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VITAMIN D EXPOSURES IN COPSAC2010

VITAMIN D3 RANDOMIZED CLINICAL TRIAL

Pregnant women enrolled in the COSPAC2010 cohort were randomized 1:1 to a high-dose
vitamin D3 supplementation or matching placebo from week 24 of pregnancy until 1 week
postpartum. The high-dose intervention consisted of a daily 2400 IU cholecalciferol D3
supplementation. All pregnant women within the cohort were instructed to continue the
recommended daily dose by the Danish National Board of health of 400IU vitamin D3 which
resulted in a total dose of 28001U vitamin D3 in the intervention group and 400IU in the placebo
group. Thus, the high-dose supplementation corresponded totally to a vitamin D3 intake that was
seven times the daily recommended dose. To assess compliance, women were instructed to
return unopened capsulEs. In total, 74% of the women adhered to the intervention with
adherence defined as intake of a minimum of 80% of the prescribed capsWith. the

exception of medical emergency, the study was blinded until the age of three. The cohort was















Domain

Intelligence

Processing
speed

Reaction
time

Attention

Motor
function

Memory

Working
memory

Executive
function

Function

_Estimated Vocabulary (WISC-IV)
intelligence
Matrices (WICV-1V)

Speed of processing Coding (WISC-IV)

Symbol search (WISC-IV)

Reaction time Reaction time (CANTAB)
Sustained attention Rapid visual information processing
(CANTAB)

Motor speed Reaction time (CANTAB)

Verbal memor Word selective reminding - immediate
y recall (TOMAL 2)

Object recall (TOMAL 2)

Visual memory Paired associates learning (CANTAB)
VEIEE I Digit span (WISC-IV)
memory

Letter-number sequencing (WISC-IV)

Intra-extra dimensional set shift

Flexibility/Set shift (CANTAB)

Spatial Working . .
Memory Spatial working memory (CANTAB)

Planning Stockings of Cambridge (CANTAB)

Outcome metric

Total number correct
Total number correct

Total number correct

Sum of total number correct. errors
subtracted

Simple and five-choice reaction time

A-prime (unitless sensitivity score)

Simple- and five-choice movement
time

Total number words recalled over six
learning trials

Total number object recalled over
five learning trials

Total errors (adjusted)

Total number correct forward and
backward sequencing

Total number correct sequences
Extra-dimensional stage errors
Total errors

Problems solved in minimum moves







https://www.bristol.ac.uk/alspac/researchers/research-ethics/
















1876 pregnant women
screened for eligibility

h 4

1253 women excluded

1138 Excluded on basis of
exclusion criteria or declined
115 Lost due to delayed ethical
approval of the trial

623 pregnant women randomized

315 allocated to
vitamin D3 supplement

308 allocated to
placebo supplement

20 withdrawn

1 Intrauterine death
2 Disabling disease
2 Emigration

15 Lost to follow-up

20 withdrawn

3 Intrauterine deaths
1 Disabling disease
0 Emigration

16 Lost to follow-up

298 children included in the cohort
(3 pairs of twins)

289 children included in the cohort
(1 pair of twins)

52 children excluded

1 Early unblinding

51 No participation in
COPSYCH

0 Birth weight < 1500 g

0 Gestational age < 28 weeks

39 children excluded

2 Early unblinding

37 No participation in
COPSYCH

0 Birth weight < 1500 g

0 Gestational age < 28 weeks

246 Children included in primary
analyses

250 Children included in primary
analyses




Baseline characterization of participants of the vitamin D3 RCT included in the COPSYCH project

Stratified by participation in the vitamin D3 RCT All Placebo Vitamin D3
n = 496 n =250 n =246

Diagnosis of autism, # (%) 12 (2.4) T(2.8) 5(2.00
Individuals presenting clinically rated symptoms of autism, »n (%a) 40 (8.1) 25 (10.0) 15 (6.1)
Diagnosis of ADHD, 1 (%) 58 (11.7) 31(124) 27 (11.0)
Individuals presenting clinically rated symptoms of ADHD, n (%) 143 (28.8) 76 (30.4) 67 (27.2)
Long-chain n-3 PUFA supplementation, n (%a) 249 (30.2) 122 (48.8) 127 (51.8)
Matemal preintervention 23(OH)D, nmol/L, [mean (SD)] T5.81 (25.06) 75.57 (25.44) 76.05 (25.92)
Matemal preintervention 25(OH)D, =75 nmol/L, n (%) 253 (51.4) 125 (304) 128 (52.5)
Matemal post-intervention 25(OH)D, nmol/L, [mean (SD}] §9.99 (38.09) 71.86 (31.54) 10833 (3531)
Matemal post-intervention 25(0H)D,=75 nmol/L, » (%) 313 (64.0) 108 (43.9) 205 (84.4)
Matemnal age at childbirth, y [mean (5D)] 3233 (428) 31.98 (4.24) 32.69 (4.30)
Maternal pre-pregnancy weight, kg, [mean (SD})] 69.17 (13.57) 69.15 (13.18) 69.19 (13.99)
Parity

1o (%) 219(44.2) 123 (49.2) 96 (39.0)

2,1 (%) 198 (39.9) 91 (36.4) 107 (43.5)

=3, n (%) 79 (15.9) 36 (14.4) 43 (17.5)
Alcohol intake in pregnancy, n (%a) 81 (16.4) 39 (15.6) 42 (17.1)
Smoking third trimester, n (%) 17 (3.4) 11 (4.4) 6 (2.4)

Exclusive lactation, weeks (median [IQR])
Matemal educational level (%)

17.43 [8.57, 21.57]

17.57 [8.93, 21.68]

17.43 [8.29, 21.39]

Low (Elementary school or college graduate) 41 (83) 24 (9.6) 17 (6.9)
Medium (Tradesman certification or bachelor's degree) 314 (63.3) 162 (64.8) 152 (01 .8)
High (Master's degree or higher) 141 (28.4) 64 (25.6) 77(31.3)
Household income (%a)
Low (< 100.000DKK") 44 (89) 23 (9.2) 21 (8.5)
Medium (100.000-200.000 DKK) 257 (51.8) 134 (53.0) 123 (50.0)
High (> 200.000 DKK) 195 (39.3) 93 (37.2) 102 (41.5)
Fathers age, y, [mean (5D)] 34.63 (5.19) 34.29 (5.20) 3498 (5.17)
Gestational age, d [mean (SD)] 279.43 (10.86) 279.32 (10.25) 279.54 (11.46)
Season of birth
Winter, n (%) 179 (36.1) 87 (34.8) 92 (37.4)
Spring. n (%) 97 (19.6) 50 (20.0) 47 (19.1)
Summer, n (%) 100 (20.2) 50 (20.0) 50 (20.3)
Fall, n (%) 120 (24.2) 63 (25.2) 57(23.2)
Sex, male, n (%) 256 (51.6) 123 (492) 133 (54.1)
Race, White, n (%) 475 (95.8) 240 (96.0) 235 (95.5)

Abbreviations: ADHD, attention deficit hyperactivity disorder; RCT, randomized controlled trial; SD, standard deviation; IQR, interquartile range; N = number.
SI Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
Alcohol intake in pregnancy describes any intake of alcohol during pregnancy, ves/no.
Smoking in third trimester describes any smoking in third trimester of pregnancy, yes/no.
Information on race was obtained through parental interviews and was defined as either white or non-white.
' DKK = 0.14 USD.



Vitamin D3 supplementation and K-SADS-PL evaluation of autism and ADHD

K-SADS-PL measure N (N cases) Odds ratio estimate (CI) N (N cases) Odds ratio estimate (CI) adjusted'
Autism 496 (12) 0.72 (0.21,2.29) 492 (12) 0.72 (0.21,2.32)

ADHD 496 (58) 0.87 (0.50,1.51) 492 (57) 0.87 (0.49,1.53)

K-SADS-PL measure N Beta estimate (CI) N Beta estimate (CI) adjusted’
Autistic symptoms component score 496 —0.08 (—0.19,0.03) 492 —0.08 (—0.19,0.03)

ADHD symptoms component score 496 —0.06 (—0.18,0.07) 492 —0.07 (—0.19,0.05)

ADHD, attention deficit hyperactivity disorder; CI, confidence interval; K-SADS-PL, Kiddie-Schedule for Affective Disorders and Schizophrenia for School-Age
Children-Present and Lifetime Version; N, number.

ICD-10 diagnostic codes of Autism assigned at the COPSYCH visit included the DF84.0, DF84.5 and DF84.8 diagnostic codes, and of ADHD DF90.0, DF90.8
and DF98.8.

! Adjusted for week 24 vitamin D levels, season of birth, child sex, and the n-3 long-chain PUFA intervention.



Component + Residual (Autistic symptoms component score)

Partial residual plot of association between maternal pre-intervention pregnancy week 24 25(OH)D and autistic symptoms component score
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Effect of vitamin D3 supplementation on autistic symptoms component score by maternal pre-intervention 25(OH)D
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Estimated Intelligence -0.01 [-0.19;0.16] 491 -0.01 [-0.19;0.16]
Speed of Processing -0.04 [-0.19;0.12] 494 -0.02 [-0.17;0.13]
Reaction Time 0.12 [-0.05;0.28] 492 0.11 [-0.05;0.28]
Sustained Attention -0.03 [-0.21;0.15] 491 -0.03 [-0.21;0.16]
Motor Speed 0.10 [-0.07;0.27] 492 0.09 [-0.08;0.25]

Verbal Memory 0.14 [-0.00;0.29] 493 0.17 [0.03;0.32]

Memory

Visual Memory 0.25 [0.07;0.44] 493 0.24 [0.06;0.42]

Flexibility/Set Shift 0.20 [0.02;0.38] 491 0.19 [0.01;0.37]

Spatial Working
Memory

Planning 0[-0.18;0.17] 493 0[-0.17;0.17]

-0.11 [-0.29;0.06] 494 -0.12 [-0.30;0.06]




Estimated Intelligence

Speed of Processing

Reaction Time

Sustained Attention

Motor Speed

Verbal Memory

Verbal Working Memory

Visual Memory

Flexibility/Set-Shift

Spatial Working Memory

Planning

-0.25 0.00 0.25
estimate

® p=2005 W p<0.05

0.50



Estimated Intelligence
Speed of Processing
Reaction Time
Sustained Attention
Motor Speed

Verbal Memory

Verbal Working Memory
Visual Memory

Flexibility/Set Shift

Spatial Working Memory

Planning

0[-0.03;0.03]

0[-0.03;0.03]
-0.01 [-0.04;0.02]
-0.01 [-0.04;0.03]
0.01 [-0.02;0.04]
0.01 [-0.02;0.04]
0.02 [-0.01;0.05]
0.01 [-0.02;0.04]
0.03 [-0.01;0.06]

0[-0.03;0.03]

0[-0.03;0.04]

-0.02 [-0.06;0.02]
0[-0.03;0.04]
0.01 [-0.03;0.04]
0[-0.04;0.04]
0.03 [-0.01;0.07]
-0.01 [-0.04;0.03]
0[-0.03;0.04]
0[-0.04;0.04]
0.05 [0.01;0.09]
0[-0.04;0.04]

-0.01 [-0.05;0.03]










Maternal dietary pattern PGS

Dried fruit p=<0001*
Tomatoes p=<0.001"
Breakfast cereals p=<0001*
Fruit p=<0001"
Other vegetables p=<0.001*
Green leafy vegetables p=<0.001*
Water p=0002*
Fish p= 0.004*
Shellfish p= 0015+
Vegetable fats p=0013*

Low fat dairy p= 0032
High energy drinks p=0012*
Animal fats p=0008*
Refined grains p= 0007 *
Snacks p=<0001*

-0.2 0.0 0.2 0.4

Scaled Estimate (SD)

































A MoBa study has investigated the causality of pregnancy vitamin D on offspring
neurodevelopment using a genetically informed study design: intergenerational MR (trf{6°MR).
This study did not report any evidence of causal maternal effects of vitamin D on offspring
neurodevelopment. Using classical two-sample MR based on summary statistics, the study
showed a causal effect of autism on lower vitamin D levels within the individual which argues
for potential genetic confounding of previous reported associdttdBamilar studies using
intergenerational MR have to the best of our knowledge not been conducted for the effect of
maternal vitamin D on offspring cognitive outcomes (investigaté&hper Il), however the

aforementioned study did not find evidence of causal effects on early language scores or motor
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ABSTRACT

Background: Vitamin D de ciency in pregnancy may increase the risk of autism and attenti@it igperactivity disorder (ADHD).

Objective: The objective of this study was to estimate the effect of vitamin D3 supplementation in pregnancy on risk of autism and ADHD.

Design: This randomized clinical trial was part of the COpenhagen Prospective Study on Neuro-PSYCHiatric Development (COPYCH) project nested
within the Copenhagen Prospective Studies on Asthma in Childhood 2010 (COPSAC2010) cohort comprising a population-based sample of 700 healthy
mother-child pairs enrolled at week 24 of pregnancy. Maternal 25-hydroxy-vitamin D (25(OH)D) was measured at inclusion and 623 mothers were
randomized 1:1 to either high-dose (2800 1U/d) or standard dose (400 1U/d) vitamin D3 until 1 wk postpartum (315 received high-dose, 308 standard
dose). At age 10, diagnoses and symptom load of autism and ADHD, respectively, were established using the Kiddie-Schedule for Affective Disorders
and Schizophrenia for School-Age Children-Present and Lifetime Version.

Results: The psychopathologic evaluation was completed by 591 children aged 10y, and 16 children (2.7%) were diagnosed with autism and 65 (11.0%) with
ADHD. Hereof, 496 children participated in the vitamin D3 trial (246 received high-dose, 250 standard dose). Of these, 12 children (2.4%)seereitdiagno

autism and 58 (11.7%) with ADHBigher maternal preintervention 25(0OH)D levels were associated with a decreased risk of autism [odd ratio (OR) per 10
nmol/L: 0.76 (0.59,0.97); P20.034], lower autistic symptom load per 10 nmol/L: 0.03 ( 0.05,0.00); P/20.024), and decreased risk of ADHD diagnosis

(OR per 10 nmol/L: 0.88 (0.78,0.99)%20.033]. High-dose vitamin D3 supplementation was not associated with risk of autism or ADHD.

Conclusions:Higher maternal preintervention 25(OH)D was associated with a decreased risk of autism, lower autistic symptom load, and decreased risk
of ADHD diagnosis, buhigh-dose vitamin D3 supplementation in pregnancy had no effect on risk of autism and ADHD.

This trial was registered atinicaltrials.govas NCT00856947

Keywords ADHD, Autism, neurodevelopment, supplementation, vitamin D

Abbreviations: ADHD attention decit hyperactivity disorderADHD-RS ADHD-Rating ScaleCOPSAC Copenhagen Prospective Studies on Asthma in Childhood; COP-
SAC2010, Copenhagen Prospective Studies on Asthma in Childhood 2010; COPSYCH, COpenhagen Prospective Study on Neuro-PSYCHiatric DeDeldprtrentnter-
national Classication of Disorders 1ORevision; K-SADS-PL, Kiddie-Schedule for Affective Disorders and Schizophrenia for School-Age Children - Present and Lifetime Version;
n-3 long-chain PUFA, omega-3 long-chain polyunsaturated acids; RCT, randomized clinicBR8&;Social Responsiveness Scal@2(OH)D, 25-hydroxy-vitamin D.
* Corresponding author.
E-mail addresschawes@copsac.co(B. Chawes).
Y BHE and BC contributed equally to this work.
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Introduction postpartum. The vitamin D3 intervention was performed between 4
March, 2009, and 17 November, 2010. An external investigator with no

During fetal development, the brain undergoes rapid growth angdditional involvement in the RCT performed the randomization by a
development. Early environmental exposures during this vulnerab®@mputer-generated list of random numbers. All included women were
phase may have long-term consequences including affected risk igstructed to continue consuming a daily vitamin D3 supplementation of
common neurodevelopmental disorders, such as autism and attentf?P 1U throughout pregnancy as recommended by the Danish National
de cit hyperactivity disorder (ADHD)1}2]. Board of Health. Total supplementation was therefore 2800 IU/d vitamin

The prevalence of vitamin D deiency in pregnancy has globally D3 in the intervention (high-dose) group and 400 1U/d in the control
been estimated to be presenti0% of pregnant womers]. Animal (standard dose) group. Mothers were asked to return capsules after the
models have shown that vitamin D is crucial for the developing brairintérvention period to estimate the adherence. The study was double-
as it contributes to functions including modulation of neurotransmisPlinded until the youngest child had reached the age of 3y, with the
sion and neuroprotectiod,f]. Because the fetus relies on vitamin D exception of medical emergency (3 cases of early unblinding). From this
passing from the mother through the placenta, maternal vitamin B9€ information on treatment group was available to all parents. In a
de ciency may potentially affect fetal brain developméit [ factorial 2 2 design, pregnant women were simultaneously randomly

Previous observational studies have reported that maternal vitari§signed to a dailysh oil (n-3 long-chain PUFA) supplement of 2400
D de ciency in pregnancy is associated with the risk of autism andd or olive oil capsules (ClinicalTrials.gov: NCT00798226) [

ADHD in the offspring, however, results are ambiguous, and poten-

tially confounded by diet, lifestyle, and seas@nif]. Further, lower ~Serum measures of 25-hydroxy-vitamin D

gestational vitamin D levels have been shown to increase the severity Maternal serum 25-hydroxy-vitamin D (25(OH)D) levels were
of traits and symptoms of autism and ADHD in childhood in somemeasured before and after intervention at wk 24 of pregnancy and 1 wk
studies 7,8,16-19], but not in others0-23]. However, no random-  Postpartum, respectively. Child serum 25(OH)D concentrations were
ized clinical trials (RCTs) of vitamin D supplementation in pregnancyneasured at 6 mo and 6 34.

have investigated the effect on neurodevelopmental disorders.

