.54 -0.39 -1.87,1.09 -0.12 -1.53,1.29 0.15 -1.25,1.56
Functions of posterior 0.32 -1.28,1.92 0.19 -1.35,1.73 0.51 -1.03, 2.04 -0.281. -1.69,1.14 0.04 -1.32,1.40 0.27 -1.09, 1.63
cortex
SDQ (n=366)
Total score 0.54 -1.14,0.06 -0.42 -1.01,0.18 -0.45 -1.04,0.14 0.52 -0.78, 1.83 -0.42 -0.91,0.08 -0.48 -0.97,0.01

ADHD (n=340)
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Total score -0.47 -2.06,1.11 -0.23 -1.82,1.35 -0.51 -2.08, 1.05 0.52 -0.78,1.82 0.35 -0.96, 1.65 0.01 -1.28,1.29

MSCA, McCarthy Scales of Children’s Abilities; SDQ, Strengths and Difficulties; ADHD, Attention Deficit Hyperactivity Disorder;
Model 1: adjusted for child sex, examiner and quality of assessment. Models using Total SDQ and Total ADHD as an outcome were adjusted for child sex and age.
Model 2: model 1 further adjusted for maternal age, maternal origin, maternal education level, parity and maternal smoking during pregnancy

Model 3: Model 2 additionally adjusted for maternal pre-pregnancy body mass index
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TABLE S4 Association of maternal pre-pregnancy overweight/obesity with offspring neurodevelopmental outcomes at 4 years of age in the subsample

(n=378) for which maternal 1Q data was available

Maternal obesity status

Crude Model Fully Adjusted Model
Without adjustment for maternal 1Q With adjustment for maternal 1Q
Overweight Obese Overweight Obese Overweight Obese
B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI B-coeff 95%ClI

MSCA scales (n=378)
Verbal scale -1.14 -4.72,2.45 -2.33 -6.64, 1.98 -1.57 -4.95,1.82 -1.45 -5.65, 2.75 -1.28 -4.64, 2.08 -1.02 -5.19, 3.14
Perceptual performance -4.80 -8.45, -1.15 -4.65 -9.04, -0.25 -5.16 -8.71, -1.62 -3.74 -8.14, 0.65 -4.62 -8.04, -1.20 -2.94 -7.18, 1.30
scale
Quantitative scale -2.88 -6.50, 0.74 -4.88 -9.24,-0.53 -2.90 -6.42,0.61 -3.60 -7.96, 0.76 -2.42 -5.84,1.00 -2.89 -7.13,1.36
General Cognitive scale -3.15 -6.75, 0.45 -4.23 -8.56, 0.10 -3.59 -6.98, -0.20 -3.14 -7.35, 1.06 -3.11 -6.40, 0.17 -2.44 -6.52, 1.64
Memory scale -1.76 -5.33,1.80 -3.49 -7.77,0.80 -2.49 -5.94,0.95 -3.55 -7.82,0.73 -2.11 -5.49,1.28 -2.98 -7.18,1.22
Motor scale -2.79 -6.63, 1.05 -1.40 -6.02, 3.22 -2.88 -6.72,0.96 -1.00 -5.77,3.76 -2.54 -6.34, 1.27 -0.50 -5.22,4.22
Executive functions -3.77 -7.47,-0.06 -4.39 -8.84, 0.07 -3.96 -7.47,-0.44 -2.93 -7.29,1.43 -3.52 -6.96, -0.08 -2.30 -6.56, 1.97
Functions of posterior -2.31 -5.83,1.20 -3.33 -7.56,0.90 -2.93 -6.29,0.42 -2.66 -6.82, 1.50 -2.50 -5.77,0.77 -2.01 -6.07, 2.04
cortex
SDQ (n=325)
Total score 0.06 -1.26,1.39 1.59 0.01,3.18 0.48 -0.81, 1.77 2.02 0.43, 3.61 0.34 -0.94,1.62 1.81 0.23,3.39
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ADHD (n=297)

Total score -2.52 -5.91,0.88 3.89 -0.35,8.13 -1.80 -5.20,1.59 4.71 0.34,9.08 -1.93 -5.32,1.45 4.49 0.13, 8.86

MSCA, McCarthy Scales of Children’s Abilities; SDQ, Strengths and Difficulties; ADHD, Attention Deficit Hyperactivity Disorder; 1Q, Intelligence Quotient
Crude Model: adjusted for child sex, examiner and quality of assessment. Models using Total SDQ and Total ADHD as an outcome were adjusted for child sex and age.

Fully Adjusted Model: crude model additionally adjusted for maternal age, maternal origin, maternal education level, parity, maternal smoking during pregnancy and paternal body mass index

Ref category: Mothers with normal weight (BMI1<25)
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4.3 Paper 3. High maternal vitamin D levels in early pregnancy may protect
against behavioral difficulties at preschool age: the Rhea mother-child cohort,

Crete, Greece
Main Findings:

1) High maternal 25(OH)D levels in early pregnancy were associated with decreased

behavioral difficulties and externalizing symptoms at preschool age.

2) High maternal 25(OH)D levels in early pregnancy were associated with decreased

number of hyperactivity and total ADHD-like symptoms at preschool age.

3) The observed associations were more pronounced in girls than in boys.

This paper is reproduced according to the original published version.
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Abstract Animal studies suggest that prenatal vitamin
D status may affect fetal brain growth. However, human
studies are scarce with conflicting results. We aimed to
investigate the association of maternal 25-hydroxyvitamin
D [25(0OH) D] levels with multiple neurodevelopmental
outcomes at 4 years of age. We included 487 mother—child
pairs from the prospective pregnancy cohort, “Rhea” in
Crete, Greece. Maternal serum 25(0OH) D concentrations
were measured at the first prenatal visit (13 + 2.4 weeks).
Cognitive functions at 4 years were assessed by means of
the McCarthy Scales of Children’s Abilities. Behavioral
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difficulties were assessed by means of Strengths and Dif-
ficulties Questionnaire and Attention Deficit Hyperactiv-
ity Disorder Test. Children of women in the high 25(0OH)
D tertile (>30.7 nmol1) had 37% decreased number of
hyperactivity—impulsivity symptoms (IRR 0.63, 95% CI
0.39, 0.99. preng = 0.05) and 40% decreased number of
total ADHD-like symptoms (IRR 0.60, 95% CI 0.37, 0.95,
Prena = 0.03) at 4 years of age, compared to children of
women in the low 25(0OH) D tertile (<38.4 nmoV/1), after
adjustment for several confounders. Similar associations
were found with the hyperactivity/inattention score of the
SDQ questionnaire. Children of mothers with high 25(OH)
D levels had also fewer total behavioral difficulties (beta-
coeff: —1.25, 95% CI -2.32, —0.19) and externalizing
symptoms (beta-coeff: —0.87, 95% CI —1.58, —0.15) at
preschool age. The observed associations were stronger in
girls than in boys (Pgr inwraction < 0-1). No association was
observed between maternal 25(OH) D concentrations and
cognitive function in preschoolers. Our results suggest that
high maternal vitamin D levels in early pregnancy may pro-
tect against behavioral difficulties, especially ADHD-like
symptoms at preschool age.

Keywords 25-hydroxyvitamin D - Pregnancy - ADHD -
Behavior problems - Cognition - Preschool children

Abbreviations

ADHD  Attention deficit hyperactivity disorder

BMI Body mass index

Cl Confidence interval

DSM-IV  Diagnostic and Statistical Manual of Mental
Disorders

GAMs Generalized additive models

1Q Intelligence guotient

IRR Incidence rate ratio
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MSCA  McCarthy Scales of Children’s Abilities
SDQ Strengths and Difficulties Questionnaire
SD Standard deviation

TSH Thyroid stimulating hormone
Introduction

Early pregnancy is a critical developmental time window
for offspring growth and neurodevelopment [1]. Vitamin
D has traditionally been viewed as a hormone essential
for skeletal growth and calcium metabolism [2]. but it has
also multiple extraskeletal actions. As vitamin D amounts
of the developing fetus are dependent on maternal stores,
maternal vitamin D deficiency is of great concern for its
consequences in the offspring. Recent data have shown a
high prevalence of pregnant populations with vitamin D
deficiency [3], even in countries with abundant sunshine
[4]. In Europe, the prevalence of maternal vitamin D defi-
ciency during pregnancy is similar or even higher in south-
ern European countries, compared to central or northern
countries, a phenomenon known as the vitamin D paradox
in the Mediterranean region [5].

Low vitamin D concentrations during pregnancy have
been related with fetal growth restriction [6], rickets [7],
hypocalcaemia [8], respiratory tract infections [9], and
allergic diseases [10]. Animal studies suggest that mater-
nal vitamin D deficiency may impair fetus brain develop-
ment [11]. Few epidemiological studies have examined so
far the association between vitamin D status during preg-
nancy with offspring cognition [12-19] or behavioral dif-
ficulties [13-16, 20-22] with inconclusive results. Studies
in the first half of pregnancy support an association of high
maternal 25-hydroxyvitamin D [25(OH) D] levels, with
improved mental and psychomotor development in infants
[12]. better receptive language development at 2 years of
age [17], less language difficulties at 5 and 10 years of age
[12], and a lower risk of developing ADHD-like symptoms
in preschoolers [21]. Birth cohorts examining the impact of
maternal 25(OH) D status in late pregnancy or cord blood
levels on offspring neurodevelopment found very little [15,
18], or no association with offspring IQ [14] and no associ-
ation with behavioral difficulties [ 14, 15] or ADHD diagno-
sis in nid childhood and adolescence [16, 22]. Differences
in the sample size. timing of blood collection, and variation
in outcome measures may partly explain the heterogene-
ity between studies. Additionally, most of them examined
small sample sizes and had weak statistical power to detect
a small to medium effect size.

We aimed to add to the above research more detailed
data and investigate the associations of maternal 25(OH)
D levels in early pregnancy with multiple neurodevelop-
mental outcomes, including neurocognitive function and
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behavioral difficulties at 4 years of age. in a prospective
pregnancy cohort in Crete, Greece. after controlling for a
wide range of confounders and effect modifiers.

Methods
Study design and population

The present study is part of the “Rhea” study, a prospec-
tive pregnancy cohort, at the prefecture of Heraklion,
Crete, Greece. Detailed characteristics of the study popula-
tion have been described elsewhere [23]. In brief, female
residents who had become pregnant during the 12-month
period starting in February 2007 participated in the study.
Maternal inclusion criteria were the following: residents
in the study area:; pregnant women aged >16 years; no
communication handicap. The study was approved by the
Ethical Committee of the University Hospital of Herak-
lion (Crete, Greece) and all participants provided written
informed consent after complefe description of the study.

In total, 879 singletons participated at the 4-year follow-
up, from October 2011 to January 2013, during which neu-
rodevelopmental assessment was performed in 875 children
(99.5%). We excluded 26 children with diagnosed neurode-
velopmental disorders (i.e., pervasive developmental dis-
order), other severe medical disorders (ie. plagiocephalus,
microcephaly, hydrocephalus, brain tumor) and/or incom-
plete examination. Thus, 849 mother—child pairs were
available for our analysis. From those, sufficient maternal
serum from early pregnancy for 25(0OH) D measurement
was available for 497 mothers. We further excluded ten
mother—child pairs with missing data for possible con-
founders. Thus, a cohort of 487 mother—child pairs (98% of
the children with maternal 25(OH) D data and neurodevel-
opmental assessment) was available for the present analy-
sis (Fig. 1). We observed no difference between the chil-
dren included in the analysis and those that were excluded,
except breastfeeding duration which was shorter in partici-
pants (Table S1).

Measures
Maternal 25(OH ) D concentrations in early pregnancy

Maternal non-fasting serum samples during early preg-
nancy (13 + 2.4 weeks) were collected in serum gel separa-
tor (BD 367958) tubes, centrifuged and stored at —80 °C
until assayed. We used chemiluminescent immunoassay
(CLIA) test (DiaSorin, Cat. No. 310600) to measure the
total amount of 25(0OH) D (both serum 25(OH) D, and
25(0OH) Ds) [24]. The analytical range for the 25(OH) D
assay was 10-375 nmol/L. Inter- and intra-assay precision
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879 singletons participated in the
4 years follow up in Rhea birth
cohort

1

Children attended
neurodevelopmental assessment
atdyears of age

n=875

Exclusions:

Children with developmental
disorders (n=25)

497 mother-child pairs with
matemail 25(0H)-Vitamin D

Missing data:
aternal confounders (n=10)

—— Final sample (n=487)

LIS mother-child pairs had oatafor
matemaliQ

Fig. 1 Flowchart of participants

were <10 and <5%, respectively. We found a weak, but
significant correlation between maternal vitamin D serum
concentration and dietary intake as measured from a Food
Frequency Questionnaire, which included 250 food items
and was completed at the end of the first trimester of preg-
nancy (Spearman’s p = 0.12: p = 0.006). FRQ did not take
into account vitamin D taken from supplements. We asked
about intake of vitamin D supplements in a separate ques-
tionnaire; however, none of the study participants were
using such supplements. Maternal vitamin D concentra-
tion was treated as categorical divided into tertiles: ter-
tile 1: <38.4 nmol/l; tertile 2: 38.4-50.7 nmoVl/1; tertile 3:
>50.7 nmol/l.

Behavioral difficulties at 4 years of age

Information on children’s behavior at 4 years of age was
obtained via maternal report on two standardized child
behavior scales. The parent version of the Strengths and
Difficulties Questionnaire (SDQ) [25] is a 25-item behav-
ioral screening instrument designed for children aged
3—16 years. It consists of five subscales generating scores
for emotional symptoms, conduct problems, hyperactivity/
inattention, peer relations problems, and prosocial behavior;

all but the last one are summed to generate a total difficul-
ties score, with a high score being less favorable (range
(0—40). Two additional scores were calculated: the internal-
izing problems score by adding up the emotional and peer
relationships subscales (range 0-20) and the externalizing
problems score by adding up the conduct and hyperactivity
subscales (range 0-20). The prosocial behavior scale pro-
vides information on protective factors of the child; a low
score is less favorable. The SDQ has been translated and
adapted for the Greek population [26]. Internal consistency
(Cronbach’s alpha) varied between 0.38 and 0.70.

The Attention Deficit Hyperactivity Disorder Test
(ADHDT) [27] is designed to identify and evaluate ADHD
symptoms in ages 3-23 years. It is composed of 36 items
in three subscales; (1) hyperactivity, (2) inattention, and
(3) impulsivity. All items were rated on a three-point scale
(0 = never or rarely, I = mild, or 2 = severe).The ADHDT
has been franslated and adapted for the Greek population
[28]. We used the ADHD Criteria of Diagnostic and Sta-
tistical Manual of Mental Disorders, fourth edition (DSM-
IV) to categorize ADHD-like symptoms. Three quanti-
tative traits were generated for use in our analyses: (1) a
count of the number of hyperactive—-impulsive symptoms,
(2) a count of the number of inattentive symptoms, and (3)
a count of the total number of ADHD-like symptoms. In
all three cases, a binary measure indicating the presence
(severe) or absence (never/rarely or mild) of each symptom
was measured and the totals were generated by summing
over all symptoms, making the maximum number of symp-
toms 9, 9, and 18, respectively.