Based on a hypothesized protective effect of higher serum vitamihhe COPSYCH 10-y visit
D in pregnancy, we investigated the effect of high-dose compared with The COPSYCH 10-y clinical visit was a post hoc follow-up of the
standard dose of vitamin D3 supplementation in an RCT during theitamin D3 RCT ¢linicaltrials.gov identier: NCT0085694) The
third trimester of pregnancy on the risk of autism and ADHD andvisit was carried out over 2 d and included an extensive evaluation of
corresponding symptom load evaluated clinically at age 10 as part psychopathology, neurocognition, and brain structure and function
the COpenhagen Prospective Study on Neuro-PSYCHiatric Developssing magnetic resonance imagiig][ Examinations were performed

ment (COPSYCH) projef24]. between January 2019 and December 2021. Categorical psychopa-
thology was established by the use of semi-structured clinical diag-
Methods nostic interview Kiddie-Schedule for Affective Disorders and

Schizophrenia for School-Age Children-Present and Lifetime Version
(K-SADS-PL) R7]. All K-SADS-PL interviews were administered by

S . trained medical doctors, nurses, and psychologists and were video
The COPSYCH project is nested within tBepenhagen Prospec- recorded to enable supervision by a psychologist (JRIM) and for

tive Studies on Asthma in Childhood 2010GPSAC2010) cohort - . . . .
external validation diagnostic conferences with a clinical professor of

comprising 700 mother-child pairs enrolled at wk 24 of pregnancy,.piy ang adolescent psychiatry (NB) both specialists in child and
Pregnant women living in Zealand (Latitude 99), Denmark, were

ited b itten invitati t out after theist isit adolescent psychiatry to reach consensus on diagnésfjic€linician
recruited by a wi e.n.an| afion sent ou ? er _ens p_regnar.1cyV|S| veri ed symptom load of psychopathologgyihptoms component
at the general physician. Women naent in Danish, with an intake of .
o . . scores), were established based on number of symptoms endorsed for
>600 IU vitamin D3 per day, and/or with any kidney, heart, or

. . each disorder assessed by the K-SADS-PL. Autistic and ADHD
endocrine disorder were excluded. From the COPSAC2010 COhor&ymptoms component scores werende as the rst component

6f2f3 pregnant \;\/?lmen dwere |ncltgde|d n dthde V|t|am|rr: D3 tna(lj. :htﬁ(gescribing 41% and 46%, respectively, of the variation in data) from a
OC gggr;\gcweri t(k: oweh 1p£os.p¢.etc ve t)'ll and deep %Af enoti/getha multiple correspondence analysis of the registered autistic and ADHD
hild lén' r?ug . V'.S' S unt ageh_mtB]_. ?get. ’Cht'ald symptoms (R package: FactoMineR)g. Further, parent-rated

C.' ren_ un eryven an extensive neurppsyc latric evajuation. LA reneverity of ADHD symptoms and autistic traits were obtained with

with a birth weight <1500 g or a gestational age <28 wk were exclude . . .

f th | 191 For further detail Supol i he ADHD-Rating Scale (ADHD-RS) and Social Responsiveness Scale
rom the analyseq1,2]. For further details seeSupplementary 2 (SRS-2), respective[(29-31]. Research diagnoses based on all

Material . . . .
The stud ducted ding to th idi inciol fthsources of clinical information were assigned according to the Inter-
€ study was conducted according to the guiding principles ot thg. ;a1 classication of Disorders 10th Revision (ICD-1037].

Declaration of Helsinki and was approved by the Local Ethics ComI'CD-10 diagnostic codes of autism assigned at the COPSYCH visit

rglttgeh (DH_tB_iOO?_Ot.M’ ACOPSA(éngl)g:A C|:_| 2(?130%?)10:3)1 3%2% tr/lj’ncluded the DF84.0, DF84.5, and DF84.8 diagnostic codes, and of
anish Data Protection Agency ( + 2015-41-3696). Al\ppib DF90.0, DF90.8, and DF98.8.

study participants provided informed consent.

Study design

Statistical Analysis
Vitamin D intervention We estimated the effect of maternal preintervention and post-
The pregnant women were randomly assigned (1:1) to a dailintervention serun25(OH)D as well as child serum 25(OH)D at age
vitamin D3 supplementation of 2400 IU or placebo starting fromitsie 6 mo and 6 y on diagnosis of autism and ADHD and continuous autistic
visit at the COPSAC research unit at week 24 of pregnancy until 1 wend ADHD symptoms component scoresegting symptom load by

363
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logistic and linear regression analyses. The covariate adjusted ass@@érum 25(OH)D and risk of autism and ADHD
ation between maternal preintervention 25(OH)D and autistic symptom Of the total 591 individuals included in the COPSYCH visit, 16
load was visualized in a partial residual plot. Covariates were includeghildren (2.7%) were diagnosed with autism and 65 (11.0%) with
based on known risk factors for autism, ADHD, and knowmigncers ~ ADHD. Clinically rated symptoms of autism were present in 49 in-
of serum 25(0OH)D (SeeSupplementary Metho)ls In analyses dividuals (8.3%) and of ADHD in 170 (28.8%Adjusted analyses
regarding maternal and child serum 25(0OH)D and risk of autism anshowed that higher maternal preintervention 25(OH)D level was
ADHD, we included all individuals attending the COPSYCH 10-y visit associated with a decreased risk of autism [odds ratio (OR) per 10
regardless of participation in the vitamin D3 trial. nmol/L 0.76 (0.59,0.97); P2 0.034)], lower autistic symptom load [
Among COPSYCH participants included in the vitamin D3 trial, weper 10 nmol/L 0.03 ( 0.05,0.00); P¥4 0.024], and lower risk of
estimated the effect of high-dose compared with standard dose ADHD diagnosis [OR per 10 nmol/L 0.88 (0.78,0.99}®.033], but
vitamin D3 on the prevalence of autism and ADHD diagnoses anflot ADHD symptom load [per 10 nmol/L 0.02 ( 0.04,0.00), P/
symptom load by logistic and linear regression analyesested for  0.122] (seeSupplementary Table).6SeeFigure 2for visualization of
interactions between preintervention serum 25(0OH)D levels and thae effect of maternal preintervention 25(0OH)D on autistic symptom
vitamin D3 intervention on psychopathologic outcomes by addindoad. Beta coefcients for all variables in adjusted models are provided
cross products to the models and performed analyses etfa-  in the Supplementary Tables-¥0. We did not observe sex differences
cording to maternal preintervention serum 25(0OH)D at wk 24 ofP-interactions> 0.05).
pregnancy to assess the intervention effect according to early preg- Maternal post-intervention serum 25(OH)D level or child level age
nancy 25(OH)D levels. Analyses were performed both crude anémo or 6 y were not associated with autism or ADEDpplementary
adjusted for preintervention pregnancy wk 24 25(0OH)D levels, seasorable 1).
of birth, child sex, and n-3 long-chain PUFA interventibmall ana-
lyses, we investigated for interaction with sex due to pre-existing{igh-dose vitamin D3 supplementation and risk of autism
studies suggesting sex differences in the effect of vitamin D on risk §hd ADHD

psychopatholog}18,20,33). In the high-dose vitamin D3 supplementation group, 5 (2.0%)
To corroborate identied associations to K-SADS-PL diagnostic children were compared with 7 (2.8%) children in the standard dose
outcomes, we investigated the effect of maternal as well as chilgloyp diagnosed with autism at age 10. Clinically rated symptoms of
circulating 25(0OH)D and the effect of the vitamin D3 intervention on 5tism were present in 15 (6.1%) in the high-dose group compared with
the severity of parent-reported autistic traits and ADHD symptoms. 25 (109) in the standard dose group, ADHD diagnosis in 27 (11%)
In all analyses, statistical sigmance was set as0.05, 2-sided.  compared with 31 (12.4%), and clinically rated symptoms of ADHD in
Owing to the relatively few individuals with missing information, g7 (27.296) compared with 76 (30.4%).
missing data were not imputed. We have not controlled for multiple  \jtamin D3 treatment group was not sigoantly associated with
testing because analyses were performed based on a strong hypothgsis of autism (crude OR: 0.72; 95% CI: 0.21,2.29/P0.580),
generated from existing research. Statistical analyses were performgghntom load of autism (crude 0.08; 95% ClI: 0.19, 0.03; P/

using R statistical software version R4.2.1 (the R Foundation, Vienna@.142), ADHD diagnosis (crude OR: 0.87; 95% CI: 0.50,1.5% P
For complete overview of included exposure and outcome measurgs;22), or symptom load of ADHD (crude: 0.06; 95% CI:

seeSupplementary Figure 1 0.18,0.07; P/40.375) and there was no interaction with Sestfe 9.
Results were unchanged after adjustments.

Results Within the high-dose vitamin D3 supplementation group, no chil-
dren of mothers with preintervention 25(OH)D levelg5 nmol/L at

Baseline characteristics wk 24 (n% 128) were diagnosed with autism when compared to 5

From the total COPSAC cohort including 700 mother-child pairs, 59 £hildren of mothers with 25(OH)D <75 nmol/L ¥ 116), and there
children were included in the COPSYCH 10-y visit and eligible for anWas a signicant interaction between preintervention 25(0OH)D con-
alyses on maternal and child serum 25(OH)D levels. For baseline ch&entrations and the vitamin D3 intervention on autism risk (interaction
acteristics of the COPSYCH 10-y visit seepplementary Table 1 term coefcient% 0.97, crude P-interactiotiz 0.030). Barnarts exact

From the total COPSAC cohort, a subgroup of 496 children partictest inferred a signicant protective effect of the vitamin D3 interven-
ipated both in the vitamin D3 trial and in the COPSYCH 10-y visit andtion on risk of autism within mothers with preintervention 25(OH)D
were eligible for primary analyses on the intervention effect: 24devels 75 nmol/L; ORYa 0, P %2 0.044. There was no sigriant
received high dose and 250 standard dose of vitamirFDBie 3. interaction between preintervention 25(OH)D levels and the vitamin

There were no signcant differences in serum 25(OH)D at baselineD3 intervention on autistic symptom load (crude P-interactian
or in season of birth between the intervention and the placebo grou:261), ADHD diagnosis (crude P-interactiéf 0.687), or ADHD
Before the intervention, 51.4 % of mothers had levels of serum 25(OHymptom load (crude P-interactior 0.703). (See Supplementary
D 75nmol/L. Demographics are providedTable 1 See thesup-  Methods,Supplementary Figure andSupplementary Figure) 3
plementary Materiafor additional descriptive tables strad ac- A threshold analysis (moving average) suggested a U-shape effect
cording to outcome measurésupplementary Tables-5). of the high-dose vitamin D3 intervention with a protective effect on

In total, 74% of the mothers adhered to the intervention, which wagutistic symptom load in cases of maternal preintervention 25(0H)D
de ned as an intake of 80% of the prescribed Capsu|®155-|_ The concentrations within the normal to hlgh range of serum 25(OH)D
safety prole of the RCT has been reported previousl§] | (approximately 55110 nmol/L) Figure 3.
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Figure 1. CONSORT participantow diagram.

Vitamin D and parent-rated autistic traits severity and Discussion
ADHD symptoms

No signi cant associations were found between the vitamin D3 In this RCT, investigating the effect of high-dose (2800 I1U/d)
supplementation, maternal pre- or post-intervention or child serumompared with standard dose (4001U/d) of vitamin D3 from pregnancy
25(0OH)D and parent-rated severity of autistic traits measured by SRSwk 24 until 1 wk after birth, we found no overall protective effect on
or ADHD symptoms measured by ADHD-RSSupplementary risk of autism, ADHD, or symptom loadsdigher maternal pre-
Table 12(vitamin D3 intervention)Table 13(maternal 25(OH)D), and intervention 25(0OH)D was associated with a decreased risk of autism,
Table 14(child 25(OH)D)]. However, estimates suggested lower SRSlower autistic symptom load, and decreased risk of ADHD.
total scores with increasing maternal preintervention 25(OH)D and The present study overcomes important limitations of existing

child 6-mo 25(0OH)D levels. observational studies investigating the association between gestational
serum 25(0OH)D and risk of autism and ADHD in the offspring. First,
Sensitivity analyses the RCT design allows for an unbiased investigation of the effect of

The association between maternal preinterver&(@©H)D and  Vitamin D3 supplementation in late pregnancy, a period characterized
risk of ADHD disappeared aftemdditional adjustment for maternal by rapid brain growth and neuronal development. This is of high
ADHD PRS (OR, 0.94 (0.83,1.07F ¥ 0.366).The association be- importance due to the many known lifestyle factorsigncing serum
tween higher maternal preintervention 25(0H)D and decreasedfVvels of vitamin D 6. Second, this study was based on thorough
autistic symptom load did replicate using alternative statistical modelg;linical evaluations performed by uniformly trained nurses and medical
however, results were nonsigoant. (seSupplementary Methogmd ~ doctors at the COPSAC research unit as opposed to parent-reported or
Supplementary Tables 455). registry-based outcomes more prone to bi&S,3f]. Lastly,
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Table 1

Baseline characterization of participants of the vitamin D3 RCT included in the COPSYCH project
Strati ed by participation in the vitamin D3 RCT All Placebo Vitamin D3

n Y4496 n % 250 n ¥, 246

Diagnosis of autismm (%) 12 (2.4) 7 (2.8) 5(2.0)
Individuals presenting clinically rated symptoms of autisi{%o) 40 (8.1) 25 (10.0) 15 (6.1)
Diagnosis of ADHDn (%) 58 (11.7) 31 (12.4) 27 (11.0)
Individuals presenting clinically rated symptoms of ADH(%6) 143 (28.8) 76 (30.4) 67 (27.2)
Long-chain n-3 PUFA supplementation(%) 249 (50.2) 122 (48.8) 127 (51.6)
Maternal preintervention 25(OH)D, nmol/L, [mean (SD)] 75.81 (25.66) 75.57 (25.44) 76.05 (25.92)
Maternal preintervention 25(OH)D,75 nmol/L,n (%) 253 (51.4) 125 (50.4) 128 (52.5)
Maternal post-intervention 25(OH)D, nmol/L, [mean (SD)] 89.99 (38.09) 71.86 (31.54) 108.33 (35.31)
Maternal post-intervention 25(OH)D75 nmol/L,n (%) 313 (64.0) 108 (43.9) 205 (84.4)
Maternal age at childbirth, y [mean (SD)] 32.33 (4.28) 31.98 (4.24) 32.69 (4.30)

Maternal pre-pregnancy weight, kg, [mean (SD)]

69.17 (13.57)

69.15 (13.18)

69.19 (13.99)

Parity
1,n (%) 219 (44.2) 123 (49.2) 96 (39.0)
2,n (%) 198 (39.9) 91 (36.4) 107 (43.5)
3,n (%) 79 (15.9) 36 (14.4) 43 (17.5)
Alcohol intake in pregnancyy (%) 81 (16.4) 39 (15.6) 42 (17.1)
Smoking third trimesten (%) 17 (3.4) 11 (4.4) 6 (2.4)

Exclusive lactation, weeks (median [IQR])
Maternal educational level (%)

17.43 [8.57, 21.57]

17.57 [8.93, 21.68]

17.43 [8.29, 21.39]

Low (Elementary school or college graduate) 41 (8.3) 24 (9.6) 17 (6.9)

Medium (Tradesman certgiation or bachelts degree) 314 (63.3) 162 (64.8) 152 (61.8)

High (Mastets degree or higher) 141 (28.4) 64 (25.6) 77 (31.3)
Household income (%)

Low (< 100.000DKK) 44 (8.9) 23(9.2) 21 (8.5)

Medium (100.000-200.000 DKK) 257 (51.8) 134 (53.6) 123 (50.0)

High (> 200.000 DKK) 195 (39.3) 93 (37.2) 102 (41.5)
Fathers age, y, [mean (SD)] 34.63 (5.19) 34.29 (5.20) 34.98 (5.17)

Gestational age, d [mean (SD)]
Season of birth

279.43 (10.86)

279.32 (10.25)

279.54 (11.46)

Winter, n (%) 179 (36.1) 87 (34.8) 92 (37.4)
Spring,n (%) 97 (19.6) 50 (20.0) 47 (19.1)
Summern (%) 100 (20.2) 50 (20.0) 50 (20.3)
Fall, n (%) 120 (24.2) 63 (25.2) 57 (23.2)
Sex, malen (%) 256 (51.6) 123 (49.2) 133 (54.1)
Race, Whiten (%) 475 (95.8) 240 (96.0) 235 (95.5)

Abbreviations: ADHD, attention deit hyperactivity disorder; RCT, randomized controlled trial; SD, standard deviation; IQR, interquartile réngenider.
S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
Alcohol intake in pregnancy describes any intake of alcohol during pregnancy, yes/no.
Smoking in third trimester describes any smoking in third trimester of pregnancy, yes/no.
Information on race was obtained through parental interviews and wasdlas either white or non-white.
! DKK % 0.14 USD.

consecutive follow-up and longitudinal deep phenotyping of theelatively high levels of maternal serum 25(OH)D when compared to
COPSAC2010 cohort allowed us to investigate the effects of seruglobal reports hereof].
25(0OH)D from the prenatal period until childhood controlling for po-  Regardless of the intervention, but with the risk of lifestyle con-
tential confounders. founding, we observed that higher maternal preintervention 25(OH)D
The study was limited by the low number of clinically evaluatedwas associated with a reduced risk of autism and ADHD and lower
cases of autism3p], which could explain why, we found no overall clinically evaluated symptom load of autism but not ADHD. However,
intervention effectA post hoc power calculation showed that the this association with autistic symptoms was not siggmt using
present study was underpowered (Se@plementary ResujtsAddi- parent-reported autistic traits. Higher maternal serum 25(OH)D in
tionally, we were unable to determine whether a higher dose initiatggfegnancy has previously been associated with low risk of both autism
earlier in pregnancy or even pre-pregnancy would have caused an afid ADHD diagnosisd,11,13,14]. The Generation R study reported an
fect. Further, the observational result of the study was limited bwyssociation between higher maternal gestational 25(OH)D and lower
missing information on parental mental health statms important  parent-rated autistic trait severity among offspring measured by SRS-2
potential confounder considering both autism and ADHD are highlyn a large cohort comprising 2866 mother-child paid.[In a smaller
heritable (heritability estimate for autism-28% and for ADHD  case-control study, higher gestational 25(OH)D was also associated
70-80%) [L,2]. Analyses on the effect of maternal preinterventionwith fewer autistic symptoms measured by childhood autism rating
serum 25(OH)D adjusted for the motlsegenetic risk of autism or scale completed by health care professiong]. Finally, a large
ADHD removed the effect on ADHDS(pplementary Table L5  birth cohort study reported no association between gestational 25(OH)
Lastly, the external validity of the present study is limited by theD and later parent-reported symptoms of ADHD)][
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Figure 2. Partial residual plot of the covariate adjusted linear association between maternal preintervention pregnancy week 24 25(OH)D and auatistic symp
load measured by Kiddie-Schedule for Affective Disorders and Schizophrenia for School-Age Children - Present and Lifetime Version amortpaB9 indivi
The linear tis represented by the broken blue line and a smooth (loess) of the partial residuals by a solid magenta line (R package: crPlots). Adjusted for cl
sex, birth weight, gestational age, season of week 24 25(OH)D measurement, social circumstances, maternal smoking in third trimester ofgteegalancy,
pre-pregnancy weight, and fathexge. The study population included all individuals included in the COpenhagen Prospective Study on Neuro-PSYCHiatric
Development 2010 cohort with available measurements of 25(OH)D in pregnancy week 24 and with offspring participating in the COpenhagen Prospect
Study on Neuro-PSYCHiatric Development visit at age 10 regardless of participation in the vitamin D3 trial. 25(OH)D, 25-hydroxy-vitamin D.