Neurodevelopmental assessment at 4 years of age

Children’s cognitive and motor development was assessed
by means of the McCarthy Scales of Children's Abilities
(MSCA) at 4 years of age [29]. The MSCA is developed
for children of ages 2¥>-8V% years, and includes five con-
ventional subscales (verbal, perceptual performance, quan-
titative, memory, and motor). A general cognitive score
was calculated by combining the verbal, perceptual per-
formance, and quantitative scores [29]. Raw scores were
standardized for child’s age at test administration using a
method for the estimation of age-specific reference inter-
vals based on fractional polynomials. Standardized residu-
als were then typified having a mean of 100 points with a
15 SD to homogenize the scales. Higher scores represent
better general cognition, language, or psychomotor devel-
opment. The inter-rater reliability was very high for all
scales (infra-class correlation coefficient >0.973). MSCA
translation and cross-cultural adaptation were conducted
according to the internationally recommended meth-
odology. Internal consistency (Cronbach’s alpha) var-
ied between 0.76 and 0.89. Confirmatory factor analysis
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supported good fit of the model (y2/df = 2, CHl = 0.83,
GFI = 0.97, RMSEA = 0.034) [30].

Procedure

Women were invited to provide blood and urine samples
and to participate in a face-to-face interview at the first
prenatal visit (mean (SD): 12.4 (1.6) weeks). Maternal
intelligence quotient (IQ) was measured using the Raven’s
Standard Progressive Matrices test at the 4-year follow-up
[31]. Children’s cognitive and motor function at 4 years of
age was evaluated by two trained psychologists through the
McCarthy Scales of Children Abilities. The administra-
tion time ranged from 40 to 60 min. The examiners, also,
noted critical comments about the difficulties or special
conditions of the neurodevelopmental assessment, so as to
evaluate the “quality of assessment” such as: no difficulties,
difficulties due to physical problems (e.g., physical illness,
tiredness, asleep), difficulties due to behavior problems
(e.g., nervousness, shyness). Inter-observer variability was
tested in a subsample of 12 children and was <1%. Addi-
tional information on children’s behavior and ADHD-like
symptoms was obtained via maternal report on the SDQ
and ADHDT questionnaires. All testing was done at the
University Hospital of Heraklion, and Medical Health Cen-
tres in the prefecture of Heraklion, Crete, Greece.

Potential covariates

Potential covariates included characteristics that have an
established or potential association with the exposure and/
or outcomes of interest including: maternal age at deliv-
ery (years), maternal education (low: <6 years of school;
medium: <12 years of school: high: university or techni-
cal college degree), maternal origin (Greek: non-Greek),
smoking during pregnancy (yes; no), parity (multiparous;
primiparous), maternal pre-pregnancy BMI (kgr/mz),
maternal 1Q measured using the Raven’s Standard Pro-
gressive Matrices (Raven and Court 1996), first-trimester
serum TSH levels, child’s sex (male; female), birth weight
(kgr), prematurity (preterm; non-preterm), and any breast-
feeding duration (months, information on breastfeeding
duration was collected during the 9th and the 18th months
follow-up).

Statistical analysis

The primary outcomes of interest were SDQ scores,
ADHD-like symptoms, and MSCA scores, at 4 years of
age. SDQ and MSCA scores were ftreated as continuous
variables, whereas ADHD-like symptoms were treated as
quantitative traits. The primary exposure of interest was
maternal 25(OH) D in early pregnancy. The distribution
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of mean 25(0OH) D concentration was plotted by calen-
dar month and showed a seasonal variation (Fig S1). As
25(0OH) D concentrations followed a sinusoidal pattern, we
fitted a cosinor model to the data to predict “deseasonal-
ized” annual mean 25(OH) D concentration for each par-
ticipant adjusted for month at blood collection.

Descriptive statistics were used to summarize the base-
line characteristics of our study population. Bivariate
comparisons of normally distributed variables were tested
with ANOVA and non-normally distributed variables were
tested with non-parametric Kruskal-Wallis test, whereas
categorical variables were tested with Pearson’s Chi-square
test. Generalized additive models (GAMs) were applied
to explore the shape of the relationships between 25(0OH)
D concentration in maternal serum and outcomes under
study. These models did not indicate clear linear relation-
ships (p gain defined as the difference in normalized devi-
ance between the GAM model and the linear model for the
same predictor < 0.10); thus, maternal 25(OH) D concen-
tration was treated as categorical divided into fertiles. To
test the dose—response relationship of 25(0OH) D concen-
trations and outcomes of interest, p for trend was assessed
(p < 0.10).

We used multivariate linear regression models to assess
the association (beta-coefficient, 95% CI) of 25(0H) D lev-
els in early pregnancy on SDQ and standardized MCSA
scores at 4 years of age. We also examined the risk [inci-
dence rate ratio (IRR), 95%] of the number of ADHD-like
symptoms in association with 25(OH) D levels in early
pregnancy using multivariate negative binomial regression
models. Covariates were selected if they showed at least
marginally significant association (p < 0.1) with exposures
and outcomes of interest or if they modified the coefficient
of maternal 25(OH) D concentration by at least 10% when
included in the crude model. Information about child sex
and age, the examiner who conducted the developmen-
tal testing, and quality of neurodevelopmental assessment
were included as a priori confounders. Based on the previ-
ous criteria, we created two models: (1) the crude model,
minimally adjusted for child sex and age for SDQ scores
and ADHD-like symptoms as outcomes, and child sex,
examiner, and quality of assessment for MCSA scores; (2)
the adjusted model additionally adjusted for maternal age.
education, parity, smoking during pregnancy, and pre-preg-
nancy BMI.

Because relations of 25(0OH) D concentration with off-
spring neurodevelopmental outcomes could be confounded
by maternal IQ, we repeated the analysis after adjusting
for maternal 1Q in a subsample (n = 218) for which infor-
mation was available. To check for residual confounding,
we also adjusted our final models for physical activity,
maternal alcohol intake, and total energy intake during
pregnancy as well as children’s BMI at 4 years of age. We
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further examined potential heterogeneity in associations
related to maternal pre-pregnancy BMI, maternal TSH lev-
els in early pregnancy. child’s sex, birth weight z-score, and
breastfeeding duration, by including a multiplicative inter-
action term in the models (statistically significant effect
maodification if p value < 0.10) and by stratifying the sam-
ple accordingly.

All hypotheses testing were conducted assuming a 0.05
significance level and a two-sided alternative hypothesis.
Due to multiple hypotheses testing. Benjamini-Hochberg
correction was performed post hoc to control for false dis-
covery rate (FDR = 0.25). We used Stata S.E. version 13
for the statistical analyses (Stata Corp, Texas, USA).

Missing data

In the initial 842 SDQ and ADHDT questionnaires com-
pleted by parents at 4 years of age, there were missing val-
ues in 1-17 items of the ADHDT questionnaire for 114
subjects and in 1-9 items of the SDQ questionnaire for 57

subjects, respectively. Missing items were imputed to mini-
mize the impact of lack of data and the identification of the
number of ADHD-like symptoms based on imputed data.
We applied ordinal logistic chained equations to multiply
imputed missing values (mi impute procedure in STATA
13.0), and 20 imputed data sets were generated. We have
repeated the analysis using cases with complete data and
interpretation of results remained unchanged, even though
some associations lost statistical significance due to sample
size reduction (data not shown).

Results
Sample characteristics

The socio-demographic characteristics of our study
population are described in Table 1. Most mothers had
a medium education level (52.4%), 46% were primipa-
rous, and 35% were smokers during pregnancy. The mean

Table 1 Maternal and child characteristics by maternal 25(0H) D levels in early pregnancy (n = 487)

Maternal 25(0H) D levels

Overall Tertile 1 < 384 nmol/l  Tertile 2 38.4-50.7 nmol/1 Tertile 3 > 50.7 nmoV1 p value®
Maternal 25(0H) D (nmol/1), mean (SD) 463 (15.4) 30.4(6.3) 45.1(3.5) 63.4(10.4) <0.01
Season of maternal blood collection, n (%) 0.05
Winter 90 (18.5) 33(204) 29(17.8) 28(17.2)
Spring 142(29.2) 43(26.5) 62 (38.1) 37 (22.9)
Summer 149(30.6) 50(30.9) 46(28.3) 53(32.8)
Autumn 106 (21.7)  36(222) 26(15.8) 44(27.1)
Maternal characteristics
Apge at delivery (yr), mean (SD) 297 (50) 30.1(5.1) 294(5.2) 29.6 (4.8) 0.66
Education, n (%) 0.93
Low T7(158) 23(142) 28(17.2) 26(16.1)
Medium 255(524) 8B(543) 85(32.1) 82 (50.6)
High 155(31.8) 51(3L5) 50 (307) 54(333)
Primiparous, n (%) 224(460) 70(43.2) 85(52.2) 69 (42.6) 0.15
Smoking during pregnancy. n (%) 171(35.1) 60(37.1) 62 (38.1) 49 (30.3) 0.27
Pre-pregnancy BMI (kg/m’), mean (SD) 25(50) 26 (5.8) 25(4.9) 24{40) 0.01
Gestational weight gain (kg), mean (SD) 137 (5.6) 13.5(6.5) 13.8(54) 13.9(4.8) 0.81
TSH levels(plU/mL). mean (SD) L3 (L1) L4(L1) 1.3(1.0) 1.2(1.2) 027
Child characteristics
Sex, girl, n (%) 230(47.3) 79(48.8) 73(44.8) 78 (48.2) 074
Birth weight (kg), mean (SD) 32(0.5) 32(04) 32(0.5) 3.2(04) 0.48
Gestational age (weeks), mean (SD) 383(16) 382(L7) 382(L7) 384(13) 0.52
Breastfeeding duration (months), mean 384D 32(34) 40(47) 43(40) 0.03
(SD)
BMI (Kg/m?) at 4 years, mean (SD) 165(1.9) 16.7(2.0) 164 (2.0) 164(1.7) 0.16

BM1I body mass index. TSH thyroid stimulating hormone

* Obtained by Kruskal-Wallis test for more than two independent variables, and 42 test or Fisher exact test for categorical variables. Bolds indi-

cate statistically significant differences at p <0.05
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(SD) concentration of maternal circulating 25(OH) D was
46.3 (15.4) nmol/l. The second tertile higher threshold
(50.7 nmol/T) corresponded well with the recently used
definition of vitamin D deficiency as a 25(0OH) D concen-
tration <50 nmol/l [31], indicating that two-thirds of preg-
nant women suffered from vitamin D deficiency. Women
in the low 25(OH) D tertile (<38.4 nmol/1) had a higher
mean BMI pre-pregnancy and were more likely to breast-
feed their children for a shorter interval. We included 257
(52.7%) boys and 230 (47.3%) girls in the present analysis;
the mean (SD) age was 4.2 (0.2) years and the mean (SD)
birth weight was 3.2(0.5) kg.

Behavioral difficulties

Compared with children of mothers in the low 25(OH) D
tertile (<38.4 nmol/l) in early pregnancy children of moth-
ers in the high 25(0OH) D tertile (>50.7 nmoV/l) had 37%
fewer hyperactivity—impulsivity symptoms (IRR 0.63, 95%
CI 0.39, 0.99, pypa = 0.05) and 40% fewer total ADHD-
like symptoms (IRR 0.60, 95% CI 0.37, 0.95, pens = 0.03)
at preschool age, after adjustment for several confounders
(Fig. 2).

Similar associations were observed between 25(OH)
D tertiles in early pregnancy and hyperactivity/inatten-
tion subscale score of SDQ questionnaire at preschool age
(Table 2). Additionally, children of mothers in the high
25(0OH) D tertile in early pregnancy had a significant score
reduction in total behavioral difficulties (beta-coeft: —1.25,
95% CI —2.32, —0.19) and more specifically in the scale of
externalizing symptoms (beta-coeff: —0.87, 95% CI —1.58,
—0.15) at 4 years of age (Table 2). Effect estimates of the
crude models for the associations between maternal vita-
min D concentrations and behavioral outcomes under study
did not differ substantially from the final models adjusted
for maternal and child characteristics (Table 2, Table S2).

Neuropsychological outcomes

We did not find a significant association between maternal
25(0OH) D tertiles in early pregnancy and offspring cogni-
tive and motor function at preschool age in crude models,
although we observed a trend of higher scores in almost
all MSCA subscales among children of women in the high
25(0H) D fertile (>50.7 nmolV1) (Table S2). Effect esti-
mates remained to a large extent the same after adjustment
for maternal and child characteristics (Table S3).

Effect modification—sensitivity analyses
Further analyses showed that the observed associa-

tions were more pronounced in girls than in boys (p for
interaction <0.10, Table S4). We saw no evidence for a
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multiplicative interaction of maternal vitamin D fertiles
in early pregnancy with maternal pre-pregnancy BMI,
TSH levels, child’s birth weight z score and breastfeeding
duration.

Further adjustment for maternal intelligence in the sub-
sample (n = 218) for which maternal 1Q data were available
did not change the direction of associations, though confi-
dence intervals were wider, probably due to small sample
size (Table S5). The observed associations remained sub-
stantially the same, after adjustment for physical activity,
alcohol intake during pregnancy, total energy intake during
pregnancy, and children’s BMI at 4 years of age, although
some of our main findings lost statistical significance, prob-
ably due to sample size reduction (Table S6). Because the
effect of season is close to significant (Table 1) for our
analysis, we repeated the analysis by including season in
regression models and the associations remained the same
(Table S7). To elucidate whether gestational diabetes, ges-
tational hypertension, or prematurity modified the observed
results, we performed a sensitivity analysis in which we
excluded (a) women diagnosed with gestational diabetes
(n = 41), (b) women diagnosed with gestational hyperten-
sion (n = 21), and (c) children born preterm (<37 gesta-
tional weeks, n = 58). We found no substantial differences
in observed estimates (data not shown).

Discussion

In this prospective pregnancy cohort, we examined differ-
ent domains of child neuropsychological and behavioral
development at preschool age affected by vitamin D lev-
els in early pregnancy. To our knowledge, this is the first
study to examine the impact of maternal vitamin D status
in early pregnancy on both cognitive function and behav-
ioral difficulties in preschoolers. We showed that exposure
to high 25(0OH) D levels (>50.7 nmol/l) was associated
with reduced number of hyperactivity—impulsivity and total
ADHD-like symptoms, as well as total behavioral difficul-
ties at preschool age. Our findings suggest that a vitamin D
cutoff value of 50 nmol/l may be essential not only for bone
health [32], but also for prevention of behavioral difficulties
in the offspring. The observed associations persisted after
adjustment for several maternal confounders and pre-preg-
nancy BMI. We also showed for the first time that child sex
may modify the impact of vitamin D status in early preg-
nancy on offspring behavior at 4 years of age. We did not
find a strong association between maternal vitamin D levels
in early pregnancy and child cognitive and motor function
at 4 years of age.