Table 2

Vitamin D3 supplementation and K-SADS-PL evaluation of autism and ADHD
K-SADS-PL measure N (N cases) QOdds ratio estimate (CI) N (N cases) Odds ratio estimate (Cl) adjusted
Autism 496 (12) 0.72 (0.21,2.29) 492 (12) 0.72 (0.21,2.32)
ADHD 496 (58) 0.87 (0.50,1.51) 492 (57) 0.87 (0.49,1.53)
K-SADS-PL measure N Beta estimate (Cl) N Beta estimate (Cl) adjusted
Autistic symptoms component score 496 0.08 ( 0.19,0.03) 492 0.08 ( 0.19,0.03)
ADHD symptoms component score 496 0.06 ( 0.18,0.07) 492 0.07 ( 0.19,0.05)

ADHD, attention decit hyperactivity disorder; Cl, colence interval; K-SADS-PL, Kiddie-Schedule for Affective Disorders and Schizophrenia for School-Age
Children-Present and Lifetime Versid,; number.
ICD-10 diagnostic codes of Autism assigned at the COPSYCH visit included the DF84.0, DF84.5 and DF84.8 diagnostic codes, and of ADHD DF90.0, DF9C
and DF98.8.

1 Adjusted for week 24 vitamin D levels, season of birth, child sex, and the n-3 long-chain PUFA intervention.

The high-dose vitamin D3 supplementation during pregnancy didisk of autism diagnosis. This may suggest that high 25(OH)D in early
not show overall protection against child autism and ADHD diagnosipregnancy is of particular importance for typical brain development.
or symptom load. To our knowledge, no RCT has previously investiThis is supported by a large registry-based study showing an associa-
gated the effect of vitamin D supplementation in pregnancy on risk dfon between lower maternal serum 25(OH)D iist and early second
autism or ADHD. In a prospective study from 2016, vitamin D sup-trimester of pregnancy and increased risk of autism diagnbHis [
plementation in pregnancy among mothers of children with autisrrurthermore, early pregnancy may represent a vulnerable phase
decreased the recurrence rate of autism in newborn siblings frobecause basics of the neural system are established already during the
previously reported 20% to 5%1]. These mothers were prescribed embryonic stage4p]. Hence, it is plausible that the vitamin D3
5000 IU vitamin D3 per day during pregnancy as opposed to 280dhtervention in our study was introduced too late in pregnancy or that
IU/day in the present study. In the study, newborns were also suppléie intervention dose was too low to achieve an effect among mothers
mented with 1000 IU/day vitamin D until the age of 3. A lower with vitamin D de ciency at randomization.
intervention dose of vitamin D3 in our RCT may therefore to some We performed a threshold analysis of the effect of the vitamin D3
extent explain the discrepancy with our results. supplementation on autistic symptom load according to maternal pre-

Among mothers with early pregnancy serum 25(OH)Ib nmol/  intervention serum 25(OH)D. The analysis revealed a U-shaped asso-
L, we found that the high-dose vitamin D3 intervention may lower thesiation indicative of a protective effect of vitamin D3 intervention
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Figure 3. Threshold analysis of the effect of high-dose vitamin D3 supplementation on autistic symptom load measured by Kiddie-Schedule for Affectiv
Disorders and Schizophrenia for School-Age Children - Present and Lifetime Version according to maternal preintervention serum 25(OH)0X measurec
pregnancy week 24.

Overall sample size was 492 individuals. The violin plot below shows the distribution of the measured maternal preintervention serum 25(@H)D. Line
regression was used to estimate the effect of the intervention according to maternal preintervention 25(OH)D within a moving wi2damnof/L. Black

line marks the estimate and gray area the corresponding 95%damte interval. Estimates are unadjusted. 25(OH)D, 25-hydroxy-vitamin D.

among mothers with preintervention levels between ~55 and 110 nmalhildhood measurements. A meta-analysis from 2018 also suggested an

L. U-shaped associations between vitamin D and bone health as wellassociation between low childhood 25(OH)D status and risk of ADHD

aeroallergen sensitization have been described previod3iA] [15], but a Mendelian randomization study did nod evidence of a

Further, a case-control study has also reported higher risk of schizcausal relationship![].

phrenia among children with either low or high 25(OH)D measured in  In conclusionhigher maternal preintervention 25(OH)D was asso-

neonatal dried blood sample$5]. Future studies on vitamin D and ciated with a decreased risk of autism, lower autistic symptom load, and

autism should be aware of potential non-linear associations. decreased risk of ADHD diagnoskigh-dose vitamin D3 supplemen-
Two previous studies have reported sex differences in the relatiotation from pregnancy wk 24 until 1 wk postpartum did not reduce the

ship between early life vitamin D status and autism, where one studyerall risk of autism and ADHD diagnosis or symptom load in the

reported a protective association of higher neonatal vitamin D onlgffspring at age 10 when compared to standard dose vitamin D3.

among girls 0], whereas another study reported a protective associ-

atio_n Qf higher gestgtional vitamin D among boys and an opposi_te a?-icknowledgments

sociation among girls3p]. In our study, there was no interaction

between sex and the intervention for neither autism nor ADHD.
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Finally, we found no associations of maternal post-intervention
serum 25(OH)D or child serum 25(OH)D at either age 6 mo or 6 yAuthors contributions
on risk of autism or ADHD, which contrasts a recent meta-analysis
showing evidence of lower serum 25(OH)D in children and adoles- The authorsresponsibilities were as follows KA: drafted the
cents with autism/6]. However, all included studies were case-controlmanuscript. All co-authors (JRMJ, AS, DH, RV, JBR, NB, AE, PM,
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D levels }6], factors which would probably not be as irential in  lyses and interpretation of the data. All authors: guarantee that the
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Supplementary Methods

Study Design

The COPSYCH project is nested within the ongoing COPSAC2010 cohort comprising 700-ctuttigrairs. From

the COPSAC2010 cohort, 623 pregnant women were included in the vitamin D3 trial, inclusion in the vitamin D3
trial was influenced by a delay in ethicalpoval. The offspring were followed prospectively and deeply
phenotyped by trained nurses and medical doctors at the COPSAC)unit.

Serum measures of 25(OH)D
One serum 25(0OH)D measure of 0.0 was corrected to half of the lowest observed value of 25(0OH)D.

The COPSYCH 10year visit

Research diagnoses were based on all clinical information at 4yeat @isit and assigned according to both the

International Classification of DisordersBevision (ICD10) of Mental and Behavioural Disorders: Clinical

descriptions and diagnostic guidelines and Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5).(2,3) All diagnoses and every #0nentally healthy child were tevaluated at monthly consensus meetings

with a professor of child and adolescent psychiatry (MBAutism was included by the IGO0 diagnostic codes

") &KLOGKRRG DXWLVP ") $VSHUJHUTV VIQGURPH DQG ") 2WKH
disorders). ADHD was included by the ICID diagnostic codes DF90.0 (Disturbance of activity and att&ntio

DF90.8 (Other hyperkinetic disorders), and DF98.8 (Other specified behavioral and emotional disorders with onset

usually occurring in childhood and adolescence).

An estimation of interrater reliability on symptelevel was performed based on videmordings of 10 participants
with JRJIM as gold standard. Overall agreement (across symptoms currently present and symptoms currently not
present): 99.48%, 95%CI (99.-28.66). Agreement on present symptoms: 88.48 %, 95%Cl (S282).

Information on covariates

Child sex was obtained through the Central Person Register (CPR) number and defined as either male or female.
Information on birth weight and gestational age was obtained through medical records, the Danish Medical Birth
Registry (MFR, Fgdselsregisteradj)d the Dansh Database in Fetal Medicine. Materngbmmgnancy weight was

obtained from medical records (Vandrejournal) and the Danish database in fetal medicine (F@TOdatabasen). Season
of week 24 250HD measurement was calculated based on date of &toplg sThe social circumstances variable

was derived from a principal component analysis (PCA) including information on maternal age, household income,
and mothers highest completed education at child age 2. A higher PCA indicated higher income, edeeationa

and maternal age. Maternal smoking in third trimester of pregnancy wasepeifed by included mothers and was

defined as any smoking in third trimester of pregnancy. Fathers” age was obtained through the CPR number.

Statistical analysis

Main analyses

The difference in maternal prand postintervention serum 25(OH)D in the higlose vitamin D3 intervention
group was testbusing a paired-test.Further, we estimated the Spearman correlation between both autistic and
ADHD symptom loads and the number ofSADSPL symptoms.

Secondary analyses

Analyses regarding maternal serum 25(OH)D were adjusted for child sex, birth weight, gestational age, season of
week 24 25(0OH)D measurement/season of birth, social circumstances, maternal smoking in third trimester of
pregnancy, maternal pygegnancy weikt, and fathers” age. Analyses regarding child serum 25(OH)D were
adjusted for child sex, birth weight, child BMiszore at age of 25(OH)D measurement, child age at 25(OH)D
measurement, season of 25(OH)D measurement, social circumstances, and mat&imglisrird trimester of
pregnancyCovariates included were based on known risk factors for autism, ADH25@dH)D status(5 9)
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In adjusted analyses child sex, season of week 24 250HD measurement, and maternal smoking in third trimester of
pregnancy were added as factor variables. Birth weight, gestational age, social circumstances, maternal pre
pregnancy weight, fathers” age, diBMI z-score and child age as continuous variables.

We tested the association between outcomes and covariates in univariate analyses using linear regression and
logistic regression.

Sensitivity analyses

We tested the intervention effect among mothers withip@WHUYHQWLRQ 2+ QPRO / DQG -
is the Danish cutoff to define sufficien¢0)

To rule out residual confounding from unregistered parental autism or ADHD, we performed additional analyses
adjusted for maternal autism or ADHD polygenic risk score (RR512)

K-SADS-PL measure of symptom load, ADHD symptoms (ADIRS), and autistic traits (SRH were leftskewed

and were not transformed to preserve clinical leverage pdiatsnsure the correctness of the selected statistical

model, we performed sensitivity analyses whassociations between maternal-prervention serum 25(0OH)D

and KSADS-PL symptom loagwere sought replicated using alternative statistical approaches including analyses
restricted to individuals with a minimum of one symptom of autism r@eto increase the linearity of the data)
andanalyses with the autistic symptoms component score as a categorical variable (any symptom compared with no
symptoms).

Supplementary Results

Baseline characteristics

Across intervention and placebo group, mean materndhfgevention 25(OH)D was 75.81 nmol/L. The
intervention significantly increased maternal serum 25(OH)D at 1 week postpartum (mean [SD], 76.05 [25.92]
nmol/L compared with108.33 [35.31] nmol/L; mean difference 32(8%% ClI, 27.1387.35, p<0.001).

The autistic and ADHD symptom loads were highly correlated with the numbeS#XS-PL symptoms of autism
and ADHD (Spearman, r = 0.82 and r = 0.98, respectively).

Serum 25(OH)D and risk of autism and ADHD

After exclusion of children with birth weight < 1500g and gestational age < 28 weeks (n<5), a total of 591 children
from the COPSA010 cohort attended the BADS-PL psychopathological evaluation at the COPSYCH/&ar

visit. Of the 591 children, 16 (2.7%) were diagnosed with autism and 65 (11.0%) were diagnosed with ADHD.
Clinically rated symptoms of autism were present in 49 (8.3%) and of ADHD in 170 (28/&%3ures of serum
25(0OH)D were normally distributed and hence not transformed in the analyses.

We performed univariate analyses showing significant associations between autism and matpreghprey
weight; ADHD and sex, social circumstances, and smoking in third trimester of pregnancy; autistic symptom load
and social circumstances; and ADHDrgytom load and sex, social circumstances, angypggnancy weight.

Sensitivity analyses

The effect of the vitamin D3 intervention by maternalimtervention 25(OH)D on risk of autism diagnosis and
severity of autistic symptom load was comparable when using 50 na®the cutoffHowever the effect on
autism diagnosis was only marginally significant (Supplementary FR)ure

This RCT was powered according to the primary outcome of persistent wheeze or asthma. We therefore performed a
post hoc power analysis to determine the needed population size to detect similar but significant effect estimates of
the vitamin D3 supplementah on autism diagnosis a®DHD diagnosis Regarding the vitamin D3

supplementation effect on autism diagnosis, a study population of 1873 individuals in each intervention group was
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needed to detect a significant 50% reduction in risk of autism with a corresponding autism prevalence of 1.2% in the
high-dose group as compared to 2.4% in the standasg group accepting a significance level of 5% and a power

of 80%. Regarding the vitamD3 supplementation effect on ADHD diagnosis, a study population of 358

individuals in each intervention group was needed to detect a significant 50% reduction in risk of ADHD with a
corresponding ADHD prevalence 5f85% int the highdose group as coraped to thel1.®% in the standardose

group accepting a significance level of 5% and a power of 8R%backage: pwr)
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Supplementary tables and figures

Supplementary Figure 1:Timeline of exposures and outcomes
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Supplementary Table 1.Characterization of the COPSAZD10 cohort and participants hereof included in the
COPSYCH KSADS psychopathological evaluation after exclusion of individuals with low birth weight and/or low
gestational age.

Complete Participation in No participation in
. o COPSYCH COPSYCH
Stratified by COPSYCH participation COPSAC2010 K-SADSPL K-SADSPL
Cohort : :

evaluation evaluation
n =698 n =591 n =107

Vitamin D3 supplementation, n (%) 297 (50.9) 246 (49.6) 51 (58.0)
Long chain rR3 LPUFA supplementation, n (%) 346 (49.7) 303 (51.4) 43 (40.6)

Maternal preintervention vitamin D, nmol/L,

(mean (SD))

Maternal preLQWHUYHQWLRQ YLV

nmol/L, n (%)

Maternal posintervention vitamin D, nmol/L,

(mean (SD))

Maternal postL QW HUYHQWLRQ YL

nmol/L, n (%)

Maternal age at childbirth, years (mean (SD))
Maternal prepregnancy weight, kg, (mean (SD

75.66 (25.21)
345 (49.9)
87.88 (36.54)

421 (61.5)

32.28 (4.37)
68.93 (13.12)

75.14 (25.46)
288 (49.1)
88.10 (37.02)

358 (61.8)

32.35 (4.33)
69.31 (13.21)

78.49 (23.67)
57 (53.8)
86.66 (33.96)

63 (59.4)

31.88 (4.54)
66.79 (12.46)

Parity

1, n (%) 321 (46.0) 270 (45.7) 51 (47.7)
2,n (%) 267 (38.3) 230 (38.9) 37 (34.6)
e Q 110 (15.8) 91 (15.4) 19 (17.8)
Alcohol intake in pregnancy, n (%) 100 (14.4) 89 (15.1) 11 (10.4)
Smoking third trimester, n (%) 25 (3.6) 19 (3.2) 6 (5.6)

Exclusive lactation, days (median [IQR])
Maternal educational level (%)

17.43[6.79,21.43]  17.43[8.07,21.50]  16.71[3.50, 21.11]

Low (Elementary school or college graduate 55(7.9) 50 (8.5) 5@.7)
dé\g(:gél;m (tradesman certification or bachelor 451 (64.6) 374 (63.3) 77 (72.0)

+LJK ODVWHUYV GHJUHH 192 (27.5) 167 (28.3) 25 (23.4)
Household income (%)

low (below 100.000DKK) 67 (9.6) 55 (9.3) 12 (11.2)

medium (100.00€200.000 DKK) 370 (53.1) 310 (52.5) 60 (56.1)

high (above 200.000 DKK) 260 (37.3) 225 (38.1) 35 (32.7)
Fathers age, years, (mean (SD)) 34.50 (5.27) 34.61 (5.21) 33.83 (5.56)
Gestational age, days (mean (SD)) 279.19 (11.14) 279.38 (11.14) 278.10 (11.10)
Season of birth

Winter, n (%) 214 (30.7) 181 (30.6) 33 (30.8)

Spring, n (%) 185 (26.5) 162 (27.4) 23 (21.5)

Summer, n (%) 149 (21.3) 125 (21.2) 24 (22.4)

Fall, n (%) 150 (21.5) 123 (20.8) 27 (25.2)
Sex, male, n (%) 359 (51.4) 304 (51.4) 55 (51.4)
Race, White, n (%) 668 (95.7) 565 (95.6) 103 (96.3)
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Child 6 months 25(0H)D, nmol/L (mean (SD))  84.86 (23.88) 84.61 (24.15) 86.50 (22.10)
Child 6 years 25(0H)D, nmol/L (mean (SD)) 64.07 (19.77) 64.39 (19.95) 59.97 (16.88)

Abbreviations1QR = interquartile range. N = numb&CT = Randomized controlled trial. SD = standard deviation.
S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496. 1 DKK = 0.14 USD.

Alcohol intake in pregnancy describes any intake of alcohol during pregnancy, yes/no.

Smoking in third trimester describes any smoking in third trimester of pregnancy, yes/no.