Although maternal vitamin D status has an important
role in early brain development, data on the association
between child neurodevelopment and vitamin D status in



Eur Child Adolesc Psychiatry

Flg. 2 Association [incidence
rate ratio (IRR) with 95%

(AJAl children
3

confidence interval] of maternal
25(0OH) D concentrations with
ADHD-like symptoms in a

all children, b males, and ¢
females at 4 years of age. All
models were adjusted for child
age at assessment, maternal
age. maternal education, parity,
smoking during pregnancy,

and maternal body mass index
pre-pregnancy. The models
including all children were addi-
tionally adjusted for child sex

]

*
-
&l
]

Maternal 250H)-Vitamin D levels*
IRR with 95% Confidence interval

Tertile 1 Terile 2
(Ref)

(B) Males
3

b ¢ 094

Matermal 25(OHFYitamin D levels*
IRR with 95% Confidence interval
“

Tertile 1 Terile 2
(Ref))

{(C)Females
3

"

*1 0.95

Maternal 250H)-Vitamin D levely*
IRR with 95% Coafidence interval

Tertile 1 Terlle2
(Ref)

Hy peractivity-mpulsivity

early pregnancy are limited. Previous studies support that
high maternal 25(OH) D levels in the first half of pregnancy
were associated with improved mental and psychomo-
tor development in infants [12], better receptive language
development at 2 years of age [17], and less language dif-
ficulties at 5 and 10 years of age [13]. We examined a wide
broad of cognitive abilities at 4 years of age and also found
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a trend of higher scores among children of women in the
high 25(OH) D tertile. However, our results did not reach
statistical significance probably due to the small sample
size. We also found an inverse relationship between mater-
nal vitamin D status in early pregnancy and behavioral dif-
ficulties, including ADHD-like symptoms at 4 years of age.
Our results are consistent with the findings of Morales et al.
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Table 2 Association of

maternal 25(0H) D* levels in 0 MR 2N0H) Dl

early pregnancy and offspring Tertile Tertile 2 38.4-50.7 nmol/1 Tertile 3 > 50.7 nmol/l

behavioral difficulties at 4 years 1 < 38.4 nmol/]

of age (n=445)

Ref. fcoeff  95%CI fcoeff  95%C .
Crude model
Emotional symptoms 0 004 —-042,033 -0.20 —0.58, 0.17 0.289
Conduct problems 0 0.15 -0.21,0350 -0.14 —0.49,0.21 0.426
Hyperactivity/inatiention 0 —-024 -073,024 —0.73 —1.21,-0.24 0003
Peer relationship problems 0 0.25 -006,0.57 -0.26 —0.58. 0.05 0093
Prosocial behavior 0 004 -037.045 -0.05 —0.46,035 0793
Internalizing symptoms 0 0.21 -035.0.77 -046 —1.02, 009 0096
Externalizing symptoms 0 -009 -082.064 087 —1.59,-0.14 0018
Total difficulties score 0 0.12 -098, 1.21 -133 —242,-024 0016
Adjusted model

Emotional symptoms 0 007 -0.44,0.29 —0.15 —0.52.0.22 0421
Conduct problems 0 0.11 -0.25,046 —0.15 —0.50,0.21 0410
Hyperactivity/inattention 0 -0.35 -0.82,0.13 —0.72 —1.19,-0.25 0003
Peer relationship problems 0 0.23 -0.07,054 023 —0.54,007 0.129
Prosocial behavior 0 007 -0.34,048 004 —0.44,037 0.859
Internalizing symptoms 0 0.16 -038.070 038 —093,0.16 0.157
Externalizing symptoms 0 -024  -095047 —087 —1.58,-0.15 0.017
Total difficulties score 0 —-008 —1.14,0.98 —-1.25 —-232,-0.19 0.019

Beta-coefficients (p-coeff) and 95% confidence intervals retained from linear regression models

Crude model: minimally adjusted for child sex and child age of assessment

Adjusted model: crude model further adjusted for maternal age, maternal education, parity, smoking during
pregnancy, and maternal body mass index pre-pregnancy

SDQ Strengths and Difficulties Questionnaire

*Deseasonalized maternal 25(0OH) D concentrations based on month at blood collection for each subject

derived from the sinusoidal model. Bolds indicate statistically significant differences at p < 0.05, after Ben-
jamini-Hochberg procedure for multiple testing correction

[21], who found a significant association between high
25(0OH) D levels in early pregnancy and reduced number
of ADHD-like symptoms in preschool children. However,
we investigated more aspects of child behavior in our study
and additionally found that high vitamin D levels in early
pregnancy were associated with a reduced number of total
behavioral problems, including externalizing symptoms at
4 years of age. Further adjustment for maternal IQ did not
change the direction of the associations, suggesting a lim-
ited role of maternal genetic confounding.

It is well known that early pregnancy is a time window
of particular vulnerability, as cortical structures critical
to cognitive function and behavioral regulation are first
formed. Maternal vitamin D performs a number of biologi-
cal functions that are fundamental to early brain develop-
ment [11], including proliferation and differentiation of
brain cells [33]. regulation of axonal growth [34], calcium
signaling within the brain, and neurotrophic and neuropro-
tective actions [34]. In animal models, prenatal vitamin D
deficiency has been associated with morphological changes
[33] that may persist despite a postnatal return to normal
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vitamin D levels. resulting in abnormal behaviors in adult-
hood [35]. However, studies in humans are limited and
plausible biological mechanisms are not clear yet.

In our study. we showed for the first time that child sex
may modify the impact of maternal vitamin D status on
offspring neurodevelopment. Higher levels of 25(OH) D in
early pregnancy had a stronger protective effect on behav-
ioral difficulties in females compared to males, especially
on hyperactivity/inattention, externalizing symptoms and
total ADHD-like symptoms. Limited data in adults have
shown that immunomodulatory effects of vitamin D are
significantly stronger in females than in males in multiple
sclerosis patients supporting estrogen-promoted differences
on vitamin D metabolism and action [36]. Whether there
is also a functional synergy between estradiol and vita-
min D action on prenatal brain development remains to be
investigated.

With the vitamin D deficiency epidemic among preg-
nant women, the present results have important pub-
lic health implications, which may be more profound in
countries with higher prevalence of vitamin D deficiency.
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Despite a hypothetical excess of sunshine hours in the
Mediterranean region, maternal hypovitaminosis D
remains common in pregnant populations of these coun-
tries [5]. In our study, we found that almost two-thirds
of pregnant women (n = 313) had vitamin D deficiency
[25(OH) D levels < 50 nmol/l] in early pregnancy
[31]. Possible reasons for this paradox could be mater-
nal darker skin pigmentation, poor dietary vitamin D
intake, veiled clothing reducing sunshine exposure, and
increased prevalence of obesity [5]. In addition, preven-
tive strategies for maternal vitamin D deficiency in the
Mediterranean region are lacking so far, as hypovita-
minosis D is largely unrecognized and underrated in sev-
eral South European countries [5].

The strengths of our study include its prospective pop-
ulation-based study design, well-established neurodevelop-
mental outcome measures, and control for several maternal
and child characteristics. The inclusion of maternal intelli-
gence, although available for a subsample of the total popu-
lation, should be considered as an additional strength. We
estimated maternal vitamin D status in early pregnancy by
measuring circulating 25(OH) D concentration, a reliable
indicator of vitamin D synthesis and intake. We minimized
the potential effect of season in our results by using the
deseasonalized variable of 25(OH) D in our analysis. Neu-
rodevelopment assessment at preschool age was performed
with the use of MCSA [29], a valid, standardized psycho-
metric test which provides both a general level of child’s
intellectual functioning and an assessment of separate
neurodevelopmental domains. In the present analysis, we
used standardized neurodevelopmental scales (mean of 100
points with a 15 SD). There is extensive literature on the
public health impact of a 1-point loss of a neuropsychologi-
cal scale, but most are based on the effects of lead exposure
on IQ [37]. Although a seemingly small change of a 1-point
decrease in IQ score might not be relevant at the individual
level, at the population level it is possible to shift the distri-
bution of IQ to the left and increase the number of persons
below the normal range [3§].

A limitation of our study is the assessment of children’s
ADHD symptoms and behavioral difficulties by parent-
reported measures, which could be different from assess-
ments made by a health-care professional. However, both
ADHDT and SDQ questionnaire are well established and
widely used screening tools with high specificity and sensi-
tivity. Although we incorporated extensive information on
potential social and environmental factors that are associ-
ated with child neurodevelopment, we acknowledge that
residual confounding because of other unmeasured con-
founders such as social class and child’s vitamin D status
may still occur.

In conclusion, our findings support a possible inverse
relationship between vitamin D levels in early pregnancy

and behavioral problems, especially hyperactivity/inat-
tention, externalizing symptoms, and total ADHD-like
symptoms in early childhood. These associations are more
pronounced in females and may have important implica-
tions from a public health perspective. Whether these find-
ings ftranslate into long-term increased risk of abnormal
behavior for the offspring of vitamin D-deficient women
is unknown. However, unlike other causes of neurodevel-
opmental disorders, maternal vitamin D deficiency may be
prevented. We speculate that appropriate supplementation
during pregnancy may reduce the incidence of behavioral
difficulties and ADHD-like symptoms later in life. Further
investigation is needed to assess the long-term effects of
vitamin D supplements in pregnancy on neuropsychologi-
cal and behavioral development in offspring.
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Figure S1 The distribution of mean 25(0OH) D concentration plotted by calendar month in our study
population
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Table S1 Maternal and child characteristics of participants and non-participants

N %or (SD) N %or (SD) p-

Mean Mean value?

Maternal characteristics
Age at delivery (yr), mean (SD) 354 29.8 (4.9 487  29.7 (5.0) 0.45
Education, n (%) 0.75

Low 53 1538 77 15.8

Medium 168 50.0 255 52.4

High 115 34.2 155 31.8
Primiparous, n (%) 165 54.2 224 46.0 0.93
Smoking during pregnancy, n (%) 140 46.9 171 35.1 0.08
Pre-pregnancy BMI (kg/m?), mean (SD) 316 243 4.7 487  25.0 (5.0) 0.06
Gestational weight gain (kg), mean (SD) 279 140 (5.9 397 137 (5.6) 0.66
Child characteristics
Sex, girl, n (%) 191 527 230 473 0.11
Birth weight (kg), mean (SD) 331 3.2 (0.4) 487 3.2 (0.5 0.25
Gestational age (weeks), mean (SD) 337 382 (1.4) 487 383 (1.6) 0.29
Breastfeeding duration (months), mean (SD) 326 4.6 (4.6) 470 38 (41) o0.01
BMI (Kg/m?) at 4 years, mean (SD) 361 164 (1.9 485 165 (1.9 0.65

BMI body mass index
2 Obtained by Kruskal-Wallis test for more than two independent variables, and x2 test for categorical variables.

Bolds indicate statistically significant differences at p <0.05
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Table S2 Crude association of maternal 25(OH) D? levels with offspring ADHD-like symptoms at 4 years of

age (n = 445)
Maternal 25(OH) D levels
Tertile 1 Tertile 2 Tertile 3
ADHD-like symptoms <38.4 nmol/l 38.4-50.7 nmol/l >50.7 nmol/I
Ref® IRR 95%Cl IRR 95%Cl P for trend

Hyperactivity-impulsivity 1 0.95 0.61,1.51 0.57 0.35,0.93 0.031
Inattention 1 1.04 0.51,2.15 0.46 0.21,1.02 0.073
Total ADHD symptoms 1 0.96 0.61, 1.54 0.54 0.33,0.88 0.019

ADHD Attention Deficit Hyperactivity Disorder;

aDeseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived

from the sinusoidal model.p -Coefficients and 95% confidence intervals are retained from linear regression

models

All models were minimally adjusted for child sex and child age of assessment

Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple

testing correction
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Table S3 Association of maternal 25(OH) D? levels with offspring cognitive and motor function at 4 years of

age (n =487)
Maternal 25(OH) D levels

Tertile 1 Tertile 2 Tertile 3
MSCA scales <38.4 nmol/l 38.4-50.7 nmol/I >50.7 nmol/l
Crude Model Ref® p-coeff 95%ClI [S-coeff 95%Cl P for trend
Verbal scale 0 1.17 -2.00, 4.33 1.82 -1.36, 5.00 0.260
Perceptual scale 0 0.28 -2.95, 351 2.32 -0.92,5.56 0.160
Quantitative scale 0 3.36 0.02, 6.69 1.76 -1.58,5.11 0.300
General Cognitive scale 0 1.32 -1.93, 4,57 2.23 -1.04,5.49 0.180
Memory scale 0 -0.08 -3.34,3.18 0.69 -2.59, 3.96 0.680
Motor scale 0 2.14 -1.20, 5.49 3.85 0.49,7.21 0.025
Adjusted Model Ref° p-coeff 95%Cl p-coeff 95%ClI P for trend
Verbal scale 0 1.13 -1.89, 4.16 1.77 -1.28, 4.82 0.255
Perceptual scale 0 0.21 -2.84,3.26 1.50 -1.57, 457 0.338
Quantitative scale 0 3.59 0.36, 6.81 1.58 -1.66, 4.84 0.343
General Cognitive scale 0 1.32 -1.71,4.36 1.80 -1.26, 4.86 0.248
Memory scale 0 -0.09 -3.25, 3.06 0.29 -2.88, 3.47 0.855
Motor scale 0 2.10 -1.24,5.44 3.29 -0.07, 6.66 0.055

MSCA McCarthy Scales of Children’s Abilities;

aDeseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived
from the sinusoidal model. B-Coefficients and 95% CI are retained from linear regression models

Crude model: minimally adjusted for child sex, examiner and quality of assessment

Adjusted model: crude model further adjusted for maternal age, maternal education, parity, smoking during
pregnancy, and maternal body mass index pre-pregnancy.

Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple

testing correction
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Table S4 Association of maternal 25(OH) D2 levels in early pregnancy and offspring behavioral difficulties at 4 years of age, stratified by child sex

Maternal 25(0OH) D levels

Boys Girls
Tertile 2P Tertile 3° Tertile 2° Tertile 3°

SDQ 38.4-50.7 nmol/Il >50.7 nmol/Il 38.4-50.7 nmol/l >50.7 nmol/Il
P for
[S-coeff 95%ClI [-coeff 95%Cl [S-coeff 95%ClI [-coeff 95%ClI _ _

interaction

Emotional symptoms -0.11 -0.62, 0.39 0.01 -0.49, 0.51 -0.06 -0.63, 0.51 -0.29 -0.86, 0.28 0.58
Conduct problems 0.37 -0.14,0.88 0.28 -0.22,0.79 -0.22 -0.72,0.27 -0.58 -1.08, -0.08 0.05
Hyperactivity/ inattention 0.01 -0.68, 0.68 -0.09 -0.77,0.59 -0.78 -1.44,-0.14 -1.39 -2.04, -0.75 0.03
Peer relationship problems 0.22 -0.22, 0.66 -0.05 -0.49, 0.38 0.33 -0.11, 0.77 -0.37 -0.80, 0.07 0.27
Prosocial behavior 0.37 -0.22,0.96 0.11 -0.49, 0.69 -0.13 -0.71,0.44 -0.14 -0.71,0.43 0.55
Internalizing symptoms score 0.11 -0.64, 0.86 -0.05 -0.79, 0.69 0.27 -0.54, 1.08 -0.66 -1.47,0.15 0.27
Externalizing symptoms score 0.37 -0.66, 1.41 0.19 -0.84,1.22 -1.01 -1.99, -0.02 -1.98 -2.96, -0.99 0.01
Total difficulties score 0.48 -1.04, 2.01 0.14 -1.38, 1.65 -0.74 -2.24,0.76 -2.64 -4.14,-1.14 0.03

SDQ Strengths and Difficulties Questionnaire
aDeseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived from the sinusoidal model.
B-Coefficients and 95% confidence intervals are retained from linear regression models / IRR (Incidence rate ratio) and 95% confidence interval are retained from negative

binomial regression models; All models were adjusted for child age of assessment, maternal age, maternal education, parity, smoking during pregnancy, and maternal body
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mass index pre-pregnancy
Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple testing correction

bReference category: maternal 25(OH) D levels <38.4 nmol/I
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Table S5 Association of maternal 25(OH) D2 levels in early pregnancy and offspring behavioral difficulties and ADHD-like symptoms at 4 years of age, in the subsample

in which maternal 1Q was available (n = 218)

Maternal 25(0OH) D levels

Without adjustment for maternal 1Q

Adjusted for maternal 1Q

Tertile 1 Tertile 2 Tertile 3 Tertile 2 Tertile 3
<38.4 nmol/l 38.4-50.7 nmol/l >50.7 nmol/l 38.4-50.7 nmol/Il >50.7 nmol/l

SDQ Ref [-coeff 95%Cl f-coeff 95%ClI [-coeff 95%ClI [-coeff 95%ClI

Emotional symptoms 0 -0.33 -0.86, 0.19 -0.23 -0.72,0.25 -0.35 -0.88, 0.17 -0.25 -0.73,0.23
Conduct problems 0 0.13 -0.43, 0.69 -0.21 -0.72,0.31 0.15 -0.41,0.72 -0.19 -0.72,0.32
Hyperactivity/inattention 0 -0.27 -1.02, 0.46 -0.87 -1.55,-0.18 -0.17 -0.91, 0.56 -0.80 -1.48,-0.13
Peer relationship problems 0 0.11 -0.34, 0.56 -0.26 -0.68, 0.15 0.16 -0.28, 0.62 -0.23 -0.64,0.18
Prosocial behavior 0 -0.17 -0.82, 0.47 -0.18 -0.77,0.41 -0.19 -0.85, 0.45 -0.19 -0.79, 0.39
Internalizing symptoms score 0 -0.22 -1.01, 0.55 -0.51 -1.22,0.22 -0.19 -0.97, 0.59 -0.48 -1.20,0.24
Externalizing symptoms score 0 -0.14 -1.32,1.03 -1.08 -2.16, 0.01 -0.02 -1.19,1.16 -1.01 -2.08, 0.07
Total score 0 -0.36 -2.10, 1.37 -1.58 -3.17,0.01 -0.21 -1.94,1.52 -1.48 -3.06, 0.11
ADHD-like symptoms Ref® IRR 95%ClI IRR 95%Cl IRR 95%ClI IRR 95%ClI

Hyperactivity-impulsivity 1 1.06 0.54,2.10 0.69 0.36,1.31 1.17 0.59, 2.32 0.74 0.39, 1.40
Inattention 1 1.16 0.38, 3.54 0.44 0.14,1.34 1.44 0.48, 4.32 0.52 0.17,1.58
Total ADHD symptoms 1 1.08 0.54,2.17 0.62 0.33,1.18 1.23 0.62, 2.45 0.68 0.36, 1.30
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SDQ Strengths and Difficulties Questionnaire; ADHD Attention Deficit Hyperactivity Disorder; IQ Intelligence Quotient;
4Deseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived from the sinusoidal model.

B-Coefficients and 95% confidence intervals are retained from linear regression models / IRR (Incidence rate ratio) and 95% confidence interval are retained from negative
binomial regression models; All models were adjusted for child sex, child age of assessment, maternal age, maternal education, parity, smoking during pregnancy, and
maternal body mass index pre-pregnancy

Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple testing correction
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Table S6 Association of maternal 25(OH) D? levels in early pregnancy and offspring behavioral difficulties and ADHD-like symptoms at 4 years of age, in

the subsample in which additional covariates® were available (n = 344)

Maternal 25(0OH) D levels

Without adjustment for additional covariates

Adjusted for additional covariates

Tertile 1 Tertile 2 Tertile 3 Tertile 2 Tertile 3
<38.4 nmol/l 38.4-50.7 nmol/l >50.7 nmol/l 38.4-50.7 nmol/Il >50.7 nmol/l

SDQ Ref f-coeff 95%Cl [-coeff 95%Cl f-coeff 95%Cl [-coeff 95%ClI

Emotional symptoms 0 -0.04 -0.48, 0.41 0.02 -0.44, 0.47 0.01 -0.44, 0.46 0.05 -0.40, 0.52
Conduct problems 0 0.19 -0.22,0.61 0.02 -0.40, 0.43 0.19 -0.22, 0.62 0.02 -0.41, 0.45
Hyperactivity/inattention 0 -0.21 -0.77,0.35 -0.62  -1.19,-0.06 -0.21 -0.77,0.35 -0.63  -1.21,-0.05
Peer relationship problems 0 0.04 -0.32, 0.39 -0.25 -0.61,0.11 0.03 -0.33,0.39 -0.26 -0.63,0.11
Prosocial behavior 0 0.16 -0.32, 0.63 -0.03 -0.51, 0.44 0.21 -0.27, 0.68 0.02 -0.46, 0.51
Internalizing symptoms score 0 0.01 -0.65, 0.66 -0.23 -0.89, 0.43 0.04 -0.62,0.70 -0.20 -0.87, 0.47
Externalizing symptoms score 0 -0.02 -0.85, 0.82 -0.61 -1.46, 0.23 -0.01 -0.86, 0.83 -0.61 -1.47,0.25
Total score 0 -0.02 -1.21,1.24 -0.84 -2.11,0.43 0.02 -1.24,1.29 -0.81 -2.10,0.48
ADHD-like symptoms Ref® IRR 95%ClI IRR 95%Cl IRR 95%ClI IRR 95%ClI

Hyperactivity-impulsivity 1 1.05 0.64,1.71 0.71 0.42,1.18 1.06 0.65, 1.73 0.74 0.44,1.25
Inattention 1 1.00 0.43,2.32 0.44 0.17,1.15 1.00 0.43,2.34 0.47 0.18,1.22
Total ADHD symptoms 1 1.05 0.64,1.74 0.66 0.39,1.12 1.05 0.64,1.73 0.69 0.40,1.18
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SDQ Strengths and Difficulties Questionnaire; ADHD Attention Deficit Hyperactivity Disorder;
4Deseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived from the sinusoidal model.

bAdditional covariates added in the final models were physical activity, alcohol intake during pregnancy, total energy intake during pregnancy, and children’s BMI at 4 years
of age.

B-Coefficients and 95% confidence intervals are retained from linear regression models / IRR (Incidence rate ratio) and 95% confidence interval are retained from negative
binomial regression models; All models were adjusted for child sex, child age of assessment, maternal age, maternal education, parity, smoking during pregnancy, and
maternal body mass index pre-pregnancy

Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple testing correction
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Table S7 Association of maternal 25(OH) D? levels in early pregnancy and offspring behavioral difficulties or ADHD-like symptoms at 4 years of age, after adjustment for

season
Maternal 25(OH) D levels
Tertile 1 Tertile 2 Tertile 3
<38.4 nmol/l 38.4-50.7 nmol/l >50.7 nmol/l

SDQ Ref. p-coeff 95%Cl [-coeff 95%ClI P for trend
Emotional symptoms 0 -0.07 -0.44,0.31 -0.16 -0.53,0.21 0.391
Conduct problems 0 0.12 -0.23,0.48 -0.16 -0.51, 0.19 0.370
Hyperactivity/inattention 0 -0.36 -0.83, 0.11- -0.74 -1.22,-0.28 0.002
Peer relationship problems 0 0.24 -0.08, 0.54 -0.27 -0.53, 0.08 0.143
Prosocial behaviour 0 0.02 -0.39, 0.43 -0.02 -0.43,0.38 0.906
Internalizing symptoms 0 0.17 -0.38,0.72 -0.39 -0.93,0.16 0.156
Externalizing symptoms 0 -0.23 -0.95,0.48 -0.91 -1.62,-0.19 0.012
Total difficulties score 0 -0.07 -1.13,1.01 -1.29 -2.36, -0.24 0.016
ADHD-like symptoms Ref IRR 95%ClI IRR 95%ClI P for trend
Hyperactivity-impulsivity 1 0.97 0.62, 1.51 0.59 0.37,0.93 0.028
Inattention 1 0.89 0.42,1.88 0.49 0.23, 1.06 0.077
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Total symptoms 1 0.98 0.63, 1.54 0.57 0.36, 0.89 0.019

SDQ Strengths and Difficulties Questionnaire; ADHD Attention Deficity and Hyperactivity Disorder;
aDeseasonalized maternal 25(OH) D concentrations based on month at blood collection for each subject derived from the sinusoidal model.

All models were adjusted for child sex, child age of assessment, maternal age, maternal education, parity, smoking during pregnancy, maternal body mass index pre-pregnancy and season.

Bolds indicate statistically significant differences at p <0.05, after Benjamini-Hochberg procedure for multiple testing correction
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4.4 Paper 4. Effect of very low vitamin D levels in pregnancy on offspring

obesity indices and cardiometabolic traits in childhood

Main Findings:

1) Low maternal 25(OH)D levels in the first half of pregnancy were associated with
increased offspring BMI SD score, central adiposity and body fat percentage at pre-

school age.

2) Maternal obesity pre-pregnancy may modify effect estimates of 25(OH)D levels on

offspring adiposity measures.

3) Maternal 25(0H) levels in the first half of pregnancy had no effect on child blood

pressure or lipid levels at preschool age.

This paper is reproduced according to the original submitted version to Pediatric Obesity

Journal (currently under revision).
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“What is already known’

Low maternal 25(OH)D levels have been associated with increased fat mass in offspring.

‘What this study adds’

Very low maternal 25(0OH)D levels in the first half of pregnancy were associated with increased
offspring adiposity measures, predominantly in girls.

Maternal obesity pre-pregnancy may modify the association of maternal 25(OH)D levels during
pregnancy and offspring adiposity outcomes.

Very low maternal 25(OH)D levels were not associated with offspring blood pressure or lipid levels

in childhood.
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Abstract

Background: Vitamin D may modulate adipogenesis. However, limited studies have investigated the
effect of maternal vitamin D during pregnancy on offspring adiposity or cardiometabolic parameters
with inconclusive results.

Objectives: To examine the associations of maternal 25(OH)-vitamin D [25(OH)D] levels with
offspring obesity and cardiometabolic characteristics in 532 mother-child pairs from the prospective
pregnancy cohort Rhea in Crete, Greece.

Methods: Maternal 25(OH)D levels were measured at the first prenatal visit (mean: 14weeks, SD: 4).
Child outcomes included BMI SD score, waist circumference, skin-fold thickness, body fat
percentage (%BF), blood pressure, and serum lipids at ages 4 and 6 years. BMI growth trajectories
from birth to 6 years were estimated by mixed effects models with fractional polynomials of age.
Adjusted associations were obtained via multivariable linear regression analyses.

Results: About two-thirds of participating mothers had 25(0H)D levels <50nmol/l. Offspring of
women in the low 25(OH)D tertile (<37.7nmol/l) had higher BMI SD score (5 0.20, 95% CI: 0.03,
0.37), waist circumference (8 0.87 95% CI: 0.12, 1.63) and %BF (# 1.48, 95% CI: 0.46, 2.49) at
preschool age, compared to the offspring of women with higher 25(OH)D measurements
(>37.7nmol/l), on covariate-adjusted analyses. The observed relationships persisted at age 6 years. We
found no association between maternal 25(OH)D concentrations and offspring blood pressure or
serum lipids at both time points.

Conclusions: Exposure to very low 25(0OH)D levels in utero may increase childhood adiposity
indices. Given that vitamin D is a modifiable risk factor, our findings may have important public

health implications.
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Abbreviations

BIA: Bioelectric Impedance Analysis

BF: Body Fat

BMI: Body Mass Index

ClI: Confidence Interval

FM: Fat Mass

FFEM: Free Fat Mass

GAMs: Generalized additive models

HDL: High-Density Lipoprotein Cholesterol

IOM: Institute of Medicine

LDL: Low-Density Lipoprotein Cholesterol

VitD: Vitamin D

25(0OH)D: 25(0OH)-vitamin D
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Introduction

Maternal vitamin D (VitD) is an essential biological factor for intrauterine skeletal growth and muscle
development!®. However, recent data suggest multiple effects beyond mineral metabolism. VitD
deficiency among pregnant women has increased dramatically 2 even in countries with abundant
sunlight 8, Observational studies across Europe have shown a similar or even higher prevalence of
maternal hypovitaminosis D in southern countries, compared to countries of Mediterranean region, a
phenomenon known as the Mediterranean VitD paradox!4,

Given that VitD levels of the developing fetus depend exclusively on maternal supply, low VitD
levels during pregnancy is of great concern for its possible pleiotropic consequences on the offspring
later in life. Maternal VitD deficiency has been linked to low muscle mass **/, poorer bone mineral
accrual %8, fetal growth restriction 2% and increased prevalence of respiratory tract infections 84 and
allergic diseases 8. However, the effect of maternal VitD status on fetal adipogenesis is unclear.
Experimental studies suggest that VitD may modulate inflammation, and adipocyte formation and
secretion!®. Additionally, human studies support an association of low maternal 25(OH)-vitamin D
[25(0OH)D] status with offspring lower fat mass at birth 14°, but increased odds of overweight at the
first year %3, greater fat mass at ages 4 and 6 years 149154 and higher fat percentage at 9.5 years #'.
However, other studies have not observed these relationships'®*1>2, Differences in sample size, timing
of blood collection and variation in outcome measures may partly explain the above heterogeneity. To
our knowledge the impact of very low maternal VitD levels on child obesity indices and
cardiovascular traits has not been investigated so far.

We aimed to investigate the effect of very low maternal 25(OH)D levels in the first half of pregnancy
with multiple offspring metabolic outcomes, including BMI growth trajectories, adiposity outcomes,
lipids and blood pressure levels at 4 and 6 years of age, in a prospective pregnancy cohort in Crete,

Greece, after controlling for a wide range of confounders.
Methods
Study design and population
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The present study is part of the “Rhea” study, a prospective pregnancy cohort, at the prefecture of
Heraklion, Crete, Greece. Detailed characteristics of the study population have been described
elsewhere 1%, In brief, female residents (Greek and immigrants) who became pregnant within a 12-
month period starting in February 2007 were asked to participate in the study. The first contact was
made at the time of the first major ultrasound. Maternal inclusion criteria were: residents in the study
area; pregnant women aged >16 years; ho communication handicap. The study was approved by the
Ethical Committee of the University Hospital of Heraklion (Crete, Greece), and all participants
provided written informed consent after complete description of the study.

For the present study we used measures of 25(OH)D concentrations from maternal blood samples
collected during pregnancy (n=1226), and offspring obesity indices and cardiovascular traits measured
at 4 (n=766) and 6 years (n=522) follow-up assessments. Mother-child pairs at 4 (n = 211) and 6 (n =
152) years follow up with missing data on maternal VitD concentrations due to inadequate quantity of
serum or incomplete covariate information were excluded from our analysis. The final study sample
with complete data on maternal 25(OH)D measures, covariates and offspring outcomes included 532,
and 370 mother-child pairs at 4 and 6 years follow up, respectively (Figure S1). We observed no
difference in sociodemographic characteristics (p for all 0.19-0.86) or outcome scores (p for all 0.09—
0.89) between participating and non-participating mothers (Table S1), except the sum of skinfolds at 4

years that was higher in the participants’ group (p=0.03).

Measures
Details of 25(OH)D assaying, and measurements of outcomes and covariates, are included in the online

supplementary material.

Statistical analysis

The distribution of mean 25(OH)D concentration was plotted by calendar month and showed a
seasonal variation (Figure S2). As 25(OH)D concentrations followed a sinusoidal pattern, we fitted a
cosinor model to the data to predict “deseasonalized” annual mean 25(OH)D concentration for each

participant adjusted for month at blood collection. Because of the lack of a universally accepted
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definition of VitD deficiency during pregnancy, we treated maternal 25(OH)D concentration as
categorical by dividing it into tertiles: tertile 1: <37.7nmol/l; tertile 2: 37.7-51.2nmol/l; tertile 3:
>51.2nmol/l. For our analysis, we have grouped together tertile 2 and 3 in order to examine the impact
of very low maternal 25(0OH)D levels (<37.7nmol/l) on offspring adiposity indices and
cardiometabolic traits in childhood.