Information on race was obtained through parental interviews and was defined as either white/literon
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Supplementary Table 2.Descriptive table of covariates included in analyses on vitamin D3 supplementation
stratified according to diagnosis of autism

Descriptive table of covariates included in analyses on vitamin D3 supplement
stratified according to diagnosis of autism

No autism Autism
N =484 N=12
Maternal preintervention vitamin D,
nmol/L, (mean (SD)) 76.19 (25.58) 60.38 (24.76)
Season of birth
Winter, n (%) 177 (36.6) 2 (16.7)
Spring, n (%) 95 (19.6) 2 (16.7)
Summer, n (%) 96 (19.8) 4 (33.3)
Fall, n (%) 116 (24.0) 4 (33.3)
Sex, male, n (%) 247 (51.0) 9 (75.0)
Long chain A3 LPUFA supplementation, r
(%) 244 (50.4) 5 (41.7)

Abbreviations:N = numbern-3 LCPUFA =omega3 long-chain polyunsaturated
fatty acids,SD = standard deviation.
S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
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Supplementary Table 3.Descriptive table of covariates included in analyses on vitamin D3 supplementation
stratified according to diagnosis of ADHD

Descriptive table of covariates included in analyses on vitamin D3 supplement
stratified according to diagnosis of ADHD

No ADHD ADHD
N =438 N =58
Maternal preintervention vitamin D,
nmol/L, (mean (SD)) 76.51 (24.67) 70.44 (31.94)
Season of birth
Winter, n (%) 160 (36.5) 19 (32.8)
Spring, n (%) 85 (19.4) 12 (20.7)
Summer, n (%) 87 (19.9) 13 (22.4)
Fall, n (%) 106 (24.2) 14 (24.1)
Sex, male, n (%) 211 (48.2) 45 (77.6)
Long chain A3 LPUFA supplementation, r
(%) 222 (50.7) 27 (46.6)

Abbreviations:N = numbern-3 LCPUFA =omega3 long-chain polyunsaturated
fatty acids,SD = standard deviation.
S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
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Supplementary Table 4.Descriptive table of covariates included in analyses on maternaitpreention
25(0OH)D stratified according to diagnosis of autism

Descriptive table of covariates included in analyses on maternaitpreention
25(0OH)D stratified according to diagnosis of autism

Sex, male, n (%)
Birth weight (mean (SD))

Gestational age, days (mean (SD))

Season of week 24 25(OH)D measureme

Winter, n (%)
Spring, n (%)
Summer, n (%)

Fall, n (%)
Social circumstances principal componer
(mean (SD))

Smoking third trimester, n (%)

Maternal prepregnanayeight, kg, (mean
(SD))

Fathers age, years, (mean (SD))

No autism
N =575
294 (51.1)
3.55(0.53)

279.33 (11.22)

157 (27.5)
111 (19.5)
124 (21.8)
178 (31.2)

0.02 (0.99)
19 (3.3)

69.02 (12.75)

34.59 (5.18)

Autism
N=16
10 (62.5)
3.59 (0.58)

281.44 (7.87)

7 (43.8)
3 (18.8)
3 (18.8)
3 (18.8)

-0.08 (1.16)
0 (0.0)

79.69 (22.89)

35.43 (6.32)

Abbreviations: SD = standard deviation. N = numine3, LCPUFA =omega3 long-

chain polyunsaturated fatty acids.

S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
Alcohol intake in pregnancy describes any intake of alcohol during pregnancy, yes/
Smoking in third trimester describes any smoking in third trimester of pregnancy, ye
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Supplementary Table 5.Descriptive table of covariates included in analyses on maternaitpreention
25(0OH)D stratified according to diagnosis of ADHD

Descriptive table of covariates included in analyses on maternaitpreention
25(0OH)D stratified according to diagnosis of ADHD

Sex, male, n (%)
Birth weight (mean (SD))
Gestational age, days (mean (SD))
Season of week 24 25(OH)D measureme
Winter, n (%)
Spring, n (%)
Summer, n (%)

Fall, n (%)
Social circumstances principal componer
(mean (SD))

Smoking third trimester, n (%)
Maternal prepregnancy weight, kg, (meatr
(SD))

Fathers age, years, (mean (SD))

No ADHD
N = 526
255 (48.5)
3.54 (0.54)

279.26 (11.42)

151 (28.9)
99 (19.0)
113 (21.6)
159 (30.5)

0.05 (0.98)
14 (2.7)

68.97 (12.74)
34.59 (5.15)

ADHD
N =65
49 (75.4)
3.61 (0.49)
280.40 (8.58)

13 (20.3)
15 (23.4)
14 (21.9)
22 (34.4)

-0.28 (1.04)
5(7.7)

72.05 (16.44)
34.83 (5.67)

Abbreviations: SD = standard deviation. N = numine3, LCPUFA =omega3 long-

chain polyunsaturated fatty acids.

S| Conversion: vitamin D can be converted to ng/mL by dividing by 2.496.
Alcohol intake in pregnancy describes any intake of alcohol during pregnancy, yes/
Smoking in third trimester describes any smoking in third trimester of pregnancy, ye
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Supplementaryatble6: Maternal preintervention serum 25(OH)D at week 24 of pregnancy af8ARDSPL evaluation of
autism and ADHD

N . . N Odds Ratio Estimate (ClI
K-SADSPL measure (N cases) Odds Ratio EstimatéCl) (N cases) Adjusted
Autism 586 (16) 0.73 (0.58,0.91) 569 (16) 0.76 (0.59,0.97)
ADHD 586 (64) 0.89 (0.80,0.99) 569 (63) 0.88 (0.78,0.99)
K-SADSPL measure N Beta Estimat¢Cl) N Beta Estimate (CI)
Adjusted
Autistic Syms'[(’:tgrrgs component 586 -0.03 (0.05:0.01) 569 -0.03 (0.05,0.00)
ADHD symptoms component 586 -0.02 £0.04,0.00) 569 -0.02 €0.04,0.00)

IAdjusted for child sex, birth weight, gestational age, season of week 24 25(0OH)D measurement, social circumstances, ma
smoking in third trimester of pregnancy, maternakpregnancy weight, and fathers” age. Beta estimates per 10 nmol/L 25(OH
ADHD = attention deficit hyperactivity disorder. Cl = confidence intervaBADS-PL = Kiddie Schedule for Affective Disorders
and Schizophrenia for ScheAbe ChildrerPresent and Lifetime Version. N = number.

ICD-10 diagnostic codes of Autism assigned at the COPSYCH visit included the DF84.0, DF84.5 and DF84.8 diagnostic ¢
of ADHD DF90.0, DF90.8 and DF98.8.

The study population included all individuals included in the COPSAC2010 cohort with availeaseirements @5 (OH)Din

pregnancy week 2dnd with offspring participating in the COPSYCH visit at age 10 regardless of participation in the vitamin
trial.

Beta coefficients for all variables in adjusted models are provided in the Supplementary Tables 6
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Supplementary Table7. Beta estimates for the effect of maternatptervention 25(OH)D levels on risk of
autism diagnosis

Autism diagnosis

Predictors Odds Ratios 95% Confidence Interva p-value
(Intercept) 0.00 0.00 £160.45 0.228
Pre intervention 250HD 0.76 0.59 +0.97 0.034
Child sex [Male] 1.78 0.62 +5.65 0.298
Birth weight 0.64 0.18 +2.21 0.483
Gestational age 1.02 0.96 £1.09 0.513
Season of week 24 0.62 0.13 £2.40 0.508
250HD
measurement [spring]

Season of week 24 1.10 0.21 +4.70 0.905
250HD

measurement [summet]

Season of week 24 0.54 0.11 £2.11 0.396
250HD

measurement [fall]

Social circumstances 0.98 0.54 £1.80 0.938
Smoking in third 0.00 - 0.992

trimester of pregnancy

[1]

Maternal prepregnancy 1.04 1.01 £1.07 0.012
weight

Fathers age 1.02 0.91 £1.13 0.652
Observations 569
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Supplementary Table8. Beta estimates for the effect of maternatptervention 25(OH)D levels on risk of
ADHD diagnosis

ADHD diagnosis

Predictors Odds Ratio 95% Confidence Interval p-value
(Intercept) 0.00 0.00 £2.37 0.089
Pre intervention 250HD 0.88 0.78 +0.99 0.033
Child sex [Male] 3.76 2.06 +7.22 <0.001
Birth weight 1.14 0.57 +2.24 0.714
Gestational age 1.01 0.98 £1.04 0.674
Season of week 24 250HI  1.67 0.74 £3.82 0.216
measurement [spring]

Season of week 24 250H!I  1.88 0.78 +4.57 0.157
measurement [summet]

Season of week 24 250HI  2.05 0.97 +4.49 0.064
measurement [fall]

Social circumstances 0.67 0.49 £0.92 0.014
Smoking in third 4.06 1.17 £12.54 0.018

trimester of pregnancy

[1]

Maternalprepregnancy 1.01 0.99 £1.03 0.364
weight

Fathers age 1.05 0.99 £1.11 0.090
Observations 569

15



High-dose vitamin D3 supplementation in pregnancy and risleafodevelopmental disorders
in the children at age 1-:0A randomized clinical trial
Kristina Aagaard

Supplementary Table9. Beta estimates for the effect of maternakjmtervention 25(OH)D levels on autistic
symptom load

Autistic symptom load

Predictors Estimates 95% Confidence Interval p-value
(Intercept) -1.44 -3.01 +0.12 0.071
Pre intervention 250HD -0.03 -0.05 =-0.00 0.024
Child sex [Male] 0.04 -0.07 £0.15 0.440
Birth weight -0.14 -0.27 £-0.00 0.044
Gestational age 0.01 -0.00 +0.01 0.077
Season of week 24 250H! -0.14 -0.30 +0.01 0.076
measurement [spring]

Season of week 24 250H! -0.04 -0.20 +0.12 0.629
measurement [summet]

Season of week 24 250H!  -0.03 -0.17 +0.11 0.709
measurement [fall]

Social circumstances -0.05 -0.12 +0.01 0.084
Smoking in third -0.15 -0.46 £0.15 0.327

trimester of pregnancy

[1]

Maternal prepregnancy 0.01 0.00 £0.01 0.001
weight

Fathers age 0.00 -0.01 £0.01 0.627
Observations 569
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Supplementary Table10. Beta estimates for the effect of maternakimtervention 25(OH)D levels on ADHD
symptom load

ADHD symptom load

Predictors Estimates 95% Confidence Interval p
(Intercept) -1.72 -3.28 +-0.16 0.031
Pre intervention 250HD -0.02 -0.04 £0.00 0.122
Child sex [Male] 0.39 0.29 +0.50 <0.001
Birth weight -0.04 -0.17 +0.09 0.529
Gestational age 0.00 -0.00 +0.01 0.264
Season of week 24 250H!  0.10 -0.05 +0.26 0.191
measurement [spring]

Season of week 24 250H!  0.10 -0.06 +0.25 0.231
measurement [summet]

Season of week 24 250H!I  0.12 -0.02 +0.26 0.088
measurement [fall]

Social circumstances -0.09 -0.15 +-0.03 0.004
Smoking in third 0.25 -0.06 £0.56 0.112

trimester of pregnancy

[1]

Maternal prepregnancy 0.01 0.00 £0.01 0.014
weight

Fathers age 0.01 -0.00 £0.02 0.073
Observations 569
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Supplementary dble11: Serum 25(0OH)D and SADSPL evaluation of autism and ADHD

Maternal posintervention tweek
postpartum serum 25(0OH)D

Child 6 months
serum 25(0OH)D

Child 6 years
serum 25(0OH)D

K-SADSPL | N Beta(cE;IS)“mate P | | BetaEstmatcl) | P | Beta(gls)“mate P
measure Adjusted value Adjusted value Adjusted value
Autism 563 1(0.851.16 0.956 | 549 0.89(0.691.13 0.348 | 467 0.93(0.641.3]) 0.695
ADHD 563 1.02(0.941.09 0.625 | 549 1.01(0.901.149 0.823 | 467 1.07(0.901.27) 0.440

K-SADSPL | N Beta(gf’)“mate P | \ | BetaEstmacly | P | BEta((E:IS)“mate P
measure Adjusted value Adjusted value Adjusted value
Autistic

symptoms 563 | 0.00(-0.01,0.01) | 0.907 | 549 | -0.01(-0.040.01) | 0.224 | 467 | -0.02(-0.050.01) | 0.270
component scorg
ADHD
symptoms 563 | 0.00(-0.01,0.02 | 0.770 | 549 | 0.00(-0.030.02 | 0.934| 467 | 0.00(-0.030.049 | 0.829
component scorg

tAdjusted for child sex, birth weight, gestational age, season of birth, social circumstances, maternal smoking in shéndafime
pregnancy, maternal prregnancy weight, and fathers” age. Beta estimates per 10 nmol/L 25(OH)D.

2Adjusted for child sex, child age at 6 monff&OH)D measurement, season of 6 mor#6gOH)D measurement, child 6 months
BMI z-score, social circumstances, child birth weight, maternal smoking in third trimester, and child gestational age.
3Adjusted for child sex, child age at 6 monf&OH)D measurement, season of 6 mor#6gOH)D measurement, child 6 months
BMI z-score, social circumstances, child bitkight, maternal smoking in third trimester, and child gestational age.

ADHD = attention deficit hyperactivity disordeBMI = body mass index. Cl = confidence interv@SADSPL = Kiddie-Schedule
for Affective Disorders and Schizophrenia for SchAgke ChildrenPresent and Lifetime Version. N = number.

Beta estimates per 10 nmol/L 25(OH)D.
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Supplementary Figure 2.Vitamin D3 supplementation and K-SADSPL evaluation of autism and ADHD

DFFRUGLQJ WR PDWHUQDO 2+ "+« QPRO / RU QPRO / DW SUHJQDQF\ Z
239 individuals were included in analyses regarding 25(OH)D<75 nmol/L and 253 in analyses regarding 25(OH)D

* QPRO/ $QDO\WVHV ZHUH SHUIRUPHG XVLQJ ORJLVWLF UHJUHVVLRQ IRU
FRQWLQXRXV V\PSWRP cotesiinteived godighifigaht p@ettivel gifect of the vitamin D3

intervention on risk of autismTOR=0, p=0.044. 95%CI not computable and results are therefore not shown in figure

due to zero cases of autism among mothers with 25(OH)D QP RO / UH F H L-dos&QidteiekitionK L J K

Estimates are unadjusted.
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Supplementary dble12; Vitamin D3 intervention and parerted autistic traits and ADHD symptoms severity
by SRS2 and ADHDRS

Beta EstimatgCl) Beta EstimatgCl)?
N Crude P value N Adjusted P value
ADHD-RS total score,
question 118 500 0.03(-1.541.60 0.968 496 -0.08(-1.631.47) 0.919
ADHD-RS inattention
score, 502 0.33(-0.631.29 0.502 498 0.30(-0.651.25 0.535
question 19
ADHD-RS
'mp“'s'v'tsyégi’gerac“‘”ty 500 | -0.30(-1.050.46 | 0.441 | 496 -0.38(-1.130.36) 0.314
guestion 1618
SRS2 total scale 501 0.01(-3.093.1) 0.997 497 -0.05(-3.17,3.07 0.975
SRS2
Restricted, Repetitive : :
Behaviors and Interests 501 0.22(-0.460.89 0.529 497 0.17(-0.51,0.89 0.617
scale
SRS2
Social Communication | 501 -0.21(-2.762.39) 0.871 497 -0.22(-2.792.39 0.865
and Interaction scale

1Adjusted for week 24 vitamin D levels, season of birth, child sex, aBd.@PUFA intervention.
ADHD = attention deficit hyperactivity disorder. ADHRS: ADHD-Rating ScaleCl: confidence interval. N = number.
SRS2: Social Responsiveness Scale 2.
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Supplementaryrable13: Maternal serum 25(OH)D and pareated autistic traits and ADHD symptoms severity
by SRS2 and ADHDRS

Maternal preintervention pregnancy | Maternal posintervention iweek post
week 24 serum 25(0OH)D partum serum 25(OH)D
N Beta Estimat¢ClI)* P N Beta Estimat¢Cl)? P
Adjusted value Adjusted value
ADHD-RS total score,
question 118 570 -0.18(-0.47,0.1) 0.222 | 565 -0.02(-0.210.17) 0.838
ADHD-RS inattention score,
question 19 574 -0.10(-0.280.08 0.285 | 568 -0.03(-0.150.09 0.591
ADHD-RS
impulsivity/hyperactivity score,| 570 -0.08(-0.220.06 0.268 | 565 0.01(-0.080.10 0.812
question 1018
SRS?2 total scale 574 -0.44(-1.030.16 0.148 | 568 -0.02(-0.410.36 0.901
SRS2
Restricted, Repetitive Behavior{ 574 -0.09(-0.220.09 0.188 | 568 0.00(-0.080.09 0.950
and Interests scale
SRS2
Social Communication and | 574 -0.35(-0.840.149 0.161 | 568 -0.03(-0.350.29 0.867
Interaction scale

1Adjusted for child sex, birth weight, gestational age, season of week 24 25(0OH)D measurement, social circumsta
maternal smoking in third trimester of pregnancy, maternappegnancy weight, and fathers” age. Beta estimates pe
nmol/L 25(0OH)D.

2Adjusted for child sex, birth weight, gestational age, season of birth, social circumstances, maternal smoking in t
trimester of pregnancy, maternal ggeegnancy weight, and fathers” age. Beta estimates per 10 nmol/L 25(OH)D.
ADHD = attention deficit hyperactivity disorder. ADHRS: ADHD-Rating ScaleCl: confidence interval. N = number.
SRS2: Social Responsiveness Scale 2.
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Supplementary Tabl#: Child serum 25(OH)D and parerdted autistic traits and ADHD symptoms severity
by SRS2 and ADHDRS

Child 6 months serum 25(0OH)D Child 6 years serum 25(0OH)D
N Beta EstimatgCl)? P N Beta EstimatgCl)2 P
Adjusted value Adjusted value
ADHD-RS total score,
question 118 550 0.00(-0.300.30 0.984 | 463 0.11(-0.320.53 0.620
ADHD-RS inattention score,
question 19 553 0.02(-0.160.20 0.836 | 466 0.16(-0.12,0.42 0.238
ADHD-RS
impulsivity/hyperactivity score, | 550 -0.02(-0.17,0.13 0.782 | 463 -0.05(-0.260.15 0.606
guestion 1618
SRS2 total scale 553 -0.41(-1.020.19 0.180 | 466 -0.27(-1.140.60 0.548
SRS2
Restricted, Repetitive Behaviors 553 -0.08(-0.21,0.09 0.217 | 466 -0.03(-0.220.16 0.784
and Interests scale
SRS2
Social Communication and 553 -0.33(-0.840.17) 0.195 | 466 -0.24(-0.960.48 0.514
Interaction scale

*Adjusted for child sex, child age at 6 mon#t&OH)D measurement, season of 6 mor28gOH)D measurement, chilg
6 months BMI zscore, social circumstances, child birth weight, maternal smoking in third trimester, and child gest
age. Beta estimates per 10 nmol/L 25(OH)D.