Differences in distributions of normally distributed variables were tested with t-test, hon-normally
distributed continuous variables were tested by using non parametric tests (i.e., Mann-Whitney,
Kruskal-Wallis, and Spearman’rho), whereas categorical variables were tested with Pearson’s Chi
square test. Generalized additive models (GAMs) were applied to explore the shape of the
relationships between maternal 25(OH)D concentration and outcomes under study indicating linear
relationships for all exposure-outcomes associations.

The time points of interest in childhood were the ages of 4 years, and 6 years to reflect different
developmental ages (preschooler, and school-aged child, respectively). We used multivariate linear
regression models to assess the association (beta-coefficient, 95% CI) of 25(OH)D levels during
pregnancy on offspring adiposity indices and cardiometabolic traits. We also examined the risk
[relative risk (RR), 95% CI] of rapid growth at 24 months in association with 25(OH)D levels during
pregnancy using log binomial regression models. Covariates were selected if they modified the
coefficient of maternal 25(OH)D concentration by at least 10% when included in the crude models.
Based on the previous criteria we created 2 models: (1) the crude model, minimally adjusted for child
sex and age (except models using child rapid growth, and child BMI and blood pressure SD scores as
an outcome; models using waist circumference, sum of skinfolds, FFM, FM, and %BF as an outcome
were further adjusted for child height). (2) The full model additionally adjusted for maternal age,
education, parity and smoking during pregnancy. Models using child lipid levels as an outcome were
further adjusted for child BMI SD score.

We used a two-step approach to assess differences in BMI trajectories from birth to 6 years of age for
low and high maternal 25(OH)D groups. First, we identified the best fitting fractional polynomials of

age and constructed sex-and age-specific BMI growth curves!®2% Then we used mixed-effects linear
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regression models with the previously identified fractional polynomials of age, including an
interaction term of 25(0OH)D levels with age along with previously described covariates, a random

intercept for child and a random age slope.

Additional analysis

In order to address the missing data on maternal 25(OH)D concentrations and covariates at 4 and 6
years follow-up we applied chained equations to multiply impute missing values (the mi impute
procedure in STATA 13.0) and 20 imputed data sets were generated. We used imputation models that
were more general than the analyses models and included all covariates, maternal 25(OH)D
concentrations and offspring outcomes. Results of the models based on multiple imputation (n = 766)
compared with those generated by using the complete data set (n = 532) revealed no differences in
interpretation (data not shown). In order to have compliance with the analysis of BMI growth
trajectories, which is based only on actual data, we only present results from the complete data set for
all outcomes.

We examined potential heterogeneity in associations related to maternal overweight/obesity,
gestational age at sampling, child sex, birth weight SD score, and breastfeeding duration, by including
a multiplicative interaction term in the models. Statistically significant effect modification if p value
<0.10 or by comparing the model using likelihood ratio test. If significant effects were detected we
stratified the sample accordingly. To elucidate whether gestational diabetes, or preterm birth modified
the observed results due to residual confounding, we repeated our analysis excluding a) women
diagnosed with gestational diabetes (n = 45) and b) children born preterm (<37 gestational weeks,
n=61).

All hypotheses testing were conducted assuming a 0.05 significance level and a 2-sided alternative

hypothesis. We used Stata S.E. version 13 for the statistical analyses (Stata Corp, Texas, USA).

Results

Participants’ characteristics
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Sociodemographic characteristics of our study population are presented in Table 1. Participating
mothers had a mean (£SD) age of 29.7 +4.9 years, 51% had a medium education level, 46% were
primiparous and 17% were smokers during pregnancy. A total of 122 (23%) women were overweight
and 76 (14%) were obese pre-pregnancy, while 45 (9%) were diagnosed with gestational diabetes.
The mean (£SD) concentration of maternal circulating 25(OH)D was 46.3 (x15.7) nmol/l. Mothers in
the low VitD tertile (25(OH)D levels <37.7nmol/l) constituted almost one third of our study
population and had a higher mean BMI pre-pregnancy compared to women with higher 25(0OH)D
levels. The mean age of the children at 4 and 6 years follow up was 4.2 (x£0.2) and 6.5 (+£0.3) years
respectively and 47 % were girls (Table 1). About 11% (n=61) of the children were born preterm (<37

week of gestation) and 13% (n=37) were rapid growers from birth to 24 months.

Adiposity outcomes

A 10nmol/l decrement of maternal 25(OH)D concentrations in the first half of pregnancy was
inversely associated with BMI SD score (8 coef 0.06, 95% CI: 0.01, 0.11), waist circumference (5
coef 0.24, 95% CI: 0.02, 0.46) and %BF (5 coef 0.32, 95% CI:0.03, 0.62) at 4 years of age, after
adjustment for multiple confounders (Table 2). Moreover, women in the low 25(OH)D tertile
(<37.7nmol/l) gave birth to children with higher BMI SD score (f coef 0.20, 95% CI: 0.03, 0.37,),
larger waist circumference by 0.87cm (95% CI: 0.12, 1.63,), and higher %BF (8 coef 1.48, 95% CI:
0.46, 2.49,) at preschool age, compared to women with 25(OH)D levels >37.7nmol/l, in the fully
adjusted models (Table 2). The observed associations persisted at age 6 years (Table 2). We found no
association between maternal 25(OH)D levels and rapid infant growth from birth to 24 months of life
(Table 2). Effect estimates of the crude models did not differ substantially from the final models
adjusted for maternal and child characteristics (Table 2).

Figure 1 depicts the modeled BMI SD score trajectories of children up to 6 years according to
different 25(0OH) D levels during pregnancy. Children of mothers with very low 25(0OH)D levels
(<37.7nmol/l) exhibited consistently higher values than did those of mothers with higher 25(OH)D

levels (=37.7nmol/l), and at 4.5 years onwards, the difference became more pronounced.
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Cardiometabolic traits
We found no significant effect of 25(OH)D status during pregnancy on offspring blood pressure
measurements and lipid levels at pre-school or school age, even in offspring of women with 25(OH)D

levels during pregnancy <37.7nmol/l (Table S2).

VitD and maternal obesity

Maternal obesity modified 25(OH)D effect estimates on offspring BMI SD score and waist
circumference. Children of women with normal weight or overweight and 25(OH)D
levels<37.7nmol/l had higher BMI SD scores and waist circumference, whereas children of mothers
with obesity and low 25(OH)D levels tended to have decreased BMI SD scores and waist
circumference, at 4 and 6 years follow up (all p for interaction<0.1, Figure S3). Similar findings were
observed in the analysis of BMI SD score trajectories stratified by pre-pregnancy BMI categories

(Figure 1).

Effect modification-Sensitivity analyses

Examining potential heterogeneity in associations related to child sex we found that the inverse
relationship between 25(OH)D levels <37.7nmol/l and waist circumference or fat mass at 6 years
follow up were more pronounced in girls than in boys (p for interaction 0.08 and 0.09 respectively,
Table S3). We found no evidence for a multiplicative interaction of very low maternal 25(OH)D
levels during pregnancy with gestational age at sampling, child’s birthweight SD score or
breastfeeding duration. Excluding gestational diabetes or preterm birth did not change the observed

estimates (data not shown).

Discussion

To our knowledge, this is the first study examining the association of very low 25(OH)D
concentrations in the first half of pregnancy on offspring obesity indices and cardiometabolic traits.
We found that maternal 25(OH)D levels <37nmol/l were associated with increased offspring BMI SD
score, central adiposity and body fat percentage at pre-school and school age. The observed

associations persisted after adjustment for several maternal and child characteristics. We also, showed
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for the first time that maternal obesity pre-pregnancy may modify effect estimates on offspring
adiposity measures, as children of mothers with obesity and low 25(OH)D levels had decreased BMI
SD scores and central adiposity, at 4 and 6 years follow up. We did not find an association between
maternal 25(OH)D levels and child blood pressure or lipid levels at 4 or 6 years of age.

Two birth cohorts in the first half of pregnancy found also a significant inverse association of
maternal 25(OH)D concentrations with offspring BMI z-score and increased odds of overweight at
age 1 year **3 and increased fat percentage at 5-6 years ***. In contrast studies focusing on the effect of
maternal 25(OH)D status in late pregnancy support no significant effect of maternal vitamin D status
with offspring adiposity measures 4710152 Only one birth cohort examining the potential role of
maternal 25(OH)D status in late pregnancy suggested an association between lower 25(OH)D levels
with greater offspring fat mass in childhood 4. Differences in sample size, timing of sampling,
severity of vitamin D deficiency, and outcomes studied may explain this discrepancy. Previous studies
support that fetal exposure to 25(0OH)D levels is unlikely to influence offspring most cardiovascular
traits later in life 147151154 except insulin resistance "1, In our study we also showed no association
of 25(OH)D status with offspring blood pressure or lipid levels, but we were not able to estimate child
glucose metabolism, as child glucose and insulin measurements were not available.

Accumulating evidence supports the view that VitD influences adipocyte differentiation but the exact
mechanisms are largely unknown®®’. Animal studies have shown that VitD suppresses differentiation
of preadipocytes to mature adipocytes by inhibiting the expression of key adipogenesis regulators,
like PPARY?, In vitro studies have also shown that exposure of human preadipocytes to VitD
metabolites reduces lipid accumulation early in developmental process and may inhibit the initiation
of human preadipocyte differentiation 2°2. In the human fetus, white fat lobules appear at 14 weeks of
gestation, while after the 23rd week, their total number remains approximately constant 2%, After
birth, expansion of adipose tissue occurs mainly through increase in adipocyte size. Our findings
support that exposure to very low VitD levels in the first half of pregnancy-the critical time point of
adipogenesis- may increase fetal adipocyte number resulting in increased fat mass later in life.

However, further research is needed to understand the plausible biological mechanisms.
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An unexpected finding in our study was the different direction of maternal 25(OH)D associations with
offspring adiposity indices of mothers with normal weight/overweight compared to mothers with
obesity. A previous study investigating the associations of maternal 25(OH)D in early pregnancy with
offspring adiposity measures at ages 5-6 years found no interaction with pre-pregnancy BMI %4,
Differences in outcomes under study may explain this inconsistency. Women with normal weight
have a higher rate of weight increment and an increased preperitoneal fat thickness across gestation
compared to women with overweight/obesity 2. As circulating levels of 25(OH)D depend on its
storage in visceral adipose tissue 2% variations in fat distribution during pregnancy in women with
different BMI levels may partly explain our findings.

Given the alarming increase of childhood obesity and subsequent cardiovascular risk, the present
results may have important public health implications, which may be more profound in countries with
higher prevalence of hypovitaminosis D. In our study, almost two-thirds of participating women (n =
346) suffered from VitD deficiency [25(OH)D levels <50nmol/I] 123, while 172 women had 25(0H)D
levels <37.7nmol/l. Our findings are in accordance with the high prevalence of maternal
hypovitaminosis D in the Mediterranean region, despite a hypothetical excess of sunshine hours'.
Possible reasons for this paradox could be maternal darker skin pigmentation, poor dietary VitD
intake, veiled clothing, reduced sunshine exposure, and increased prevalence of obesity, while
preventive strategies in these countries are lacking so far',

Strengths of our study include its prospective population-based study design, the repeated measures of
offspring BMI, the detailed cardiometabolic measures, and the control for several maternal and child
characteristics. We estimated maternal vitamin D status by measuring circulating 25(OH)D
concentration, a reliable indicator of vitamin D synthesis and intake. We minimized the potential
effect of season in our results by using the deseasonalised variable of 25(OH)D in our analysis. Unlike
previous epidemiologic studies, blood pressure measurements and lipids concentrations were not
collected from medical records but measured during the study follow up according to validated

protocols.
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Selection bias due to loss to follow-up is always of concern in cohort studies, even though no
significant differences in baseline characteristics were revealed between participants and no-
participants. Loss to follow up may limit the generalizability of our results. Chance findings are
always of concern when multiple comparisons are performed, but because the outcomes were highly
correlated and our analysis was considered exploratory, correction for multiple testing would be
inappropriate and very restrictive 2%, A limitation of our study could be that we were not able to
measure fasting lipid levels, however, it has been shown that fasting lipid levels in children have
small differences with non-fasting levels 27, Although we incorporated extensive information on
potential social and environmental factors, that are associated with childhood adiposity and
cardiometabolic characteristics, we acknowledge that residual confounding because of other
unmeasured confounders, such as social class, and child’s vitamin D status may still occur.

In conclusion, our findings support that very low 25(OH)D levels in the first half of pregnancy may
increase offspring adiposity indices at preschool and school age. Unlike other causes of childhood
obesity maternal hypovitaminosis D is a preventable factor. Further studies and clinical trials are
needed to explore the role of vitamin D supplementation during pregnancy in childhood obesity

prevention.
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Table and figure legends

Table 1 Maternal-child characteristics by maternal 25(OH)-vitamin D levels, Rhea pregnancy cohort,
Crete, Greece

Table 2 Associations of maternal 25(OH)-vitamin D levels and offspring obesity outcomes at 4 and 6
years of age

Figure 1 BMI SD score trajectories from birth to 6 years of age for each stratum of high
(=237.7amol/1) or low (<37.7nmol/l) 25(OH)D levels in (A) all children (b) children with maternal
BMI pre-pregnancy<30 (C) children with maternal BMI pre-pregnancy>30. All models were adjusted
for maternal age, maternal education, parity, smoking during pregnancy, and gestational age at

sampling.
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Table 1 Maternal-child characteristics by maternal 25(OH)-vitamin D? levels, Rhea pregnancy cohort, Crete, Greece

Maternal 25(OH)-vitamin D levels

Overall <37.7nmol/l >37.7nmol/l bP- value

Season in which maternal blood was collected, n (%) 0.16

Winter 107 (20.1) 44 (25.6) 63 (17.5)

Spring 153 (28.8) 46 (26.7) 107 (29.7)

Summer 154 (28.9) 44 (25.6) 110 (30.6)

Autumn 118 (22.2) 38 (22.1) 80 (22.2)
Maternal characteristics
Maternal age at delivery (yr), mean (SD) 29.7 (4.9) 30.3(5.0) 29.5(4.9) 0.22
Maternal Education, n (%) 0.72

Low 85 (15.9) 25 (14.5) 60 (16.7)

Medium 272 (51.2) 87 (50.6) 185 (51.4)

High 175 (32.9) 60 (34.9) 115 (31.9)
Primiparous, n (%) 243 (45.7) 75 (43.6) 168 (46.7) 0.51
Smoking status during pregnancy, n (%) 91 (17.1) 35 (20.4) 56 (15.6) 0.17
Pre-pregnancy maternal BMI, mean (SD) 24.9 (4.5) 26.1 (5.8) 24.5 (4.5) <0.01
Maternal pre-pregnancy BMI categories, n (%) <0.01

Normal (< 25 kg/m?) 333 (62.7) 94 (54.9) 239 (66.4)

Overweight (25 to <30 kg/m?) 122 (22.9) 41 (24.0) 81 (22.5)