2Adjusted for child sex, child age at 6 yedB&{OH)D measurement, season of 6 ye26OH)D measurement, child 6
years BMI zscore, social circumstances, child birth weight, maternal smoking in third trimester, and child gestatio
ADHD = attention deficit hyperactivity disorder. ADHRS: ADHD-Rating ScaleBMI = body mass index. CI:
confidence interval. N = number. SRSSocial Responsiveness Scale 2.

22



High-dose vitamin D3 supplementation in pregnancy and risleafodevelopmental disorders
in the children at age 1-:0A randomized clinical trial
Kristina Aagaard

Supplementary Figure3: Vitamin D3 supplementation and K-SADS-PL evaluation of autism and
$'+' DFFRUGLQJ WR PDWHUQDO 2+ '« QPRO / RU QPRO / DW S

74individuals were included in analyses regarding 25(OH)Dxhol/L and418in analyses regarding
2+ ' «0nmol/L. Analyses were performed using logistic regression for binary diagnoses and linear
regression for continuous symptom loads. Estimates are unadjusted.
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Supplementary Tabl#s: Maternal preintervention serum 25(OH)D at week 24 of pregnancy at8AOS-PL evaluation of
autism- Additional adjustment for autism and ADHD polygenic risk score.

1 0,
K-SADS-PL measure N Est|mqte(95 UCl) P-value
Adjusted
Autism 477 OR 0.75(0.57,0.99) 0.034
Autistic
symptoms component 477 -0.03(-0.05-0.00 0.028
score
1 0,
K-SADSPL measure N Estimate(95%Cl) P-value
Adjusted
ADHD 477 OR 0.94(0.831.07) 0.366
ADHD
symptoms component 477 -0.01(-0.030.02 0.613
score

IAdjusted for child sex, season of week 24 vitamin D measurement, social circumstances, birth weight, gestational a
smoking in third trimester of pregnancy, maternalpregnancy weight, fathers age, and maternal autism polygenic risk
score.

2Adjusted for child sex, season of week 24 vitamin D measurement, social circumstances, birth weight, gestational al
smoking in third trimester of pregnancy, maternakpregnancy weight, fathers age, and maternal ADHD polygéskic
score

ADHD = attention deficit hyperactivity disordeZl = confidence intervaK-SADSPL = Kiddie-Schedule for Affective
Disorders and Schizophrenia for Schégle ChildrenPresent and Lifetime Version. N= number. OR = odds ratio.
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Supplementary Tabl#6: Maternal preintervention serum 25(OH)D at week 24 of pregnancy i8INS PL evaluation of autism
and ADHD symptom load using alternative statistical approaches

K-SADS-PL measure N Estimate(95%Cl) P value
(Statistical model) Adjusted
Autistic symptoms component score 569 -0.03(-0.05-0.00) 0.024

(Linear regression)

Autistic symptoms component
Analysis limited to individuals with minimur| 48 -0.14(-0.360.09 0.231
1 registered KSADS-PL symptom of autism

(Linear regression)

Number of KSADS symptoms of autism
generated as categorical variable
(O vs. >0)
(Logistic regression)

569 OR 0.91(0.801.049 0.172

ADHD symptoms component score

(Linear regression) 569 -0.02(-0.040.00 0.122

ADHD symptoms component score
Analysis limited to individuals with minimur|
1 registered KSADS-PL symptom of ADHD

(Linear regression)

163 0.00(-0.050.05 0.898

Number of KSADS symptoms of ADHD
generated as categorical variable
(0 vs. >0)
(Logistic regression)

569 OR 0.94(0.861.0) 0.103

IAdjusted for child sex, birth weight, gestational age, season of week 24 25(0OH)D measurement, social circumstances, ma
smoking in third trimester of pregnancy, maternatpregnancy weight, and fathers” age. Beta estimates per 10 nmol/L 25(OH
ADHD = attention deficit hyperactivity disordetl = confidence interval. IRR = incidence rate ratieSSKDSPL = Kiddie-
Schedule for Affective Disorders and Schizophrenia for SeAgel ChildrenPresent and Lifetime Version. N= number. OR = o(
ratio.
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KEY FINDINGS

Question: Does highdose vitamin D3 supplementation during pregnancy have a positive effect on
cognition in offspring?

Findings: In this post hoc analysis of a randomized clinical trial including 498 childrendugh

vitamin D3 supplementation had a positive effect on verbal memory, visual memory, and flexibility/set
shift at age 10 when compared to standdose, although thesdgfects did not remain significant after
FDR-correction.

Meaning: High-dose vitamin D3 supplementation during pregnancy may improve cognitive functioning

at age 10.

ABSTRACT

Importance: Observational studies have reported associations between pregnancy vitamin D levels and
offspring cognition, but no randomized clinical trial (RCT) has investigated the lasting impact-of high
dose vitamin D3 supplementation in pregnancy on cognitiomiiddle childhood.

Objective: To determine whether higthose vitamin D3 supplementation during pregnancy improves
offspring cognition at age 10.

Design: Post hoc analysis of a blinded, placetomtrolled RCT conducted from 20@®810. Participants
were unblinded at 3 years of age, while investigators remained unaware oagsmmments. Thi0-

year visits were conducted from January 20D@cember 2021. Analyses were conducted Feb+iiamg
2025.

Setting: Participants were from the Copenhagen Prospective Studies on Asthma in Childhood 2010
(COPSAGo19 cohort.

Participants: The cohort included 700 mothehild pairs from Denmark, of whom 623 were

randomized. Exclusion criteria were vitamin D intake >600 IU/day, endocrine, kidney or heart disease,



and insufficient Danish language proficiency. Cognitive assessments were conducted in the offspring at
age 10 years excluding those born <28 weeks gestation and birth weight <1500g.

Intervention: High-dose (2800 IU/day) or standaddse (400 1U/day) vitamin D3 from pregnancy week

24 to one week postpartum.

Main outcome and measuresThe primary outcome was cognitive functioning across eleven functions
assessed at age 10 using a comprehensive neuropsychological test battery as part of the COpenhagen
Prospective Study on NeuRSYCHiatric Development (COPSYCH).

Results: The vitamin D3 RCT and the COPSYCH visit was completed by 498 children (240 [48%]
female) (age 10.3 years [SD 0.4]), including 247 prenatally exposed talbdghand 251 to standard

dose vitamin D3. Covariate adjusted analyses of standardized scored slsitige effects on verbal
PHPRU\ 6' -&, S YLVXDO PHPRUY.42, p=.0HL) and
IOH[LELOLW\ VHW YV KOL3A\p=.035), wtech, however, did not pass multiple test

corrections.

Conclusion: In this post hoc analysis of an RCT, there was indication thatdaigh vitamin D3
supplementation in pregnancy can have a positive effect on visual memory, verbal memory, and
flexibility/set shift in the offspring measured at age 10. These findings gtenthe evidence on the

impact of prenatal vitamin D exposure on childhood cognition.

Trial registration: clinicaltrials.gov as NCT00856947.



INTRODUCTION

Childhood cognition is a predictor of so@gonomic status, occupational achievement, and cognitive
abilities later in lifé*. Although heritability estimates for cognition are reported as high as, 80éta
analyses show that several prenatal exposures can be linked to worse cognitive &(tdhrsteating

how early environmental factors may shape cognitive development.

Globally, vitamin D deficiency is a widespread problem among pregnant viowigamin D contributes

to brain development during pregnahayith in vitro and rodent models highlighting its involvement in
essential neurodevelopmental processes, including neuronal differentiation, neurotransmitter synthesis,
intracellular calciunsignaling and antioxidant activié$!l. The distribution of vitamin D receptors and 1
a-hydroxylase in the human brain further supports its important role in neurodevelépientover,
experimental rat models demonstrate associations between vitamin D deficiency and cognitive functions,

including learning and memory impairmeits

Prenatal vitamin D deficiency has been linked to neuropsychiatric disorders such as autism spectrum
disorder (ASDY>¢ attentiondeficit/hyperactivity disorder (ADHDBY8 and schizophrenia These
disorders are associated with impairments in several cognitive domains including attention and executive

functioning?®#2

In two previous studies we have examined the impact of prenatal vitamin D supplementation in the
COPSAGuocohort; Sass et &t.found no effect on offspring neurodevelopment from birth to 6 years of
age, and Aagaard et#lreported no effect on neurodevelopmental disorders at age 10, but hitherto we

have not investigated a potential effect on cognitive function at this age.

Studies examining gestational vitamin D levels and cognitive functioning in the offspring have reported
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inconsistent findings. Existing observational studies differ in exposure and outcome measurements.
Exposure measurements have varied betweefPfitsseconé=3°£5 third trimestet®2981:364% gnd cord
bloocP>:3082:3436.4%4 |ayels of 25(OH)D. Outcome measurements varied in age at testing, cognitive
function assessed, and types of tests used. Positive associations have been reported for language
skills?>334945 gross motor skil827444% executive functioning and intelligencé&*¢ Two metaanalyses

of observational studies found positive associations between maternal vitamin D during pregnancy and
offspring cognitive abilities as well as fewer ADHD and autistic ttaifsTo date, only one other RCT

has examined the role of vitamin D supplementation during pregnancy on offspring cognition. The study
reported a positive effect of 2000 1U/day supplementation frorb6l®eeks until delivery on receptive

and expressive langga at age 5 years, though it was limited by a relatively small sample size

(n=156%°. To our knowledge, no RCT has investigated the effeptafatalvitamin D supplementation

on offspring cognition in middle childhood.

In this posthoc analysis of an RCT we aimed to investigate the hypothesis thaddgghcompared to
standaredose vitamin D3 supplementation during pregnancy has a positive effect-bagedtcognitive
performance evaluated at age 10 as part of thee@liggen Prospective Study on NeE®Y CHiatric

Development (COPSYCH) projétt

METHODS

The COPSYCH study consists of cognitive and psychopathological assessnibat€ 0P SAG10
cohort, comprising 700 mothehild pairs. The cohort was powered according to the original primary
outcome of recurrent wheézePregnant women from Zealand, Denmark, were enrolled-26 22eeks
gestation from 2002010. Exclusion criteria were daily intake of vitamin D >600 IU, chronic heart,

kidney or endocrine disease and insufficient Danish language proficiency. ChildrefoNesved from



birth to age 10 with a minimum of 14 visits at the COPSAC clinic. Additional visits were conducted if the

child experienced respiratory, allergy, or skin sympfoigssipplement JL

Study intervention

In total, 623 pregnant women were randomized 1:1 from pregnancy week 24 to 1 week postpartum to
receive either higldose vitamin D3 supplementation of 2400 IU daily in addition to the recommended

400 IU, or standardose vitamin D3 of 400 |U daily as adetsby the Danish National Board of Health.

The participants were unblinded when all children had reached three years of age. Adherence was
determined by counting returned capsules. The intervention had a 2x2 factorial trial design. In addition to
vitamin D3 the participants were randomized to receive a daily fish - @HL(EPUFA) supplement or

olive oil capsules from week 24 to 1 week postpattum

The study compiled with the Declaration of Helsinki and was approved by the Local Ethics Committee
(H-B-2008093), and the Danish Data Protection Agency (201:83696). Both parents gave written

informed consent before enrolment.

Vitamin D measurement

Maternal 25(OH)D levels were measured at week 24 of pregnanein{ereention) and 1 week

postpartum (posintervention). Child levels were measured at 6 months and 6 years’bf age

Outcome measures

The outcome was assessed with neuropsychological tests administered at the COPY8aH/isi
which was a poghoc follow-up. The visit was carried out between January 2019 and December 2021 and
extended over two days. Day one consisted of a neurocognitive and neuropsychiatric assessment, and day

two of a brain MRI scat.



The neurocognitive test battery included subtests from several cognitive tests. Completion of the test
battery took approximately two hours, with breaks provided when n€edéé test battery was

administered by trained professionals. Description of all included tests can be famfidermethods

The cognitive domains are described in the COPSYCH prétowde included eight distinct cognitive
domains encompassing eleven functidrigire 1).

Seven subtests from CANTABwere included. Rapid Visual Information Processingsted sustained
attention. Reaction Tiniétested reaction time and motor speed. Paired Associates Léataestgd

visual memory. IntréExtra Dimensional Set Shifttested flexibility/set shift, Stockings of Cambridge
tested planning and Spatial Working Menf8rifwo subtests from Test of Memory and Learning 2nd
Edition, Word Selective Remindifttyjand Object Recafl both tested verbal memory. Six subtests from
WISC-IV were included. Codimj and Symbol Searéhboth tested speed of processing. Digit Spand
LetterNumber Sequencifigtested verbal working memory. Vocabuf&rgnd Matrice® were used to

estimate level of intelligené&(Table S

All raw scores were standardized intsares and, when necessary, direction was reversed to ensure that
higher scores indicate better performance. Normal distribution was observed in most cognitive functions,
except for visual memory (lefikewed), flexibility/set shift (bimodal) and spatial working memory {left

skewed).

Statistical methods

In the main analysese estimated the effect of higlose vs standardose vitamin D3 on the eleven
cognitive functions using linear regression. Analyses were performed crude and adjusted for child sex
and age at the COPSYCH visit, season of birthjiervention 25(0OH)D legls and the 13-LCPUFA

intervention.



As a secondary analysis we estimated the association betweiateprention 25(OH)D levels and

cognitive functions using crude and adjusted linear regression. 25(0OH)D concentrations were divided by
a factor of 10, so estimates reflected the change pemdUL increase of 25(OH)D. A directed acyclic
graph guided covariate selection, based on known influencers of 25(OH)D levels and cogigjtioa (

S1) In adjusted analyses we added sex, season of measurement, gestational diabetes mellitus,
preeclampsiasmoking during pregnancy, alcohol during pregnancy, maternal education, and household
income as factor variables. Birthweight, gestational age, maternptggeancy BMI, maternal

pregnancy inflammation (IL6, CRP), maternal pregnancy dieaternal age, paternal age, and age at
COPSYCH visit were added as continuous variables.

As sensitivity analyses, we tested interaction between the vitamin D3 intervention -amie qmention
25(0OH)D levels by adding crogsoduct terms to the linear regression models. Likewise, we tested
interactionwith sex based on known sex differences in neurodevelopinantl interaction with child 6
month and 6 year 25(OH)D levels based on the hypothesis that higher childhood vitamin D status may
enhance the effect of prenatal supplementation. Second, to explore whether potential supplementation
effects were driven by aerlying psychopathology, we repeated the analyses separately among children
with and without an ADHD diagnosis. Finally, we tested each individual subtest, to identify those driving
the observed effects on the cognitive functions.

Statistical significancevas set as <0.05, twsided. Missing datawasnot imputed. Analyses were

performed using R 4.3.1. The primary results of the RCT were adjusted using FDRsaipplément 2).

RESULTS
Baseline characteristics
Of the 700 mothechild pairs enrolled in the COPSAdwcohort, 623 were randomized to receive high

dose or standardose vitamin D3. In total, 498 children participated in both the COPSYCH visit and the



prenatal vitamin D3 trial. Of these, 251 had been prenatally exposed to placebo and 24-doséigh
vitamin D3(Figure 1).

Baseline characteristics of the included motttgtd pairs are outlined iflable S2and descriptive

statistics of cognitive test scoresTiable S3There were no significant differences in-poreervention

25(0OH)D levels or season of birth between the supplementation and placebo group. Overall mean pre
intervention levels were 75.8 nmol/L [25.6] with 14.9% having levels under 50 nrRa4tintervention
25(0OH)D levels between the two grougereplacebo: 71.7 nmol/L [31.6] vs supplementation: 108.2
[35.4]. The safety profile of the intervention Hasen published previoushy

In the secondary analyses of the week 24 levels, we also included mothers from the cohort who did not
participate in the vitamin D3 trial (N=90). In this combined group mean 25(OH)D levels at pregnancy

week 24 were 75.7 nmol/L [25.2].

High-dose vitamin D3 supplementation and cognitive outcomes

Mean (SD) estimated intelligence score for offspring at 10 years was 107.6 (15) and 107.8 (13.2) for the
vitamin D and placebo group, respectively.

Of the eleven cognitive functions, vitamin D3 supplementation was positively associated with verbal
memory ( 6 ', visualmemory ( 6 'and flexibility/setshift ( 6 ' after covariate
adjustment budid not pass multiple test correction. No significant differences were found between the

vitamin D3 supplementation and placebo group for the remaining eight cognitive fur{Giduhes J.

Pre-intervention 25(OH)D levels and cognitive outcomes

The crude analyses showed no association betweentpreention 25(0OH)D levels and cognitive
functions. After adjustment for a priori chosen potential confounders, only flexibilistigeshowed a
positive association SHU Q P R O hbweve this result did not remain significant after FDR

correction Table 3.
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Sensitivity analyses

Interaction analyses assessing whether sexnpgevention 25(OH)D or child levels at 6 months and 6
years modified the effect of the vitamin D3 supplementation revealed no significant interactions on verbal

memory, visual memory or flexibility/set shifTable S4)

Based on the a priori hypothesis that the effect of vitamin D3 supplementation on cognitive function
would differ by ADHD, we examined the effects stratified by ADHD diagndsgufe 3. Significant
associations were found among children without ADHD in both verbal memory 6" &,
0.030.33, p=0.023mnd visual memory 6' -0.48, p=0.005)but the interaction analysis

was not significantable S% Removing children with autism in these analyses did not alter results.

Of the 17 individual cognitive tests which made up the cognitive functions/domains, the vitamin D3
supplementation had a positive association with Paired Associates Learning (total errors) 6
0.07-0.44, p=0.01)and Intra Extra Dimensional Set Shift (ED stage errors) 6' -0.38,

p=0.03)in the crude analyses. These remained significant in the adjusted analyses along with Word
Selective Reminding (total number recalled) ( 6 -0.37, p=0.02. The remaining 14 tests were
not signifiantly associated with the vitamin D supplementatitab{e S6)However, neither of the

associations were significant after FDR correction.

DISCUSSION

In this posthoc analysis of a RCT, we explored the ldagn impact of higkdose vs standardose

vitamin D3 supplementation during pregnancy on cognitive functions in children at 10 years of age. We
found indication that higldose supplementation had @sjiive effect on 3 of 11 functions assessed,

which were verbal memory, visual memory, and flexibility/set shift. However, these results were not
significant after correction for multiple testing. Observationally, serum 25(OH)D in preghancy was only
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associated with a marginally better flexibility/set shift. Together, these findings support the hypothesis

that prenatal vitamin D3 exposure may have an effect on a subset of cognitive functions in childhood.

Interpretation

Although a previous analysis of this RCT reported no significant effect of prenatal vitamin D3
supplementation on cognition at 2.5 years using the Bayley Stalescurrent findings at 10 years

could indicate that the effects of vitamin D3 supplementation on a subset of cognitive functions may
become measurable later in childhood. This is supported by literature on cognitive development in
children which highligts how cognition and particularly executive functions, become increasingly fine
tuned and differentiated throughout childh&td

The only other published vitamin D prenatal R&Eported a positive effect of 2000 1U/day vitamin D3
supplementation from pregnancy weekI®until delivery, on the language component of the Brigance
Screen at-% years in the offspring, supporting the hypothesis that prenatal vitamin D3 has apositiv
effect on cognitive functioning. However, our results did not pass multiple test corrections, however, this

may also be an overcorrection as the cognitive functions are intercorrelated.

Our results indicate a potential effect of prenatal vitamin D3 supplementation on the memory domain. To
our knowledge, no previous human studies have specifically examined the association between
gestational vitamin D status and memory in offspring. Tindimg is supported by one existing rat

study’? reporting a positive association between maternal vitamin D deficiency and impaired memory. A
crosssectional study in adolescents found that higher serum levels of 25(OH)D alagecse

associated with better performance on visual, but not verbalpng®m

To investigate the influence of neurodevelopmental disorders, we tested the supplementation effect in

children with and without ADHD. The signal on visual and verbal memory persisted when restricting the

12



analyses to children without the diagnosis, indicating that potential effects are not driven by children with
ADHD. However, no significant interaction between the vitamin D3 supplementation and ADHD status
was observed. A recent large Danish study reganeerse associations between neonatal 25(OH)D

levels and risk of ADHD, ASD, and schizophréfidlowever, our previous study of the vitamin D RCT

in the COPSAGocohort found no effect of the prenatal supplementation on ADHD diagnosis, though
power may have been reduced by the limited number of children with ADHD in the*ohort
,QWHUDFWLRQ DQDO\WVHY EHWZHHQ YLWDPLQx' VXSSOHPHQWDWLR
were nonsignificant, implying that the observed effect of the supplementation on cognitive functioning

is not affected by 25(OH)D levels in early childhodthis suggests that prenatal exposure may represent

a critical window during which vitamin D influences cognitive development, supporting the idea of a
primarily prenatal programming effect. However, postnatal levels may be influenced by numerous
confoundng factors and may not accurately reflect lgagnm vitamin D status, meaning that small

postnatal effects cannot be ruled%ut

A previous Danish prospective cohort study showed a positive association between early pregnancy and
cord blood levels of 25(0OH)D and intelligence in boys at age 7, measured using\WVNgtably, in

that cohort, the median cord blood level was below 56lfu¥t. In contrast, we observed no effect on
intelligence in our cohort where mean 4iméervention levels were >75 nmol/L, suggesting that

associations with intelligence may be more apparent at lower baseline 25(0OH)D levels. Several
prospective studies havaersiarly reported a positive association between vitamin D levels during
pregnancy and various cognitive functions in childhood, including intelligence, attention and executive
functiong®284¢ |In contrast, other observational studies report no such association with some focusing

specifically on 13%**and others assessing specific cognitive functitshd?
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$QDO\WHV RI REVHUYDWLRQDO GDWD UHYHDOHG RQO\ RQH PRGHVW
VHUXP 2+ ' OHYHOV DQG IOH[LELOLW\ VHW)VKLIW 6HYHUDO IDFW
findings from the supplementation analyses and th@&3¢ HG RQ SUH)LQWHUYHQWLRQ OHYH
confounding may remain despite adjustment for multiple variables. The relatively high mean pre

intervention 25(OH)D levels in our cohort may have limited our ability to detect associations if effects are

more evidat at deficient levels. Psatervention levels primarily reflect vitamin D status during the first

and second trimesters, whereas supplementation from week 24 primarily influences levels during the third
trimester. The discrepancy may partly be explaimgdifferences in timing of exposure, as brain regions

follow distinct developmental trajectories. The latter half of pregnancy is a period of rapid cortical

maturation which may be particularly sensitive to vitamth%D

Strengths and limitations

Few RCTs have examined the effect of vitamin D3 supplementation during pregnancy on offspring
cognitive function&*° To our knowledge, this is the first RCT to assess cognitive functions in children
beyond 5 years of age using performahased outcomes. Strengths of this study include the large
sample size and the deep phenotyping of children enabled by their paidgitin the COPSAL10

cohort. Furthermore, the cognitive test battery consisted solely of perforiaseg subtests covering a

broad range of cognitive functions. ADHD diagnoses were based on clinical intéfviews

This study also has several limitations. It is a {tmst analysis of an RCT that was not-ppecified, thus
increasing the risk of spurious findings. The highipterventional mean 25(OH)D level limits our

ability to assess potential benefits in papémts with low vitamin D status. The small number of children
with ADHD reduces the power to detect subgrappcific effects. Moreover, due to the timing of the
supplementation, we only have the opportunity to examine the potential effect -ofdsigh

supplementation in late pregnancy. In the observational analyses residual confounding cannot be ruled

14



out. We lack data on parental intelligence and psychopathology, both of which are K&fitable
However, we do have data on income and educational level which are known to be associated with
intelligencé! and adjusting for these factors did not substantially modify the results. Finally, the
generalizabilityof the study is limited by the predominance of white participants with a high mean

25(OH)D.

CONCLUSION

This posthoc analysis of an RCT indicates that high dose vitamin D3 supplementation from week 24 of
pregnancy to 1 week postpartum has a positive effect on visual memory, verbal memory and
flexibility/set shift in the offspring at age 10 when comparestamdaredose. Importantly, none of these
effects were significant after FD&brrection, and research is still warranted to clarify the potential

positive effect of vitamin D3 supplementation on cognitive performance.
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Table 1. Effect of higldose vs standasdiose vitamin D3 supplementation during pregnancy on the
cognitive functions at age 10

Function
Estimated Intelligence

Speed of Processing
Reaction Time
Sustained Attention
Motor Speed

Verbal Memory

Verbal Working Memory
Visual Memory
Flexibility/Set Shift
Spatial Working Memory

Planning

N
495

498
496
495
496
497
498
497
495
498
497

Estimate [CI]
-0.01 [0.19;0.16]

-0.04 {0.19;0.12]
0.12 0.05;0.28]
-0.03 f0.21;0.15]
0.10 0.07;0.27]
0.14 [0.00;0.29]
-0.11 f0.25;0.04]
0.25 [0.07;0.44]
0.20 [0.02;0.38]
-0.11 f0.29;0.06]
0 [0.18;0.17]

p-value
0.897

0.654
0.166
0.766
0.245
0.058
0.159
0.007
0.027
0.201
0.959

N
491

494
492
491
492
493
494
493
491
494
493

Estimate [Cl], adjustetl p-value

-0.01 f0.19;0.16]
-0.02 }0.17;0.13]
0.11 [0.05;0.28]
-0.03 f0.21;0.16]
0.09 [0.08;0.25]
0.17 [0.03;0.32]
-0.01 f0.25;0.04]
0.24 [0.06;0.42]
0.19 [0.01;0.37]
-0.12 f0.30;0.06]
0 }0.17;0.17]

0.892
0.807
0.183
0.785
0.312
0.021
0.173
0.011
0.035
0.180
0.980

!Adjusted for sex, age at testing3r.CPUFA intervention, season of birth and-prrventional

25(0OH)D level

FDR pvalué?
0.980

0.980
0.335
0.980
0.490
0.116
0.335
0.116
0.128
0.335
0.980

2BenjaminiHochberg false discovery rate (5%) applied across 11 tests; p<0.05 considered significant
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Table 2. Associations of maternal 25(OH)D levels at week 24 and offspring cognitive functions at age 10

Function
Estimated Intelligence

Speed of Processing
Reaction Time
Sustained Attention
Motor Speed

Verbal Memory

Verbal Working Memory
Visual Memory
Flexibility/Set Shift
Spatial Working Memory

Planning

N
584

587
585
582
585
587
588
586
584
587
586

Estimate [CI]
0 [0.03;0.03]

0 [0.03;0.03]
-0.01 [0.04;0.02]
-0.01 [0.04;0.03]
0.01 [0.02;0.04]
0.01 [0.02;0.04]
0.02 [0.01;0.05]
0.01 0.02;0.04]
0.03 [0.01;0.06]

0 £0.03;0.03]

0 £0.03;0.04]

p-value
0.925

0.833
0.537
0.644
0.548
0.522
0.164
0.517
0.110
0.958
0.788

483
487
484
481
484
486
487
485
483
486
485

Estimate [CI],
adjusted

-0.02 [0.06;0.02]
0 [0.03;0.04]
0.01 0.03;0.04]
0 [0.04;0.04]
0.03 [0.01;0.07]
-0.01 f0.04;0.03]
0 [0.03;0.04]

0 [0.04;0.04]
0.05 [0.01;0.09]
0 [0.04;0.04]
-0.01 [0.05;0.03]

p-value FDR pvalue?

0.355
0.650
0.924
0.855
0.330
0.936
0.702
0.674
0.026
0.987
0.828

IAdjusted for sex, birthweight, gestational age, maternappegnancy BMI, season of week 24
measurement, gestational diabetes, preeclampsia, smoking during pregnancy, alcohol during pregnancy,

maternal pregnancy IL6 and CRP, maternal education, householde, diet, maternal age, paternal age

and child age at COPSYCH visit

2BenjaminiHochberg false discovery rate (5%) applied across 11 tests; p<0.05 considered significant

24

0.987
0.987
0.987
0.987
0.987
0.987
0.987
0.987
0.286
0.987
0.987



Figure 1: COPSA&i0cand COPSYCH measurés
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Figure 2 CONSORT flow diagram
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Figure 3. Effect of higldose vs standaidiose vitamin D3 supplementation during pregnancy on the
cognitive functions at age 10 in children without an ADHD diagnosis

Adjusted for sex, age at COPYSCH visi3m.CPUFA intervention, season of birth and 25(OH)D level
at week 24 of pregnancy.

Statistical significance is reported according to nominalpes, all FDR gvalues above threshold of
0.05.
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Study intervention

The randomization was performed at the Pharmacy of Globyr@romputergenerated list of random
numbersThe randomization was performed by an external investigator with no additional involvement in the
RCT.

Serum measures of 25(0OH)D
One serum 25(OH)D measure of 0.0 was corrected to half of the lowest observed value of 25(OH)D.

The obtainment of serum vitamin D measures has been described previously in Sagsrétél YHQRXV EORRG
samples obtained before and after the intervention were centrifuged for 10min at 4300rpm to separate serum,

and thereafter frozen aB0oC until analysis. The serum samples were transported on dry ice for duplicate

analyses for 2Hhydroxyitamin D2(25(OHjVitamin D2) and 25(OH)itamin D3 at the Dept. of Clinical

Biochemistry, Aarhus University Hospital, Denmark. Serushy@froxyvitamin D levels were analysed by

isotope dilution liquid chromatographyandem mass spectrometry @MS/MS§-2. Calibrators traceable to

1,67 650 &KURPVA\VWHPV '( ZHUH XVHG ~

Outcome measures
Details oninterrater reliability of agreement is published heréps://doi.org/10.1016/j.psychres.2023.115481

The cognitive domains described in the COPSYCH protocol were refined post hoc to reduce the number of
outcomes. When possible, we chose to prioritize the automated Cambridge Neuropsychological Test Battery
(CANTAB) tests over papeandpencil tests in casewvhere both tests assessed the same cognitive function. We
also prioritized Wechsler Intelligence Scale for Childréourth edition (WISCIV) measures as these are well
validated and widely used in previous literafifte

Pearson correlation analyses were performed for all functions that were indexed by more than one test outcome
to determine whether test scores could be aggregated into a single compositd-igore Z& An acceptable
correlation threshold was set®.4. When two tests did not meet the threshold, one was excluded. This

applied to only the spatial working memory function that was indexed by Spatial Working Memory task (SWM)
and Spatial Span task (SS). We included SWM rather than SS as literatuneviyas $s a more effective

measure of executive functibn

The estimated General Ability Index (GAI) from the WIBCestimated overall intelligence based on verbal
comprehension (Vocabulary) and perceptual reasoning (Matrices) indices. Each subtest outcome score was age
corrected and multiplied by three, actirgyaaproxy for the absent tests in its respective category, and their sum
was converted to GAI score using the General Ability Index Conversion Table with Danish®Norms

In total, seven computdrased subtests were included from CANTABapid Visual Information Processifig
assessed sustained attention with a working memory component. The child had to watch a stream of moving
numbers and respond whenever a specific thueeber sequence appeared. Reaction Fiounsisted of a

screen with one (simple mode) or five circles (fareice mode). The child had to select a circle when it


https://doi.org/10.1016/j.psychres.2023.115481

changed color, movement time was a measure of motor speed, while time to react (i.e. time to lift finger from
screen) assessed reaction time. Paired Associates Lé@asagssed visual memory. Boxes on the screen were
automatically opened and one or more contained a pattern, after closing the child chose the box where a specific
pattern was located. The outcome was adjusted to include scores for all potential roonvisy abmparison

regardless of how many rounds the child completed.

The following CANTAB tests assessed executive functioning; JBiima Dimensional Set Shiftmeasured the
ability to shift attention by requiring the child to choose between patterns, learning which is correct through
feedback. In the process rule changes shift to a new patterndaxeasional), where the outcome was extra
dimensional stage mrs. Spatial Working Memot) required the child to find hidden tokens in boxes, while
avoiding previously searched boxes, as each box held only one token. Stockings of Cafnhedgered
planning by having the child recreate a pattern of balls by moving one at a time and using as few moves as
possible. For detailed information on all the included tests from CANTAB see official website:
https://cambridgecognition.com/

The Word Selective Reminding and Object Recall subtests from Test of Memory and Learning (JZ)MAL
both assessed verbal memory. For Word Selective Remidiregexaminer read 12 words aloud which the
child was asked to recall. If they forgot one or more words, the examiner provided reminders. The child
completed six trials. In Object ReddJIpictures of objects were shown and there were no reminders. The child
completed five trials.

Six subtests from WISQV were included. Coding and Symbol Searéhboth measured speed of processing.
Digit Spart? and LetterNumber Sequencirigassessed verbal working memory. Vocabufaand Matrice¥
estimated intelligence.

Statistical methods

Statistical variables were expressed as mean and standard deviation (SD) for normally distributed variables or
median and interquartile range (IQR) for skewed data. Categorical variables were reported as numbers and
percentages.

The main analyses were adjusted for sex and age at COPSYCH visit as the scores from the cognitive test battery
are raw and unadjusted.

For the secondary analyses we constructed a directed acyclic graph to determine appropriate covariates a priori,
based on known influencers of 25(OH)D levels and cogrti®(figure S2)


https://cambridgecognition.com/
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eTable 1: Overview of domains, functions, tests and outcome metrics in the neurocognitive test

battery
Domain Function Test Outcome metric
Intelligence Estimated intelligence Vocabulary (WISC-IV) Total number correct
Matrices (WICV-1V) Total number correct
;;gzzssing Speed of processing Coding (WISC-IV) Total number correct

Reaction time Reaction time

Attention Sustained attention
Moto_r Motor speed
function
Memory Verbal memory
Visual memory
Working Verbal working
memory memory
Executive Flexibility/Set shift
function
Spatial Working
Memory
Planning

Symbol search (WISC-IV)

Reaction time (CANTAB)

Rapid visual information processing
(CANTAB)

Reaction time (CANTAB)

Word selective reminding - immediate
recall (TOMAL 2)

Object recall (TOMAL 2)
Paired associates learning (CANTAB)
Digit span (WISC-IV)

Letter-number sequencing (WISC-1V)

Intra-extra dimensional set shift
(CANTAB)

Spatial working memory (CANTAB)

Stockings of cambridge (CANTAB)

Sum of total number correct. errors
subtracted

Simple- and five-choice reaction time
A-prime (unitless sensitivity score)

Simple- and five-choice movement time

Total number words recalled over six
learning trials

Total number object recalled over five
learning trials

Total errors (adjusted)

Total number correct forward and
backward sequencing

Total number correct sequences
Extra-dimensional stage errors
Total errors

Problems solved in minimum moves

CANTAB; Cambridge Neuropsychological Test Automated Battery
WISC-IV; Wechsler Intelligence Scale for Children - fourth edition
TOMAL 2; Test of Memory and Learning - second edition



eTable 2: Baseline characteristics of participants included in the RCT and the COPSYCH project