Obese (> 30 kg/m?) 76 (14.4) 36 (21.1) 40 (11.1)
Gestational weight gain, mean (SD) 13.9 (5.8) 13.6 (6.6) 14.1 (5.5) 0.33
Gestational diabetes, n (%) 45 (9.3) 20 (7.6) 25 (12.6) 0.07
Child characteristics in infancy (n=532)
Sex, girl, n (%) 251 (47.2) 81 (47.1) 170 (47.2) 0.97
Birth weight (kg), mean (SD) 3.2(0.4) 3.2(0.5) 3.2(0.4) 0.14
Gestational age (weeks), mean (SD) 38.3(1.5) 38.2 (1.7) 38.3(1.5) 0.80
Breastfeeding duration (months), mean (SD) 4.1 (5.4) 4.0 (6.8) 4.2 (4.6) 0.09
Preterm birth, n (%) 61 (11.5) 28 (16.3) 33(9.2) 0.01
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Rapid growth 0-24 months, n (%) 37 (13.4) 12 (13.9) 25 (13.1) 0.84

Child characteristics at 4 years of age (n=532)

BMI (Kg/m?), mean (SD) 16.5 (1.8) 16.8 (2.0) 16.3 (1.8) 0.02
Waist circumference (cm), mean (SD) 53.7 (4.7) 54.2 (5.1) 53.5 (4.6) 0.04
Sum of skinfolds (mm), mean (SD) 41.2 (13.7) 42.9 (14.7) 40.4 (13.1) 0.09
%BF as estimated by skinfolds, mean (SD) 19.5(5.9) 20.4 (6.6) 19.1 (5.6) 0.03

Child characteristics at 6 years of age (n=370)

BMI (Kg/m?), mean (SD) 17.1 (2.6) 17.4 (2.7) 16.8 (2.5) 0.02
Waist circumference (cm), mean (SD) 58.9 (6.9) 59.8 (6.9) 58.5 (7.0) 0.04
Sum of skinfolds (mm), mean (SD) 42.7 (17.6) 455 (18.1) 41.5 (17.2) 0.02
FFM as estimated by BIA, mean (SD) 18.6 (2.9) 18.7 (3.1) 18.5 (2.8) 0.96
FM as estimated by BIA, mean (SD) 6.3 (2.9) 6.8 (3.0) 6.1(2.9) 0.02
%BF as estimated by BIA, mean (SD) 24.5 (6.8) 25.8 (6.9) 23.9 (6.7) 0.02

BMI, Body Mass Index; %BF, Body Fat Percentage; FFM, Free Fat Mass; FM, Fat Mass; BIA, Bioelectric Impedance Analysis;
P-values obtained by Mann-Whitney U test for two independent samples, and y? test or Fisher exact test

aDeseasonalized maternal 25(OHD)-vitamin D concentrations based on month at blood collection for each subject derived from
the sinusoidal model.

®Bolds indicate statistically significant differences at p <0 .05
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Table 2 Associations of maternal 25(OH)-vitamin D? levels and offspring adiposity outcomes at 4 and
6 years of age

Maternal 25(OH)-vitamin D Maternal 25(OH)-vitamin D levelsP
per 10nmol/l decrease <37.7nmol/l
Adiposity outcomes Crude Model Adjusted model Crude Model Adjusted model
Infancy (n = 277) RR 95%ClI RR 95%Cl RR 95%ClI RR 95%ClI

Rapid growth 0-24 months 099 082,121 096 0.79, 1.17 097 053,178 091 049171

4 years of age (n = 532) B 95%ClI B 95%Cl B 95%Cl B 95%ClI

BMI SD score 0.05 0.10,0.01 0.06 0.01,0.11 0.17 0.01,0.34 0.20 0.03,0.37
Waist circumference (cm) 0.23 0.45,0.01 0.24 0.02,0.46 0.80 0.06,1.55 0.87 0.12,1.63
Sum of skinfolds (mm) 0.61 -0.09,131 0.69 -0.03,1.40 219 -0.21,458 257 0.13,5.01

%BF as estimated by skinfolds 0.27 -0.03,0.56 0.32 0.03, 0.62 121 0.21,2.22 1.48 0.46,2.49

6 years of age (n = 370) B 95%ClI B 95%Cl B 95%ClI B 95%ClI

BMI SD score 0.05 -0.01,0.11 0.05 -0.01,0.11 0.19 -0.01,0.39 0.22 0.01,0.42
Waist circumference (cm) 0.39 0.01,0.76 0.35 -0.02,0.72 1.24 -0.04,252 1.39 0.13,2.65
Sum of skinfolds (mm) 0.82 -0.32,196 0.85 -0.31,2.01 345 -043,732 3.64 -0.32,7.61
FFM as estimated by BIA 0.05 -0.05,0.15 0.06 -0.04,0.15 0.20 -0.14,053 0.24 -0.36,0.84
FM as estimated by BIA 0.17 -0.01,0.34 0.14 -0.02,0.32 0.56 -0.04,1.17 0.60 -0.04,1.24
%BF as estimated by BIA 0.46 0.03,0.88 0.39 -0.02,082 165 0.20,3.09 159 0.13,3.05

BMI, Body Mass Index; %BF, Body Fat Percentage; FFM, Free Fat Mass; FM, Fat Mass; BIA, Bioelectric
Impedance Analysis;

aDeseasonalized maternal 25(OH)-vitamin D concentrations based on month at blood collection for each subject
derived from the sinusoidal model. Crude model: minimally adjusted for child sex, age, and height, except
models using BMI SD score and rapid growth as an outcome. Adjusted model: crude model further adjusted for

maternal age, maternal education, parity, smoking during pregnancy, and gestational age at sampling.
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Figure 1 BMI SD score trajectories from birth to 6 years of age for each stratum of high
(>37.Tnmol/1) or low (<37.7nmol/l) 25(OH)D levels in (A) all children (b) children with maternal
BMI pre-pregnancy<30 (C) children with maternal BMI pre-pregnancy>30. All models were adjusted
for maternal age, maternal education, parity, smoking during pregnancy, and gestational age at

sampling.
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Maternal serum 25(OH)D measurements during pregnancy

Maternal non-fasting serum samples at the first trimester of pregnancy (mean: 14weeks, SD: 4) were
collected in serum gel separator (BD 367958) tubes, centrifuged and stored at -80°C until assayed. We
used chemiluminescent immunoassay (CLIA) test (DiaSorin, Cat. No. 310600) to measure the total
amount of 25(0OH)D (both serum 25(0OH)D; and 25(0OH)Ds) ¢, The analytical range for the 25(OH)D

assay was 10 nmol/I to 375 nmol/l. Inter- and intra-assay precision were <10% and <5% respectively.

Child adiposity indices

Information on weight and length at birth was obtained from the hospital delivery logs and medical
records. At follow-up visits (0-24 months, 4 years and 6 years) weight and length/height were
measured using validated scales (Seca 354 baby scale, Seca Bellisima 841) and stadiometers (Seca
210 measuring mat, Seca 213), by specially trained research assistants, according to standard
operating procedures. Repeated measures of weight and length/height were also abstracted from the
children’s health cards. We calculated BMI and converted raw values into sex and age specific
standard deviation scores (SD scores) using internally generated growth reference curves from multi-
level (mixed) linear models fitted with fractional polynomials and random effects for child. We
defined rapid infant growth from birth to 24 months as a SD score change in weight of greater than
0.67 28, We analyzed child BMI SD score as a continuous outcome at 4 years and 6 years of age.
Waist circumference was measured at 4 and 6 years of age in duplicate to the nearest 0.1 cm in a
standing position, at the high point of the iliac crest at the end of a gentle expiration, using a
measuring tape (Seca 201). Skinfold thickness was measured at four anatomical sites (triceps,
subscapular, suprailiac and thigh) on the right side of the body in triplicate to the nearest 0.1 mm,
using a calibrated caliper (Harpenden HSK- BI, CE-0120). Intra- and inter-observer reliability was
above 0.98 and 0.82 for all anthropometric measurements respectively.

Body composition was estimated at 6 years follow up by a bioelectric impedance analysis (BIA)
performed using a tetra-polar device (Bodystat 1500). All children had not eaten or participated in
physical activity a minimum of 120 mins prior to being measured. We used pediatric specific BIA

equation *® to obtain free fat mass (FFM), fat mass (FM) and body fat percentage (%BF) at 6 years of
138



age. As BIA was not available at the 4 years follow up, we estimated child %BF at 4 years using the

Slaughter skinfold-thickness equations *7°.

Child cardiometabolic traits

At age four, trained research assistants measured systolic and diastolic blood pressure after 5 minutes
rest in the seated position, at the child’s right arm, with a cuff of appropriate size for arm
circumference using a Dinamap Pro Care 400 (Critikon Inc, Tampa, FL). At age six, children were
measured using an OMRON device. We used the average of five consecutive measurements —at age
four- or three consecutive measurements —at age six- that were taken at 1-minute intervals. We then
calculated blood pressure age, sex, and height specific SD scores 2%,

Non-fasting blood samples were collected from the children at both time points. Blood samples were
processed within 2 hours, with serum stored at —80°C until analysis. We measured lipids [total
cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL)] using standard enzymatic
methods (Medicon, Greece) on an automatic analyzer (AU5400 high-volume chemistry analyzer;
Olympus America, Inc., Melville, New York). Low density lipoprotein cholesterol (LDL)

concentration was estimated by using the formula: LDL-C=TC-[(TG/5) + HDL-C].

Potential covariates

Potential confounders included characteristics that have an established or potential association with
maternal VitD status and outcomes of interest including: maternal age (years); maternal education
(low level: <6 yrs. of school; medium level: <12 yrs. of school; high level: university or technical
college degree); maternal origin (Greek/other); marital status (married/other); parity
(primiparous/multiparous); smoking during pregnancy (yes/no); maternal pre-pregnancy BMI
(kgr/m?) ), and as normal, overweight, obese; gestational weight gain according to 2009 Institute of
Medicine (IOM) guidelines 2%%; gestational diabetes defined according to the criteria proposed by
Carpenter and Coustan 2%; child sex (male/female); birth weight (g); gestational age, preterm birth

(<37 weeks of gestation; yes/no); duration of breastfeeding (months).e S1. Maternal and child
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characteristics of participants and non-participants in the childhood 4 and 6 years follow up of the

Rhea pregnancy cohort Crete, Greece
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4 years

6 years

Non participants

Participants

Non participants

Participants

(n=211) (n=532) (n=152) (n=370)
n % or Mean n % or Mean P- n % or Mean n % or Mean P-
(SD) (SD) value? (SD) (SD) value?
Maternal characteristics
Maternal age (years), mean(SD) 209 29.9 (5.1) 532 29.8 (4.9) 0.63 151 29.9 (5.1) 370 30.0 (4.8) 0.82
Maternal education, n (%) 209 532 0.59 149 370 0.68
Low 40 (19.2) 85 (16.0) 26 (17.4) 54 (14.6)
Medium 103 (49.3) 272 (51.1) 74 (49.7) 185 (50.0)
High 66 (31.5) 175 (32.9) 49 (32.9) 131 (35.4)
Smoking during pregnancy, n (%) 192 532 0.76 138 370 0.62
Smoker 31(16.2) 91 (17.1) 22 (15.9) 66 (17.8)
Non-smoker 161 (83.8) 441 (82.9) 116 (84.1) 304 (82.2)
Parity, n (%) 210 532 0.41 152 370 0.86
Primiparous 89 (42.4) 243 (45.7) 69 (45.4) 165 (44.6)
Multiparous 121 (57.6) 289 (54.3) 83 (54.6) 205 (55.4)
Maternal pre-pregnancy BMI (kg/m?), 211 24.2 (4.4) 531 25.0 (5.0 0.11 144 24.3 (4.7) 367 25.0(5.1) 0.27
mean(SD)
Maternal pre-pregnancy BMI categories, 200 531 0.43 144 367 0.81
n (%)
Normal (< 25 kg/m?) 134 (67.0) 333 (62.7) 97 (67.4) 237 (64.6)
Overweight (25 to <30 kg/m?) 44 (22.0) 122 (22.9) 29 (20.1) 83 (22.6)
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Obese (> 30 kg/m?) 22 (11.0) 76 (14.4) 18 (12.5) 47 (12.8)

Child characteristics

Child sex, n (%) 211 532 0.76 152 370

Boy 114 (54.1) 281 (52.8) 78 (51.3) 211 (57.1)
Girl 97 (45.9) 251 (47.2) 74 (48.7) 159 (42.9)
Gestational age (months), mean(SD) 211 38.1(1.5) 532 38.3(1.5) 0.19 152 38.0 (1.6) 370 38.2 (1.6)
Birth weight (kg), mean(SD) 201 3.2(0.4) 532 3.2 (0.5) 0.58 143 3.2(0.4) 370 3.2(0.4)
Breastfeeding duration (months), mean 205 4.7 (5.5) 524 4.1 (5.4) 0.29 152 4.5 (5.7) 370 4.3 (5.9
(SD)

BMI (Kg/m?), mean (SD) 205 16.4 (53.5) 532 16.5 (53.7) 0.19 152 17.0(3.1) 369 17.0 (2.6)
Waist circumference (cm), mean (SD) 203 53.5(5.4) 527 53.7 (4.8) 0.15 150 58.4 (7.6) 368 59.0 (7.0)
Sum of skinfolds (mm), mean (SD) 182 39.6 (14.6) 480 41.2 (13.7) 0.03 135 42.1 (16.6) 311 42.8 (17.6)
%BF as estimated by skinfolds, mean 192 18.7 (6.2) 509 19.5 (6.0) 0.05 NA NA NA NA
(SD)

FFM as estimated by BIA, mean (SD) NA NA NA NA 147 18.3(2.9) 360 18.6 (2.9)
FM as estimated by BIA, mean (SD) NA NA NA NA 147 6.4 (3.7) 360 6.4 (3.2)
%BF as estimated by BIA, mean (SD) NA NA NA NA 147 24.8 (7.6) 360 24.5 (6.8)

0.23

0.06
0.73
0.80

0.32
0.20
0.79

0.19
0.60
0.86

BMI, Body Mass Index; %BF, Body Fat Percentage; FFM, Free Fat Mass; FM, Fat Mass; BIA, Bioelectric Impedance Analysis; NA, Not Applicable;

a Statistically significant differences (p<0.05), based on Mann-Whitney U test for two independent samples and Pearson's y2 test for independence
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Table S2 Associations of maternal 25(OH)-vitamin D? levels and offspring cardiometabolic traits at 4 and 6 years of age

Maternal 25(OH)-vitamin D

per 10nmol/l decrease

<37.7nmol/I

Maternal 25(OH)-vitamin DP levels

Cardiometabolic traits Crude Model Adjusted model Crude Model Adjusted model

4 years of age B 95%ClI B 95%Cl B 95%Cl p 95%Cl
Offspring lipid levels (n = 457)

Total cholesterol (mg/dl) 0.30 -1.39, 1.99 0.28 -1.44,2.00 0.65 -4.87, 6.17 0.49 -5.15,6.14
LDL cholesterol (mg/dl) 0.24 -1.21,1.68 0.31 -1.17,1.78 1.03 -3.69, 5.76 1.30 -3.54,6.15
HDL cholesterol (mg/dl) 0.17 -0.47,0.82 0.11 -0.55, 0.76 0.28 -1.82,2.39 0.12 -2.04, 2.27
Triglycerides (mg/dl) 0.41 -2.03,1.21 -0.52 -2.17,1.14 -2.81 -8.10, 2.47 -4.14 -9.56, 1.28
Blood pressure levels (n = 432)

SBP SD score 0.05 -0.08, 0.18 0.05 -0.08, 0.18 -0.01 -0.45,0.44 0.05 -0.40, 0.50
DBP SD score -0.05 -0.17, 0.08 -0.05 -0.18, 0.08 -0.06 -0.49, 0.37 -0.11 -0.55, 0.33
6 years of age B 95%Cl B 95%Cl B 95%Cl B 95%Cl
Offspring lipid levels (n = 345)

Total cholesterol (mg/dl) 0.63 -0.91, 2.17 0.70 -0.88, 2.29 -0.35 -5.65, 4.95 -1.00 -6.49, 4.50
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LDL cholesterol (mg/dl) 0.64 -0.70, 1.98 0.80 -0.58, 2.18 0.51 -4.10,5.13 0.54 -4.25,5.33
HDL cholesterol (mg/dl) 0.01 -0.76, 0.77 0.02 -0.77,0.82 -0.90 -3.53,1.73 -0.87 -3.62,1.89
Triglycerides (mg/dl) 0.92 -1.37,3.21 0.67 -1.67, 3.00 3.91 -3.96, 11.77 1.36 -6.74, 9.45
Blood pressure levels (n = 361)

SBP SD score -0.02 -0.07, 0.03 -0.02 -0.07, 0.03 -0.04 -0.21,0.13 -0.03 -0.20, 0.15
DBP SD score 0.01 -0.03, 0.05 0.01 -0.02, 0.05 -0.01 -0.13,0.11 0.00 -0.12,0.13
LDL, Low Density Lipoprotein; HDL, High Density Lipoprotein; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;

aDeseasonalized maternal 25(OH)-vitamin D concentrations based on month at blood collection for each subject derived from the sinusoidal model.

Crude model: minimally adjusted for child sex and age, except models using blood pressure SD score as an outcome.

Adjusted model: crude model further adjusted for maternal age, maternal education, parity, smoking during pregnancy, and gestational age at sampling. Models using

offspring lipid levels as an outcome were additionally adjusted for child BMI SD score.

bReference category: maternal 25(OH)-vitamin D levels >37.7nmol/l
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Table S3 Associations of maternal 25(OH)-vitamin D?levels and offspring adiposity outcomes at 4 and 6 years of age stratified by child sex

Maternal 25(OH)-vitamin D per 10nmol/l decrease

Maternal 25(OH)-vitamin DP levels <37.7nmol/l

P for P for

Adiposity outcomes Male Female _ . Male Female _ '
interaction interaction

Infancy (n = 277) RR 95%Cl RR 95%ClI RR 95%ClI RR 95%ClI
Rapid growth 0-24 months 0.96 0.77,1.20 1.01 0.69, 1.48 0.879 0.82 0.38,1.74 1.22 0.41,3.72 0.671
4 years of age (n = 532) B 95%ClI p 95%ClI p 95%Cl p 95%CI
BMI SD score 0.05 -0.02, 0.12 0.05 -0.02, 0.12 0.985 0.22 -0.02, 0.44 0.19 -0.06, 0.45 0.952
Waist circumference (cm) 0.12 -0.19, 0.44 0.33 0.01, 0.65 0.399 0.64 -0.36, 1.65 1.13 -0.04, 2.29 0.553
Sum of skinfolds (mm) 0.03 -0.91, 0.96 1.42 0.32,2.52 0.069 1.05 -1.96, 4.07 4.82 0.81,8.84 0.156
%BF as estimated by skinfolds 0.10 -0.27,0.48 0.58 0.10, 1.05 0.161 0.78 -0.43, 2.01 2.48 0.77,4.19 0.136
6 years of age (n = 370) s 95%ClI B 95%Cl p 95%ClI p 95%ClI
BMI SD score 0.03 -0.05, 0.11 0.07 -0.02, 0.16 0.520 0.14 -0.13, 0.40 0.37 0.06, 0.68 0.339
Waist circumference (cm) 0.11 -0.41, 0.63 0.54 0.01, 1.07 0.251 0.37 -1.33,2.06 2.56 0.65, 4.48 0.088
Sum of skinfolds (mm) 0.59 -1.15,2.33 1.13 -0.39, 2.65 0.638 2.75 -2.91, 8.40 5.42 -0.14, 10.98 0.564
FFM as estimated by BIA 0.05 -0.09, 0.18 0.07 -0.09, 0.23 0.837 0.09 -0.34, 0.52 0.55 -0.01,1.11 0.215
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FM as estimated by BIA -0.01 -0.25,0.24 0.28 0.04, 0.52 0.119 0.16 -0.63, 0.96 1.19 0.34,2.04 0.094

%BF as estimated by BIA 0.01 -0.59, 0.60 0.73 0.13,1.33 0.115 0.52 -1.41, 2.45 2.86 0.69, 5.03 0.125

BMI, Body Mass Index; %BF, Body Fat Percentage; FFM, Free Fat Mass; FM, Fat Mass; BIA, Bioelectric Impedance Analysis;

aDeseasonalized maternal 25(OH)-vitamin D concentrations based on month at blood collection for each subject derived from the sinusoidal model.

All models were adjusted for child age and height, maternal age, maternal education, parity, and smoking during pregnancy. Models using BMI SD score and rapid growth
and BMI SD score as an outcome were not adjusted for child age and height.

bReference category: maternal 25(OH)-vitamin D levels >37.7nmol/l
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Figure S1 Flowchart of our study population
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Figure S3 Associations of maternal 25(OH)-vitamin D levels with child BMI SD score (Al) at 4
years (A2) at 6 years and child waist circumference (B1) at 4 years (B2) at 6 years, stratified by
maternal BMI pre-pregnancy categories. All models were adjusted for maternal age, maternal
education, parity, smoking during pregnancy, and gestational age at sampling. Models with waist

circumference were further adjusted with child sex, age, and height.
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5. Discussion

Findings from the present thesis support an important effect of maternal metabolic diseases
and vitamin D status in early pregnancy on children’s adiposity indices, cardiometabolic
traits and neurodevelopmental outcomes at preschool age. To our knowledge, this is the first
study that assesses the impact of metabolic dysregulation and low vitamin D levels on obesity
indices, cardiometabolic traits and neurodevelopmental difficulties in the Greek children.
This section is meant to be a global discussion and provides a broader and more integrated
interpretation of the entire research study. It summarizes the detailed discussions of the
individual articles presented in the results section of this thesis.

5.1 General discussion of the present findings

Metabolic profile in early pregnancy and offspring adiposity and cardiometabolic traits at

preschool age

The association of metabolic dysregulation in early pregnancy with offspring adiposity
measures and cardiometabolic traits, is described in detail in paper 1. To our knowledge this
is the first study examining the potential role of multiple components of metabolic syndrome

in early pregnancy, in association with offspring cardiometabolic outcomes at preschool age.

In accordance with previous epidemiological data we found that pre-pregnancy
overweight/obesity was associated with increased BMI measures®334212 central adiposity,
and fat mass®4064213214 5t 4 years of age. It has been hypothesized, that shared
environmental, life-style and genetic characteristics may explain the aforementioned
associations?'®. In our study effect estimates remained the same after adjustment for paternal
BMI and several family and child characteristics, implying potential intrauterine mechanisms
in the observed relationships. Animal studies, also, support a potential role of maternal
obesity in fetal metabolic programming, by modulating the expression of several genes, such
as genes encoding hormones (e.g., leptin), nuclear receptors (adipogenic and lipogenic
transcription factors such as PPARy and PPARa, respectively), gluconeogenic enzymes and

transmembrane proteins?®. Additionally, maternal obesity may impact placental morphology,
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blood flow, feto-maternal exchanges and endocrine function, resulting in increased
susceptibility to metabolic disorders later in life’.

Our findings were more pronounced in girls whose mothers were overweight/obese prior to
gestation. However, evidence on offspring sex-specific responses to maternal weight status
are inconsistent, while sex specificity in response to maternal anthropometry has previously

been shown only in fetal growth measures?8

. Timing of exposure to maternal weight changes
and subsequent fetal over nutrition may explain in part the observed heterogeneity between
studies. Female fetuses seem to respond more than males to the mother’s nutrition and
metabolism prior to conception, while male fetuses are more vulnerable to metabolic changes
after the first trimester of pregnancy?*®??°, through sex-specific differences in the regulation

and expression of placental genes, proteins, steroids and structure??:222,

We showed for the first time, that high diastolic blood pressure levels in early pregnancy
were associated with increased risk of offspring overweight/obesity and increased fat mass at
4 years of age, independently of pre-pregnancy BMI, gestational weight gain, or pre-
eclampsia. Potential mechanisms for the observed associations remain unclear. In normal
pregnancies the first trimester is characterized by a decrease in maternal blood pressure levels
due to vasodilatation?”®. However, when the typical physiological changes in the spiral
arteries of the decidua and myometrium are disrupted, women may exhibit higher blood
pressure levels than expected, resulting in poor placental perfusion, early placental hypoxia

223

and oxidative stress==°, which in turn may alter fetal metabolic programing, independently of

the effect of pre-eclampsia in late pregnancy.

Finally, in this study, we examined for the first time the potential role of fasting glucose and
maternal lipids in early pregnancy on multiple cardiometabolic traits in preschoolers. We did
not found an association between maternal glucose intolerance in early pregnancy and
cardiometabolic outcomes examined in offspring. However, in accordance with a previous
study®, we found that high fasting cholesterol levels in early pregnancy were associated with
increased risk of offspring overweight/obesity, and greater fat mass at 4 years of age. Our
findings were not attenuated after adjustment for maternal BMI pre-pregnancy, gestational
diabetes status, birthweight, and child BMI at age of outcome assessment. Potential
mechanisms for the observed associations could be genetic, environmental and shared life
style characteristics, but also increased oxidative stress in the fetus due to maternal

dyslipidemia. Animal studies have shown that intrauterine exposure to high fat levels results
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in decreased activity of mitochondrial enzymes and increased expression of several genes
involved in the oxidative stress and inflammatory pathways in the liver of offspring®?,
causing permanent metabolic alterations and predisposing to metabolic syndrome later in
life’. Hypercholesterolemia in early pregnancy has also been associated with increased

225 and in human tissues??; thus may

offspring atherosclerotic lesions both in animal models
further increase offspring cardiometabolic risk probably due to the induction of a

constitutional state of overexpression of “atherogenes” in the fetal vascular wall??®.

Overall, the findings of the present study indicate that among components of metabolic
syndrome in early pregnancy, maternal overweight/obesity, diastolic blood pressure levels,
and hypercholesterolemia may, independently, determine offspring adiposity at preschool
age. The complex underlying mechanisms that explain these findings are not clear, but
modulation of gene expression and increased oxidative stress may have a profound role. We
found no association between maternal metabolic diseases in early pregnancy and blood
pressure or lipid levels in preschoolers.

Parental obesity, glucose intolerance in early pregnancy, and gestational diabetes on child
neuropsychological and behavioral development at preschool age

The impact of metabolic dysregulation during pregnancy on offspring neuropsychological
and behavioral development, is described in detail in paper 2. Our findings support an
association between maternal obesity pre-pregnancy with decreased cognitive scores and
increased behavioral problems and ADHD-like symptoms at preschool age. Adjustment for
paternal BMI, maternal intelligence, and several other family and child characteristics did not
change the direction of the associations, suggesting a limited role of socioeconomic and
family parameters or maternal genetic confounding, on the observed estimates. We did not
find evidence of an association between paternal overweight/obesity with child

neurodevelopmental outcomes in preschoolers.

Few previous studies have controlled for family background by comparing the associations of
maternal and paternal BMI on child neurodevelopmental outcomes, with inconclusive
results**-8, probably due to different study designs, and neurodevelopmental outcomes
examined, by each study. In addition, most of these studies have examined only one

neurodevelopmental outcome, making it difficult to determine whether offspring are at risk
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for cognitive dysfunction or abnormal behavior. In this analysis, we examined a greater board
of neurodevelopmental outcomes, including cognitive abilities, behavioral problems and
ADHD-like symptoms in preschoolers, and we found an important impact of maternal, but

not paternal obesity on almost all outcomes examined.

Maternal obesity pre-pregnancy has been linked to an inflammatory in utero environment,
resulting in dysregulation of hormonal or immune system, placental transport of excess
nutrients and increased oxidative stress’®%?” which may impair fetal neurodevelopment??,
Evidence from animal studies support that maternal obesity in mice can affect oxidative
status and progenitor cell division in offspring brain, resulting in decreased hippocampal
neurogenesis*?, and consequently impaired hippocampus-dependent cognitive functions in
offspring. Moreover, analysis of the amniotic fluid transcriptome in human fetuses of obese
women revealed gene expression patterns suggestive of decreased brain apoptosis; lipid,
insulin and appetite dysregulation; and increased estrogen and inflammatory signalling,
which may predispose to mental disorders later in life*®. However, plausible biological

mechanisms are not clear yet.

We also showed for the first time that the effect of maternal obesity pre-pregnancy on
offspring neurodevelopmental outcomes, was more pronounced in children born large for
gestational age (LGA). Previous studies have already demonstrated the metabolic impact of
over nutrition on the growing fetus??®, but little is known for its impact on brain formation
and function. Plausible mechanisms could be developmental adaptations to mild maternal
hyperglycaemia, changes in hormonal status and increased pre-inflammatory cytokines®,

However, further studies are needed to replicate the above results.

In this analysis we also investigated for the first time the association between maternal fasting
glucose and insulin levels in early pregnancy and offspring neurodevelopment at preschool
age, and we found no significant impact. In contrast we observed that exposure to GDM,
resulted in a positive trend in almost all the examined cognitive scores at 4 years of age. The
observed estimates remained after adjustment for several sociodemographic characteristics.
The lack of significant differences in offspring metabolic outcomes, including LGA and
prematurity between women exposed to GDM and women with normal glucose metabolism

supported a good diabetic control in our study population, which may explain our positive
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results. A recent review also supported that offspring cognitive performance could be within
normal limits in well-controlled GDM women®,

Maternal vitamin D levels in early pregnancy and offspring cognitive function and
behavioral difficulties at preschool age

Despite abundant sunshine, Greece is highly recognized among the countries with increasing
prevalence of vitamin D deficiency. Paper 3 is the first study to examine the association of
25(0OH)D concentrations during pregnancy on multiple offspring neurodevelopmental

outcomes, in a Greek population. In line with previous studies®®

, we found that exposure to
high 25(OH)D levels (>50.7 nmol/l) was associated with reduced number of hyperactivity-
impulsivity and total ADHD-like symptoms, compared to lower 25(OH)D levels, at
preschool children. However we investigated more aspects of child behavior in our study and
we additionally found a strong association between high 25(OH)D levels in early pregnancy
and reduced number of total behavioral problems, including externalizing symptoms in
preschoolers. We also observed a trend of higher scores in a wide broad of cognitive abilities
at 4 years of age, among children of women in the high 25(0OH)D tertile, compared to
children of women in the low 25(OH)D tertile. Effect estimates remained the same after
adjustment for maternal 1Q, suggesting a limited role of maternal genetic confounding. Our
findings support that a vitamin D cut off value of 50 nmol/l during pregnancy, may be

essential beyond skeletal development, for prevention of behavioral difficulties in childhood.

Maternal vitamin D performs a number of biological functions that are fundamental in early
brain development®®®, including proliferation and differentiation of brain cells!®, regulation
of axonal growth'®?, calcium signalling within the brain, and neurotrophic and
neuroprotective actions!®2. Animal studies have shown an association between prenatal
vitamin D deficiency and brain morphological changes!®* that may persist postnatally, despite
restoring vitamin D levels to normal values, resulting in abnormal behaviors in adulthood®3,
However, human studies are limited so far and plausible biological mechanisms are not clear

yet.