Overall Vitamin D Placebo
N = 498 N = 247 N = 251
Maternal BMI, mean (SD) 24.7 (4.6) 24.5 (4.6) 24.9 (4.5)
Maternal age, y, mean (SD) 32.4 (4.3) 32.7 (4.4) 32.0 (4.2)
Pre-interventional 25(OH)D level, nmol, mean (SD) 75.8 (25.6) 76.0 (25.9) 75.5 (25.4)
Pre-interventional 25(OH)D level, >75 nmol/L, N (%) 253 (51.2) 128 (52.2) 125 (50.2)
Post-interventional 25(OH)D level, nmol, mean (SD) 89.8 (38.1) 108.2 (35.4) 71.7 (31.6)
Post-interventional 25(OH)D level, >75 nmol/L, N (%) 313 (63.7) 205 (84.0) 108 (43.7)
Unhealthy diet PC, mean (SD)* 0.04 (1.01) -0.04 (0.94) 0.1(1.2)
Maternal IL6, median [IQR] 0.3[0.2, 0.4] 0.3[0.2, 0.4] 0.3[0.2, 0.4]
Maternal CRP, median [IQR] 5.1[2.5, 10.2] 5.2[2.6, 10.0] 5.1[2.5, 10.3]
Maternal education
Elementary 18 (3.6) 7 (2.8) 11 (4.4)
High School 23 (4.6) 10 (4.0) 13 (5.2)
Tradesman 100 (20.1) 42 (17.0) 58 (23.1)
Bachelor's degree 215 (43.2) 110 (44.5) 105 (41.8)
Master's degree 142 (28.5) 78 (31.6) 64 (25.5)
Household income, N (%)?
<100.000 DKK 44 (8.8) 21 (8.5) 23(9.2)
100.000-150.000 DKK 105 (21.1) 48 (19.4) 57 (22.7)
150.000-200.000 DKK 154 (30.9) 76 (30.8) 78 (31.1)
200.000-250.000 DKK 121 (24.3) 61 (24.7) 60 (23.9)
>250.000 DKK 74 (14.9) 41 (16.6) 33 (13.1)
Alcohol use during pregnancy, yes, N (%)3 81 (16.3) 42 (17.1) 39 (15.5)
Smoking during pregnancy, yes, N (%)3 37 (7.4) 16 (6.5) 21 (8.4)
Parity, N (%)
1 221 (44.4) 97 (39.3) 124 (49.4)
2 198 (39.8) 107 (43.3) 91 (36.3)
>2 79 (15.9) 43 (17.4) 36 (14.3)
n3-LCPUFA intervention, yes, N(%) 249 (50.0) 127 (51.4) 122 (48.6)
Preeclampsia, yes, N (%) 25 (5.0) 13 (5.3) 12 (4.8)
Antibiotics during pregnancy, yes, N (%) 171 (34.4) 82 (33.3) 89 (35.5)
Gestational diabetes mellitus, yes, N (%) 7 (1.4) 2 (0.8) 5(2.0)
Paternal age, y, mean (SD) 34.6 (5.2) 35.0(5.2) 34.3(5.2)
Paternal education, N (%)
Elementary 22 (4.5) 7 (2.9) 15 (6.1)
High School 25 (5.2) 13 (5.4) 12 (4.9)
Tradesman 150 (30.9) 69 (28.9) 81 (32.9)
Bachelor's degree 146 (30.1) 76 (31.8) 70 (28.5)
Master's degree 142 (29.3) 74 (31.0) 68 (27.6)
Birthweight, kg, mean (SD) 3.55(0.53) 3.56 (0.55) 3.53 (0.50)
Gestational age at birth, days, mean (SD) 279.4 (10.9) 279.5 (11.5) 279.4 (10.3)
Sex, female, N (%) 240 (48) 113 (46) 127 (51)

Season of birth, N (%)



Winter 180 (36.1) 93 (37.7) 87 (34.7)

Spring 98 (19.7) 47 (19.0) 51 (20.3)

Summer 100 (20.1) 50 (20.2) 50 (19.9)

Fall 120 (24.1) 57 (23.1) 63 (25.1)
Race, white, N (%) 476 (96) 236 (96) 240 (96)
Solely breastfed, days, median [IQR] 12260, 151]  122[56.5, 149.5] 123.00 [64, 151.5]
ADHD, yes, N (%) 58 (11.7) 27 (11.0) 31 (12.4)
ASD, ves, N (%) 12 (2.4) 5 (2.0) 7(2.8)

Abbreviations: SD, Standard deviation; IQR, interquartile range; N, number; ADHD, attention-deficit/hyperactivity disorder;
ASD, autism spectrum disorder

lUnhealthy diet represents a Western dietary pattern identified via PCA in [Horner D, Nature Metabolism, 2025

2Income is self-reported combined household income 3 months before birth]

3Alcohol and smoking during pregnancy reflects use at any time during pregnancy



eTable 3: Mean values of all tests included in the cognitive test battery from the COPSYCH visit at

age 10
Vitamin D Placebo
Test N Mean (SD) N Mean (SD) Outcome metric
Estimated Intelligence 245 107.6 (15) 250 107.8 (13.2) Index score
Matrices 246 23.5(3.9) 251 23.4 (3.8) Total number correct
Vocabulary 246 29.5 (6.3) 250 29.6 (5.6) Total number correct
Symbol Search 247 23.6 (4.7) 250 23.8 (4.5) Sum of total number
minus errors

Coding 247 37.7 (7.8) 251 37.8 (8) Total number correct
Reaction Time, simple 246 364.2 (50.3) 249 369.5 (45.9) milliseconds
Reaction Time, five- -

. 247 412.8 (57.6) 249 419.7 (57.2) milliseconds
choice
?ap'd Visual Information 247 0.8(0.1) 248 0.8(0.1) A

rocessing

USYEMETE U, 246 219.1 (62.7) 249 223.9 (73) milliseconds
simple
Movement Time, five- 247 240.5 (52.9) 249 246.3 (54.9) milliseconds
choice
Word Selective 245 56.9 (7) 250 55.7 (7.4) Total number recalled
Reminding
Object Recall 246 51.7 (8.9) 250 50.6 (8.7) Total number recalled
Pellel g aeilies 247 11.1 (9.8) 250 13.9 (13.1) Total errors
Learning
Letter-Number 247 16.5 (2.8) 251 16.8 (2.8) Total number correct
Sequencing
Digit Span 247 14 (2.5) 251 14.3 (2.4) Total number correct
Intra Extra Dimensional Extra-dimensional
Set Shift 244 15.4 (10.6) 251 17.5 (10) orTOrS
R 247 11.4 (7.9) 251 10.5 (7.5) Total errors
Memory
Stockings of Cambridge 247 7.3(2) 250 7.3(1.8) Problems solved in

minimum moves




eTable 4: Interaction analyses of vitamin D3 supplementation with sex, maternal week 24 25(OH)D

level and offspring 6 months and 6 year 25(OH)D levels

Week 241 6 month 2 6 year?® Sex
Function p-value p-value p-value p-value
Estimated Intelligence 0.24 0.72 0.34 0.26
Speed of processing 0.79 0.06 0.73 0.20
Reaction time 0.42 0.21 0.43 0.44
Sustained attention 0.55 0.39 0.76 0.92
Motor speed 0.04 0.48 0.84 0.98
Verbal memory 0.12 0.51 0.74 0.76
Verbal working memory 0.62 0.66 0.58 1.00
Visual memory 0.92 0.75 0.73 0.72
Flexibility/Set shift 0.30 0.06 0.95 0.57
Spatial Working Memory 0.02 0.26 0.10 0.34
Planning 0.18 0.04 0.44 0.37

!maternal pre-interventional 25(0OH)D level
225(0H)D level in offspring at 6 months of age
325(0OH)D level in offspring at 6 years of age



eTable 5: Effect of high-dose vs standard-dose vitamin D3 supplementation during

pregnancy on the cognitive functions at age 10, split by children with and without an ADHD

diagnosis, including p-interaction

Without ADHD With ADHD
Function N Estimate [CI] p-  FDR Y Estimate [CI] p-value FDR Py P
value value value interaction

Estimated 433 001[-0.17;0.20] 0.874 0.930 | 56 -0.22[-0.77;0.33]  0.428 0.785 0.328
Intelligence
gpee"' of 435 -003[-0.19:0.12] 0676 0.826 | 57 -0.06[-0.59,0.47] 0824  0.824 0.913

rocessing
Reaction Time 435 0.09[-0.08;0.27] 0.283 0.612 | 55 0.31[-0.22;0.83]  0.242 0.665 0.678
i“St""'.”ed 435 -0.01[-0.19:0.17] 0.930 0.930 | 54 -0.11[-0.82:0.60] 0.764 0.824 0.476

ttention
Motor Speed 435 0.07[-0.11;0.24] 0.450 0.637 | 55 0.31[-0.37;0.98]  0.367 0.785 0.580
Verbal . .

435 0.18[0.03;0.33] 0023 0.126 | 56 0.08[-0.40;0.57]  0.731 0.824 0.809

Memory
Verbal
Working 435 -0.13[-0.28:0.02] 0.091 0250 | 57 0.08[-0.45:0.60]  0.772 0.824 0.473
Memory
Visual Memory 435  0.28[0.09;0.48] 0.005 0.055 | 56 -0.07[-0.70;0.56]  0.819 0.824 0.237
;']‘?Tft"b”'ty/ Sel 434 016[0.02:035 0086 0250 | 55 0.50[-0.09;1.10]  0.095 0.522 0.300
Spatial
Working 435 -0.09[-0.28,0.10] 0.334 0.612 | 57 -0.48[-1.04,0.07] 0.088 0.522 0.478
Memory
Planning 435 0.07[-0.11;0.25] 0.463 0.637 | 56 -0.37[-0.93;0.19]  0.189 0.665 0.073

ADHD = attention-deficit/hyperactivity disorder

Results adjusted for sex. age at testing. PUFA intervention. season of birth and pre-interventional 25(OH)D level

!Benjamini-Hochberg false discovery rate (5%) applied across 11 tests; p < 0.05 considered significant.

Zinteraction analyses from linear regression models of vitamin D3 intervention x ADHD diagnosis
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eTable 6: Effect of high-dose vs standard-dose vitamin D3 supplementation on all the tests included

in the neurocognitive test battery

Crude Adjusted *
Test N Estimate [Cl] p-value N Estimate [CI] p-value I\:,gﬁepz-
Matrices 497 0.03 [-0.14;0.21] 0.71 493 0.04 [-0.13;0.21] 0.65 0.85
Vocabulary 496 -0.02 [-0.2;0.15] 0.80 492 0.03 [-0.2;0.14] 0.75 0.90
Coding 498 -0.01 [-0.19;0.16] 0.87 494 0.01 [-0.16;0.18] 0.94 0.98
Symbol search 497 -0.05 [-0.23;0.12] 0.55 493 0.04 [-0.22;0.13] 0.64 0.85
Reaction time, simple 495 0.11 [-0.07;0.29] 0.22 491 0.11 [-0.07;0.3] 0.22 0.47
Reaction time, five-choice 496 0.12 [-0.06;0.3] 0.18 492 0.11 [-0.07;0.29] 0.21 0.47
Eg"(’:igs‘gisnléa' ISR 495  -0.03[-0.21;0.15]  0.77 |491 -0.03[-0.21.0.16]  0.79 0.90
Movement time, simple 495 0.08 [-0.11,;0.26] 0.42 491 0.07 [-0.12;0.25] 0.49 0.76
Movement time, five-choice 496 0.11 [-0.07;0.29] 0.23 492 0.09 [-0.08;0.26] 0.31 0.53
Word selective reminding 495 0.17 [0;0.34] 0.06 491 0.2[0.03;0.37] 0.02 0.17
Object recall 496 0.13 [-0.05;0.3] 0.15 492 0.15 [-0.02;0.31] 0.09 0.38
Paired associates, total errors 497 0.25[0.07;0.44] 0.01 493 0.24 [0.06;0.42] 0.01 0.17
Digit span 498  -0.12[-0.29;0.05] 0.17 | 494  -0.12[-0.29;0.06] 0.19 0.47
Letter number sequencing 498 -0.09 [-0.26;0.08] 0.30 494 -0.09 [-0.26;0.08] 0.31 0.53
'Sr;]tlrf";‘ e elimensens] &t 495  0.02[0.02:0.38] 003 |491  0.19[0.01:0.37] 0.03 0.17
Spatial working memory 498  -0.11[-0.29;0.06] 0.20 |494  -0.12[-0.3;0.06] 0.18 0.47
Stockings of Cambridge 497 0[-0.18;0.17] 0.96 | 493 0[-0.17;0.17] 0.98 0.98

All estimates are based on standardizedares; higher values indicate better performance.

Adjusted for sex. age at testing. PUFA intervention. season of birthiatethmetional 25(OH)D level
2BenjaminiHochberg false discovery rate (5%) applied across 17pests)5 considered significant.
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eFigure 1: Directed acyclic graph: pre-interventional 25(OH)D levels and childhood cognition
Created using: https://www.dagitty.net/dags.html#
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eFigure 2 : Heatmap: Spearman correlation between all cognitive tests from the original COPSYCH

protocol
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ABSTRACT

In observational studiespainhealthydietary patterrduring pregnancy is associated wétf increased
likelihood of offspring ADHD.We investigate whetherdietary patterrin pregnancys a causal
predisposindactor for offspring ADHDusing a genetically informed study desigolygenic scores
(PGSs) for a healthy dietary pattern were calculated for mother, father, and chilal thie@<OPSAGy10
cohort Diagnoses anttait scoreof ADHD were assessed in the children at agdJengtrio models

we tesedwhether theassociation betweanaternal diet and offspring ADHD reflects genetic
confounding or a causal effetit. COPSACzo10trio models(N-trio=437), a maternahealthy diedry
patternPGSwasassociated witheducedADHD trait scoreafter adjustment for child and paterd#tary
patternPGS,suggestindndirectgenetic effectsonsistent wittcausal effects from maternal diet
However, his was not replicateith MoBa (N-trio=41580) or ALSPAC (N-trio=1 199). Conclusively,

trio models in COPSAgs0were consistent witbausal effects afiet during pregnancgn offspring
ADHD trait score, but not on diagnosésit this was not replicated in larger cohpwikere direct genetic
effect estimates implied an important role for genetic confounding in observed associations between
maternal diet and offspring ADHIZollectively, these genetic results do not provide support for the
hypothesis thataternaldietary pattern ipregnancyepresents a substantial cayzatlisposingfactor
for offspring ADHD and indicate that genetic confounding is likely to inflate observed associations

between the two



INTRODUCTION

Attention deficit hyperactivity disorder (ADHD$ a common neurodevelopmental disorder reported to
affect 5.97.1% of children and adolesceig.It is well established thamost of thevariability in liability

to ADHD is drivenby a combinationof geneticpredispositiorand early environmental exposures, where
especially the intrauterine environment is believed to play a pivotal2pfeuestions concerning the
causlity of thesepregnancyrelated environmentassociations witiADHD have recently emergeds

their links with ADHD may be confounded kshared familial factors such amaternal genetic

liability. (3 £) For example, smoking in pregnancy has been associated with a twofold incidence of
ADHD in large populatiorbased studie@,6,7)However, using genetically informed study designs
including sibling designs, this association has been consistently shown to be driaeniliay
confoundingmeaninghat smoking in pregnancy is Hikely a causapredisposindactor for offspring
ADHD, rathera genetic predisposition to ADHD increases the likelihood of being exposed to smoking in

utera(2,3,8,9)

There is emerging evidenf&®m observational studi€s) #2) and preclinical animal modeld0,13)that

an unhealthy diatrry patterrduring pregnancynayincrease thdikelihood of child neurodevieopmental
conditions including ADHD andhigher load ofADHD traits Inferring causality from observational
associationdetween maternal diet and offspring ADHD is challenging due to the strong genetic
component of ADHD, with heritability estimates as high as 88%4)Maternal genetic predisposition to
ADHD likely confound these associations by influencing both dietary intake in pregnan@nand
increasedikelihood of ADHD in the child In the Copenhagen Prospective Studies on Asthma in
Childhood (COPSAC) motherhild cohorts, we previously identified an association between a Western
dietary pattern during pregnancy and an increased risk of offspring ADHD. This finding was replicated
acress three independent motkadrild cohorts, strengthening the validity of the assto@n. Importantly,

the relationship persisted after rigorous confounder adjustment, including maternal polygenic scores for
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ADHD to partially account for genetic predispositid®) Family-basedstudydesignsas thegenetictrio
modeloffer an alternativeand more robughethodological approach to disentangle genetic and
environmental effectsyhich maybea step towarslidentifying true causal relationships and infaitme
design of randomized controlled trigRCTs)andpotential intervention strategi€s6) With growing
knowledge about the genetic underpinnings of dietary pafiéthét is now possible to calculate P&S
that reflect individual predisposition to specific dietary behavicdiisrgescale genomevide
association studfGWAS) based on Food Frequency Questionnaires (FfsRag aconsiderable
heritable component to daly intakeswhere common genetic variants explaii@i6%o0f the variance
for a FFQderived dietary patterfl7) This suggestshat the observed association between maternal diet
and offspring ADHD may beartially due to underlying genetics conferring a tendendyatgean
unhealthy diet and alsocreased likelihoodf ADHD, which is then passed on to the child,cadied

3JHQHWLF FRQIRXQGLQJ"

Genetic tio modelsincorporating botlparens D Q G F K L Oliadijlivy td | @veW\phdnotypeanbe
used tadecompose associations betwganental exposuremdchild outcomesandovercomesome
limitations of studies usingibling-pairs or adopted childrgd8) Trio modelsleverage the fadhat
parens cantransmit geneticispositionfor a disorder tahe child, bothdirectly throughinheritedalleles
andindirectly through noftransmitted allelethat influencehe environment surroundirige child(See
Figure 1)(19,20)Evidence of direct genetic effedtapliesthatanobservational associatidetween the
same traits subject to? JHQHWLF FR Q| R XiQdBdctyéneti@ éffelstinelivig mechanisms
operating through environmental pathwags such, are consistent withusalityunderpinning observed
associatioa Trio modelshavepreviouslybeen used to examine suggegteetisposindactors for
ADHD, including psychopathological conditionsmoking, alcohol use, and educational attainment.
Using genetic trio models for these factors, direct genetic effects were predominant, and indirect genetic

effects were demonstrated only for maternal neuroti¢is8h



Here, we usegenetictrio modelsto investigatedietary patternsn pregnancyas a predisposindactor for

offspring ADHD. The goal of the study is to estimate the likely role of direct genetic transmission in

explaining observed links between maternal diet in pregnancy and offspring ADHD. To the extent that
WULR PRGHOV UHYHDO GLUHFW HII pariduMr &etafiphat@@d bl QNADHDQ HW L F
symptoms and likelihood of receiving ADHD diagnoses, these links will be subject to genetic

confounding. In comast, maternal indirect genetic effect estimates from the trio modekHUH PRWKHUV
genetic liability to specific dietary patterns independently predicts offspring ADHD outcames

consistent with the possibility of a causal mechanism underpinrengierved links between the two.