In this study, we showed for the first time that high levels of 25(OH)D in early pregnancy had
a stronger protective effect on behavioral difficulties and total ADHD-like symptoms in
females compared to males. It has been previously shown that immunomodulatory effects of

vitamin D are significantly stronger in females than in males suffering from multiple
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sclerosis, supporting estrogen-promoted differences on vitamin D metabolism and action®,
Whether there is also a functional synergy between estradiol and vitamin D action on prenatal

brain development remains to be investigated.

Maternal vitamin D levels during pregnancy and offspring obesity indices and

cardiometabolic traits in childhood

The impact of very low maternal 25(OH)D levels in the first half of pregnancy on offspring
obesity indices and cardiometabolic traits, at preschool age, is examined for the first time in a
Greek population in paper 4 (currently under revision). Interestingly, about two-thirds of
pregnant women, participating in our study, had vitamin D deficiency [25(OH)D levels <50
nmol/l] during pregnancy, while one third of women had 25(OH)D levels<37.7nmol/l . In
accordance with previous studies investigating the impact of maternal 25(OH)D levels in the
first half of pregnancy on offspring adiposity®*, we found an inverse relationship with body
fat percentage at 4 and 6 years of age. However we investigated a greater board of obesity
outcomes and we showed that maternal 25(OH)D levels <37.7 nmol/l were, additionally,
associated with increased offspring BMI SD score and central adiposity at preschool and
school age.

Underlying mechanisms affecting the aforementioned associations remain unclear. Animal
studies support a key modulating role of vitamin D in adipocyte differentiation, by inhibiting
the expression of significant adipogenesis regulators, like PPARy?L. In vitro studies have,
also, shown that exposure of human pre-adipocytes to vitamin D metabolites reduces lipid
accumulation early in developmental process and may inhibit the initiation of human pre-
adipocyte differentiation?®2. During human embryogenesis, white fat lobules appear at 14
weeks of gestation, and their total number remains approximately constant after the 23rd
gestational week?®, After birth, expansion of adipose tissue occurs mainly through increase
in adipocyte size. Our findings support that exposure to very low vitamin D levels in the first
half of pregnancy-the critical time point of adipogenesis- may increase fetal adipocyte

number, which in turn may result to increased fat mass and central adiposity later in life.

In our study, we showed for the first time that maternal obesity may modify the direction of
maternal 25(OH)D associations with adiposity indices in childhood, as in contrast with our
main findings, offspring of mothers with very low 25(OH)D levels and obesity had decreased

BMI SD scores and central adiposity, at 4 and 6 years of age. Because circulating levels of
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205 variations in fat distribution

25(0OH)D depend on its storage in visceral adipose tissue
during pregnancy in women with different BMI levels may partly explain our findings.
Recently has been shown that women with normal weight have a higher rate of weight
increment and an increased pre-peritoneal fat thickness across gestation compared to women
with overweight/obesity?**

fat.

, probably resulting in a higher 25(OH)D accumulation in visceral

Finally in line with previous data we did not find an effect of 25(OH)D status on offspring
blood pressure or lipid levels in childhood. However we were not able to estimate a possible
25(0OH)D impact on offspring glucose metabolism, as child glucose and insulin

measurements were not available in our study.

5.2 Methodological issues

This thesis includes studies that aimed to investigate the impact of components of metabolic
syndrome and vitamin D status in early pregnancy on children’s adiposity, cardiometabolic
traits, and neurodevelopment. The data of these studies were mainly derived from the Rhea
pregnancy cohort, a prospective population based birth cohort study in Greece. Several
methodological issues are acknowledged in the following section which provides a general

description of selection and information bias.
Selection and Information bias

Selection bias are a major concern in epidemiological studies and occur, when the subjects
studied, are not representative of the target population, due to the procedures followed to
select the study participants from the source population at the stage of the recruitment and/or
during the procedure of retaining them in the study (follow ups)?°. It is generally accepted
that the enrollment of subjects will not bias prospective cohort studies, because the outcome
has not yet occurred. However, retention of subjects during long follow-up periods may be
differentially related to exposure and outcome, while poor response is usually associated with
a lower educational level or socioeconomic status and a less favorable lifestyle?®. Overall,
attrition in the Rhea pregnancy cohort was inevitable and may limit the generalizability of our
results. However, no significant differences were revealed, between participants and no-

participants’ baseline characteristics, in almost all the studies including in the present thesis.
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Therefore, this type of selection bias may not have biased our observations in either direction

(i.e. overestimation or underestimation).

The other major class of bias in epidemiological studies arises from errors in measuring
exposure or disease, during the data collection, known as information bias?*?. In the present
thesis, information on maternal and paternal pre-pregnancy weight were self-reported, which
might have led to misclassification of maternal/paternal BMI pre-pregnancy in papers 1 and
2. However, we have performed a validation study comparing self-reported maternal pre-
pregnancy weight with clinically measured weight in the first prenatal visit, which showed
high correlation (r 0.93) and a fairly good agreement between self-reported and objectively
measured maternal BMI. Because clinical examination of fathers was not included in our
study protocol, paternal misreporting due to maternal providing information on fathers
anthropometry cannot be discounted. However, we did not found a significant association
between paternal BMI categories and offspring outcomes examined; therefore data on
paternal BMI could not have biased our observations. Other source of information bias in the
present thesis could be assessment of children’s ADHD-like symptoms and behavioral
difficulties, using parent-reported measures, which could be different from assessments made
by a health-care professional. In order to overcome these issues, we used well-established and
widely used questionnaires, with high specificity and sensitivity. Parents were also blind to

the main hypotheses of the research.
5.3 Strengths and limitations

A general description of strengths and limitations of the present thesis that have been
extensively discussed in the papers, is summarized in the following section. Studies included
in this thesis are part of a population-based prospective pregnancy cohort the ‘Rhea’ study
which provided us the opportunity to account for the effect of exposures prospectively within
the cohort and for a number of potential predictors of child adiposity, cardiometabolic traits
and neurodevelopmental outcomes. Strengths of this thesis, also, include the use of fasting
serum samples and the detailed cardiometabolic serum measurements in early pregnancy
according to validated protocols. In addition, we estimated maternal vitamin D status during
pregnancy by measuring 25(OH)D concentration, a reliable indicator of vitamin D synthesis
and intake, whereas we minimized the potential effect of season in our results, by using the
deseasonalised variable of 25(OH)D in our analysis.
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Unlike previous epidemiological studies, offspring cardiometabolic traits at preschool age,
were measured during the study follow ups, by special trained assistants, according to
standardized procedures. In addition, offspring neurodevelopmental assessments at 4 years of
age, were conducted by two trained psychologists via a strict protocol, by using McCarthy
Scales of Children’s Abilities (MSCA) a valid, standardized psychometric test which
provides both a general level of child’s intellectual functioning, as well as an assessment of
specific neurodevelopmental domains (cognition, language and motor abilities) and thus,
detect which domain is mostly affected. In order to assess behavioral problems at preschool
age, we also used the ADHD test and the Strengths and Difficulties (SDQ) questionnaire,
which are well-established and widely used child behavior scales, with high specificity and
sensitivity. The SDQ questionnaire assess several child behavioral aspects including,
emotional symptoms, conduct problems, hyperactivity/inattention, peer relations problems,
and prosocial behavior, whereas the ADHD test estimates different ADHD-like symptoms,
such as impulsivity, inattention, and hyperactivity symptoms. Both tests enable a more
detailed evaluation of child behavior, but they also provide a total score of behavioral
difficulties in childhood.

We acknowledge that there are also some limitations in the present thesis. Although, we
incorporated extensive information on potential social and environmental factors, that were
associated with exposures and outcomes of interest in our multivariate models, residual
confounding of other unmeasured confounders may still occur, due to the observational study
design. Another limitation of papers 1 and 3, was that we were not able to measure fasting
lipid levels in offspring, however, it has been shown that fasting lipid levels in children have

small differences with non-fasting levels?®’.
5.4 Public health implications and future research

Studies on the developmental origins of health and disease have mainly been focused on
nutrition during pregnancy. However, the identification of other potential adverse influences
in utero, such as maternal metabolic diseases and maternal vitamin D status, on offspring
development and long term consequences remains challenging. Data exist so far only for
maternal exposures in late pregnancy, such as the potential impact of gestational diabetes or

pre-eclampsia on offspring outcomes. However, the first months of gestation, are recently
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recognized as a period of particular metabolic and epigenetic plasticity, as several fetal
structures and organs are first formed. Therefore, the investigation of the impact of maternal
exposures in early pregnancy provides a potential window for developing preventive
strategies and therapeutic interventions, for a better metabolic and neurodevelopmental

programming in offspring.
Maternal dysregulation in early pregnancy and child health outcomes

Our findings highlight the importance of maternal BMI pre-pregnancy on offspring adiposity
measures and neurodevelopmental outcomes. We observed a positive linear association of
maternal pre-pregnancy overweight/obesity with the probability of overweight/obesity,
increased central adiposity and increased fat mass at preschool age (paper 1). We also found
an inverse relationship between maternal weight status prior to gestation, with both cognitive
function and behavioral difficulties in preschoolers (paper 2). These findings support the need
for national and international strategies to increase awareness in pregnancy-care professionals
to promote preconceptional normalization of weight among young women, during family

planning.

We also found that maternal hypercholesterolemia and increased diastolic blood pressure in
early pregnancy were positively associated with increased risk of overweight/obesity and fat
mass at 4 years of age (paper 1). Our results provide evidence that components of metabolic
syndrome in early pregnancy may contribute to obesity epidemic in childhood, and indicate
the need of developing strategies for early identification and appropriate treatment of

maternal metabolic disorders, even in the first months of pregnancy.
Maternal 25(OH)D status in early pregnancy and child health outcomes

In this thesis we also highlight the profound role of sufficient maternal vitamin D status
during pregnancy on offspring metabolism and mental health. We found for the first time that
high maternal 25(OH)D levels in early pregnancy may protect from several behavioral
difficulties, including hyperactivity/inattention, and total ADHD-like symptoms at 4 years of
age (paper 3), whereas very low maternal 25(OH)D levels in the first half of pregnancy may
increase BMI SD score, central adiposity and fat mass percentage at preschool and school age

(paper 4). Additionally, in line with previous data, on countries of Mediterranean region, we
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found a high prevalence of vitamin D deficiency in our study population, a phenomenon
known as the Mediterranean paradox. Because of the increased sunshine hours,
hypovitaminosis D is unrecognized and underrated in several South European countries
including Greece, with severe consequences in both the mother and the child. Our findings
support the need of developing national and international preventive strategies, for maternal
vitamin D deficiency, such as screening in high-risk future mothers and fortification of dairy
products with vitamin D. Furthermore, appropriately designed randomized controlled clinical
trials for vitamin D supplements during pregnancy are emergently needed to provide definite
clinical recommendations, regarding safety and efficiency of vitamin D supplementation in

pregnant women.
Future Research

In this thesis, we support an important association between maternal exposures in early
pregnancy and offspring anthropometric measures, cardiometabolic traits and
neurodevelopmental outcomes at preschool age, but we could not provide data on plausible
pathogenetic mechanisms. In vitro and animal studies have shown that maternal obesity?3
and maternal vitamin D status®®, investigated in our study, may cause epigenetic regulation
of gene expression, such as DNA methylation, that alter gene expression independent of gene
sequence. Advances in genomic technologies have opened up the possibility of population-
based assessment of epigenetic patterns and their influence on disease, mainly throughout
birth cohorts, that start in early life?®. In RHEA cohort we have hold DNA, collected at
multiple time points, and we may be able to investigate, in the future, epigenetic mechanisms
underlying the observed associations in early pregnancy, a period when the epigenome is
believed to be particularly plastic.

In addition, it is increasingly acknowledged that the precise mode of action and the full
spectrum of activities of vitamin D on human health depend not only on its levels, but also on
genetically modified expression of its receptor VDR or other genes involved in vitamin D
metabolism. Recent data support an association of VDR polymorphisms with increased
susceptibility to multiple human diseases, including osteoporosis?®, autoimmune diseases®’
and cancer?®. Further investigation of VDR polymorphisms in mother-child pairs of our
cohort may contribute to a better understanding of the role of vitamin D-VDR system in utero
and reveal individuals with increased susceptibility to metabolic and neurodevelopmental

disorders later in life.
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Almost all maternal exposures investigated in our study had an important impact on offspring
adiposity indices, including BMI SD score, waist circumference and fat mass estimated by
skinfolds measures. It is well known that increased anthropometric measures are associated
with cardiometabolic risk later in life. However, this relationship is not straightforward; as for
any given BMI level, there is a significant variability, with some lean individuals developing
cardiovascular disease and others remaining healthy, despite severe obesity, the so-called
metabolically healthy obese. This phenomenon may be due to variation in fat distribution and
depot differences in adipose tissue function. Visceral adipose tissue and smaller fat depots in
close proximity to the heart (epicardial adipose tissue) are considered most accurate
indicators of the subsequent risk, severity and progression of atherosclerosis?®. Future
research in our cohort could deepen in plausible pathophysiologic mechanisms, by examining
body fat distribution in late childhood and adolescence, using imaging techniques, such as CT
or MRI of the abdomen. These tools provide quantitative measurement of body fat and
estimate with higher accuracy than anthropometric measurements, visceral fat and smaller fat
depots in close proximity to vital organs. In addition, measurement of essential adipokines,
such as adiponectin and resistin in children and the investigation of their association with
maternal metabolic environment or vitamin D levels in early pregnancy may provide

additional data of offspring susceptibility to later cardiometabolic disease.

Given the increased prevalence of behavioral difficulties and ADHD disorders in children the
last decades, it would also be important to investigate in our cohort, whether metabolic
dysregulation and maternal vitamin D status in early pregnancy are associated with offspring
different patterns of brain function and response to several stimulus, predisposing to
neurodevelopmental disorders. Neuroimaging methods, such as positron emission
tomography and functional magnetic resonance imaging may help to have a more
comprehensive picture of complexity of networks involved in ADHD?¥ or other behavioral
and cognitive problems and deepen in the mechanisms of the impact of adverse intrauterine

environment in these disorders.

The interaction of clinical and epidemiological science is essential in evaluation of study
outcomes and in defining future directions. Multiple groups need to work together in large
national and international level to better understand biological mechanisms and design

appropriate preventive strategies. Researches in the field of epidemiology, endocrinology,
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pediatrics, psychology, psychiatry and genetics should collaborate in order to improve the
current knowledge of how maternal metabolic diseases and hormone status in utero affect

offspring metabolism and mental health in later life.

6. Conclusions

In summary, findings in the present thesis support that maternal metabolic diseases and
vitamin D levels, in the first months of gestation, may have a significant impact in the
development of metabolic and neuropsychological disorders later in life. More specifically,
overweight/obese women prior to gestation gave birth to overweight/obese offspring with
increased central adiposity and fat mass, whereas maternal hypercholesterolemia and
increased diastolic blood pressure in early pregnancy had also a positive relationship with
increased adiposity measures at preschool age. From the maternal metabolic diseases
examined, only maternal pre-pregnancy obesity was associated with decreased cognitive
scores and increased behavioral problems at preschool age. In addition, maternal vitamin D
levels in early pregnancy had a profound role in both metabolic and mental programming in
offspring. Sufficient maternal vitamin D status in the first half of pregnancy seemed to
improve cognitive abilities and have a protective role on behavioral difficulties and ADHD-
like symptoms at 4 years of age. In contrast, very low vitamin D levels were associated with
increased offspring obesity measures and particularly central adiposity and increased fat

percentage in early childhood, predisposing to metabolic syndrome later in life.
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