To strengthen the validity argeneralkability of our findings, we sought external replication in tame
independentamily cohorts the Norwegian Mother, Father and Child Cohort Study (MoBa) and the

Avon Longitudinal Study of Parents and Children (ALSPAC)



METHODS

Studypopulation

This project wasetin the COPSAGo10cohort whichincludesa populatiorbased sample af00 mother
child pairs Pregnant women were recruited to the cohettveen November 2008 and November 2010
Mothers werdollowed at the COPSAC research ufitm week 24 of pregnancy, anlet offspringwith

14 clinical visitsfrom birth until the age of 10where theCOpenhagen Prospective Study on Neuro
PSYCHiatric Development (COPSYCIHeurodevelopmentalvaluationrwas conducte@1,22)In the
current studywe excluded one individual from eagshthe 10 totalset of twindn the COPSAGoi0cohort
and removed@enetically determinedonbiological parentsThe study was conducted in accordance with
the guiding principles of the Declaration of Helsinki and was approved by the Local Ethics Committee
(H-B-2008093, and the Danish Data Protection Agency (201:3696). Both parents gave written

informed consenbefore enrolmeni{See Supplementary Methods)

We sought replication ofrfdings from the COPSAfG;ccohort using data from the MoBa and ALSPAC

cohorts

The Norwegian MoBatudyis a populatiorbased pregnancy cohort study conducted by the Norwegian
Institute of Public Health. Participants were recruited from all over Norway from2@38. The women
consented to participation in 41% of the pregnan@a¥The cohort includes approximately 13@0
children, 95200 mothersand 75200 fathers. MoBa is regulated by the Norwegian Health Registry Act.
Blood samples were obtained from both parents during pregnancy and from mothers and children
(umbilical cord) at birth{24) The current project uses information on child sex and birth year from the
Medical Birth Registry (MBRN) which is a national health registry containing information about all

births in Norway.
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ALSPAC recruited pegnant womeifrom the Southwest of EnglanAvon, with an expected delivery

between Apl 1991 and December 199@f all eligible pregnancies, 14,541 pregnant women

corresponding to 72%onsented to participaf{®3,988 alive at age onédn additional enrollment of
pregnancies resulted in a sample size of 15,447 pregnancies for data collected after the age of seven. Of
these, 14,901 children were alive at 1 year of(2§e26)GO0 partnergpartners of the original cohort)

were invited to complete questionnaires by the mothers at the start of the study and they were not
formally enrolled at that time. 12,113 GO partners have been in contact with the study by providing data
and/or formally enrolling when this started in 203807 GO partners are currently enrol{gd) Please

note that the study website contains details of all the data that is available through a fully searchable data
dictionary and variable search td@B) Ethical approval for the study was obtained from the ALSPAC

Ethics and Law Committee and the Local Research Ethics Committees.

In ALSPAC we removed all twins, and the largetMoBa one twin from each set was képee

Supplementary Methods)

Polygenic scorefor dietary pattern

The wlygenic scoréPGS) for dietary pattern wsbased on &WAS by Cole et alon 449,210

individuals ofEuropearancestrywith dietary information from FFQE7) The GWAS analyzed principal
componentanalysis(PCA) derived dietary patterns, where tfietary patteriPGSin the present study

was calculated according to the first principal compo(legtl)which was the highest heritable dietary
pattern (heritability estimate = 0.136) amald themost genomavide significant loci (significant GWAS
loci = 140) PClexplained 8.63% of the phenotypic varianteurated measures of single food intake
andwasdefined by foodshathave been describedtimeliterature as Western and prudent dietary
factors(17) Significant positive loadings for PC1 included increased intake of wholegrain bread, fruits

and vegetables, oily fisland water D 3KHD OW K\~ G.LSiyWfibadt\n&yBxive 'oatiidg3 included
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intake of white bread, butter and oil spread, processed medtigiridt milk DQ 3 XQKHDOWK\"’

pattern)(17,29)

Polygenic scores weednstructed using PRSS for theCOPSAGo10andALSPAC cohors (See
Supplementary Methoddyor MoBa the PGS wasonstructed using theomparabld_Dpred2method
and was adjusted for genotgg and imputatiomatch and population structure (figft PCs)30,31)
Details on the gnotyping of MoBa and ALSPAG@ios are available elsewhe(82,33)Reported
associations are for 1 SD increase in tl&SRorresponding tgenetic predisposition to eatindnaalthier

dietarypattern.

Validation of dietary pattern polygenic scores

We testedvhetherthe dietary pattern®S predictedeported consumption afmilar food itemsn
pregnant women from the COPSAG cohortas the PC1 described by Cole eflal) This was done by
plotting the maternal BS againstheintake of43food items reported iavalidated semguantitative
FFQ by mothers in week 24 of pregnari@y) The predictive value of the dietary pattel@3was further
tested by its correlation @maternal pregnancy Western dietary pattern derived from a principal
component analysis based on energy, macronutrient, and micronutrient atdakealculated from FFQs

which was previously associated with offspring neurodevelopmental disorders in C@R$2E} We

GLHW|

also examined the effect of the dietary pattern PGS on the 20 food groups most strongly associated with

the Western dietary pattern, and conversely, the effect of the Western pattern on those most strongly

linked to the PGS. Lastly, we calculated meaest®rn dietary pattern PC for 2 SD intervals of the

maternal dietary pattern PGS.

Dietary pattern PGSs were likewise validated inrgmicationcohortsusing FFQ datdn MoBa, a 255

item validatedFFQ was administered at gestational weelkc@2ering maternal dietary habits since she

became pregnai(85 88) FFQ items were sorted into intake of 98 food groups measured by grams per

12



day(39)In ALSPAC,theFFQwas administeredt week 32 of pregnan@nd coveredhe currentintake

of the 43most frequently consumed foods in the WKore detailed questions were askeddor
additional 8 foods usually consumed daily, which enabgetbincludethe estimatel weekly intake of
wholemeal and white brdaA healthypregnancydietary pattern PGased on the FFQ daf@xplaining
10.6% of varianceyith high loadings of, among otteisalad, fruit, oat and brayased cereals, fish, and
nonwhite breadwaslikewise used for validation of the dietary patte@d3in the ALSPAC cohor(40)

(See Supplementary Methods)

Neurodevelopmental outcomes

At the age ofl0 yeargshe COPSAGo10cohort underwentrain-depth clinical psychopathological

evaluationZKHUH WKH VW XG \ haghddds@f ADKY &R RDHBait scoreswere assessed

Child and parent(syvere interviewed separatehyjith the semistructured clinical diagnostic interview
Kiddie Schedule for Affective Disorders and Schizophrenia Present and Lifetime Vers®A&PL)

by trained interviewetsncluding medical doctors, nurses, and psychologiktsResearch diagnoses
werebased ora collective evaluation of the-SADSPL and all other available clinical information and
assigned according to the International Classification of Disordérsetion (ICD10).(42) ADHD was
defined by the diagnostic codes DF90.0, DF90.8, and DF98.8C. We grouped diagnoses according to
DSM-5 terminology with ADHD Combined Presentation including DF90.0 and DF90.8, and ADHD

InattentivePresentation including DF98.8(CSee Supplementary Methods)

ADHD trait scoredrom all included cohorts referred to the 18 D®Witems for ADHD, with 9 items
for inattentive and 9 items for hyperactivity/impulsivity symptoiar. all scalesresponses were made

on a 4point Likert scaleScores were not transformed in analyses.

In COPSAGo10 ADHD trait scorewas assessed by the ADHD RatfBzple (ADHD-RS) filled out by

parentg43)
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Neurodevelopmental outcomes in MoiBaluded child ADHD diagnoses obtained from the Norwegian
Patient Registry (NPRADHD was defined by at least one registered {Ddiagnotc code of
hyperkinetic disordeincludingDF90.0,DF90.1,DF90.8,DF90.9, and DF98.8gardless of age at
registration Combined Presentation includBé&90.0,DF90.1,DF90.8,DF90.9 and Inattentive
Presentation included DF98:Bne prevalence of ADHD diagnoses from the NB#r the exclusion of
one twin from each pawas 75% (N ADHD = 8,305). Mother reportedraitsof ADHD were assessed at

the age of 8 by the Parent Rating Scale for Disruptive Behaviour Disorde BBR}5(44)

In ALSPAC, motherreportedADHD traitswere evaluated using tis¢éructured diagnostic interview
Development and Wellbeing Assessment (DAWBAJhe age of .{45,46)(See Supplementary

Methods)

Statisti@al analysis

We used linearegressiorand quasPoissormodels to test the ability of thbetary patterdPGS to

predict food intake measured by FFIhe Pearson correlation was tested between dietary pattern PGS
and principacomponenderived pregnancWesterndietary pattern and maternal ADHD PGE)
Additionally, we tested the genetic correlatigging linkage disequilibrium score regressibBPSC)

between maternal dietary pattern genetics and ADHD ger{d8gs.

In the main analysed)¢ associations between maternal, child, atetpa dietary pattern®S and

ADHD outcomes were tested using logistic regression for ADHD diagnosis and linear regression for
ADHD total trait scoresSensitivity analyses were performedth ADHD presentationand ADHDtrait
subscalesis outcomesAll trio models were based on a single regressimadelincluding maternal,
paternal, and childietary patteriPGSs as predictors of offspring ADHD, with each PGS mutually
adjusted for the othef48) In follow-up analyses, wevaluate the effect of the diatry patterrPGS in

the general populatidoy performing trio models on ADHDrait scoreswithin individuals without an
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ADHD diagnosis Further we performedrio models on the dietary pattern PGS adjuébedhe matching
ADHD-PGSsto separate the effennf dietary genetickom ADHD geneticg47) All analyses were

adjusted fothe sex of the childTrio models indicatingndirect genetic effectawere rerurwith

adjustmentor social circumstances variables gndativeprenatapredisposindactors for ADHD to

adjust formeasureaonfoundingWe sought replicationsing a similar statistical approach in the MoBa
and ALSPAC cohortsTrio models on MoBa data were additionally adjusted for birth year to account for
the longer inclusion timeAdditional sensitivity analyses were performedMoBa; trio modelson

ADHD diagnosis wer@erformed requiring a minimum of two registered ADHD diagnoses in Nt
further trio models were performed usiclgstered robust standard errors based on maternal ID to

account for the inclusion of siblings.

All statistical tests were performed with an alpha of Bdta was analyzaddng the statistical software

R, version 44.1.
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RESULTS

Baseline Characteristics

In COPSAGo10 atotal of 593 individuals were clinically evaluatéor neurodevelopmental and other
psychiatric disorderatage 10 yearsandanadditional 11 individuals had questionnairased
information on symptom loadS30 had data on die@S for at least one family member ar@rhad
complete trio informatiofiSupplementaryigurel). Cohort demographicaredescribed according to
diagnosis of ADHDOnN Table 1 Among complete trio42.1% wereclassifiedwith ADHD as compared to
11.0% among thotal 593 evaluated childred drop-out analysis comparingpmplete trios to the
remaining cohort showed a higher degrepanticipationin the fish oil interventiorand a marginally

higher meaWestern dietary pattern PC among complete {Sagpplementary Table 1).

Validation of thedietary pattern polygenic score

The maternal dietary patterGB showed an association to maternal diet in pregnan€pPSAQ010
comparable tdindingsof Cole et al(17) wherethe diet PGS was generatgtigure2) andshowed a
significantcorrelationwith the PC derivedVestern dietary pattern in pregnarmgviously associated

with neurodevelopmental disorders in COPSA& 3 H D U YR-Q2BW5%CE -0.36-0.20,p <

0.001.(15) Top food groups associated with the maternal dietary PGS were associated in a similar pattern
to the Western dietary pattern PC. When depicting top food groups for the Western dietary pattern PC, the
maternal dietary pattern PGS also showed similar dineality of associations (See Supplementary

Figures 23). Mean maternal dietary pattern PC decreased with higher values of the maternal dietary
pattern PG$See Supplementary Figure Fhe maternal dietary®S wasassociated witimaternal

smoking in pregnancy, maternal and paternal education, but nodbtwéhstrong ADHDcorrelatesuch
asmaternal pregnancy-€eactive protein (CRP39) andmaternal prgpregnancy body mass index (BMI)

(See Supplementary Talig(50) Maternal and paterndietarypatternPGSs werenot correlated (r =
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0.04 95%CE -0.050.12 p = 0.406) For validation cohorts, the validity of the maternal dietary pattern

PGS was tested on pregnancy FFQ data. In MoBa, 83 of the included 98 food groups were significantly
associated with the materrdiétary patteriPGS after FDR correction. Consistent with the pattern

described by Cole et al., a higher PGS positively associated with intake of olive oil, vegetables, water,
wholegrain cereals, and brown bread, and negatively associated with intake of sugar swefttened so

drinks, processed meat, wdibread, chips, and animal fats (See Supplementary FEgureALSPAC,

maternal PGS was positively associated with the intake of pudding, wholegrain cereals, juice, whole meal
bread, and negatively associated wifitb intakeof white bread and roast potatoes (See Supplementary

Figure6 DQG IXUWKHU SRVLWLYHO\ FRUUHODWHG ZLWMWIUEDWHUQDO K

0.001).

Dietary and ADHD genetic overlap

Maternal dietary patternGS showed a weakorrelaton to maternal ADHD BBS (3 H D U YR-QIDV
95%CI=-0.180.20 p = 0.015)in the COPSAG0cohort, andhere was anodestgenetic correlation
between dietary pattern genetics and ADHDajiesbased orsummary statistics from published GWAS

(r =-0.24 SE 0.04p < 0.00)).

Dietary pattern 8S and ADHDoutcomesn the COPSAGgop10cohort

Without adjustment for any other family membdistary patteriPGSs, ane standard deviation increase
in maternaldietary patternPGS, corresponding to a higher genetic predispositi@healthydiet, was
associated with a 29% lowtkelihood of ADHD diagnosis (OR= 0.71 95%CIl=0.538.93,p = 0.015.
Paternabietary patteriPGS showed similar effect siz€ OR = 0.77; 95%CkE 0.57 1.03, p = 0.085).

Child dietary patteriPGS had the strongest associatwith ADHD diagnosiqOR = 0.55 95%Cl=

0.41 9.73), p < 0.00]). Highermaternaland childdietary pattern 8S werealsoassociated witfower

offspring ADHD-RS total scorémotherbeta=-1.23 95%Cl=-1.93%0.53,p < 0.00%; child beta=-1.10;
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95%Cl=-1.82+0.38,p = 0.003) No association washservedetweerpaternaldietary patteriPGS and

ADHD-RS total scorg¢beta=-0.50; 95%CIl=-1.30-0.29, p = 0.212). (Supplementaryable3)

Trio analysesn the COPSAGpipcohort

Theassociation between materaaid paternadietary pattern 8S andoffspring ADHD diagnoses
attenuatecfter adjustment fodirect genetic transmission in the trio models (mother (F08;95%Cl=
0.694.38, p=0.893; father OR ..05;95%CI= 0.734.53, p = 0.780), while the hild dietary pattern

PGS association remained consistent (child OR58; 95%CI= 0.38.88, p = 0.011). This indicates

that direct genetic effects may contribute to observational associations between diet in pregnancy and

ADHD diagnosis

In contrastthere was evidence of maternal indirect genetic effects on AdiDscoregmotherbeta= -
1.15;95%CI=-2.06 +0.23, p=0.015) and no evidence of direct genetic effeatith the childdietary
patternPGS estimate attenuating in trio models for this outcahidd(beta=-0.14; 95%ClI=-1.25-0.98,
p =0.810. No paternal indirect genetic effects ADHD trait scoresvere observedsuggestinghat the
observed effects aexclusively materngffatherbeta=-0.34; 95%CIl=-1.359.68, p = 0.514).(51) In
analyse®n ADHD-RS subscaleshere wa®vidence ofndirectgeneticeffectsalsofor Impulsivity and

Hyperactivitytraits but not for Inattentivéraits (Figure3 & Supplementary Table)4

Exclusion of ADHD cases and adjustment for ADRDS in trio models did not alter the results
(Supplementary Figuré & 8). The maternaindirect gemtic effect onADHD trait scorewasattenuated
after adjustment for social circumstances variablegartative predisposintactors for ADHD including
maternal pregnancy week 24 CRP, maternajpegnancy BMI, maternal age, paternal age, household
income,maternal educational levedex, birth weight, gestational age, and fish oil supplementation in

third trimester adjusted beta -0.84; 95%Cl=-1.73+0.05, p = 0.051
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Replicationin theMoBa and ALSPAQzohorts

Analyses usinglata fromthe MoBa cohort includedl,580complete trios in analyses on ADHD
diagnose$ADHD prevalence 7,0 %9nd18,629complete trios for ADHD symptom(snedian REDBD
total score 7 (IQR-41). Child, maternal, and paterndiletary patteriPGSsfor ADHD were all
associateavith ADHD diagnosis and ADHD tal trait scorén unadjusted models$n trio analysesthere
was no evidence of indiregeneticeffects(maternal OR for ADHD = 09 95%CI= 0.954.04,p =
0.784, maternal beta for ADHD traits =@; 95%Cl=-0.03 .21, p = 0.156) , andonly child dietary
patternPGS remained associated WKDHD outcomesndicating direct genetic transmission of riskly
(child OR for ADHD = 0.2; 95%CI= 0.87 .96, p = 0.002 child beta for ADHD traits .28, 95%Cl=
-0.4296.14, p < 0.00]). Results from 1199 complete triogmedian total DAWBA score 2 (IQB-7)) from
the ALSPAC cohort were consistent in direction and magnitude, though less precisely estimated, meaning
that no effects were different from zdi®eeSupplementarResults, SupplementaRigures9-10, and

Supplementary Tables§.

19



DISCUSSION

We used genetic trio models to investigate potential mechanisms underpinning observed associations
between maternal dietary pattern in pregnancy and ADHD in the offs@uegall, trio modelsapplied

across three cohorts indicated a likely role for genetic confounding in observational associations between
maternal dietary pattern and offspring ADHIiagnosiswith consistent evidence for direct effects from
transmitted genetic liabilities to specific dietary patterns on the likelihood of receiving thegigagno
among offspringOur resultgdid notprovidesupportfor a causal link between maternal digt pattern
andoffspring ADHD diagnoss, with a lack of evidence @ffect of maternal dietary pattern P@8er

control for genetic liability directly transmitted to offspring. In relation to ADHD trait outcome, trio
models in the COPSA&icohort showed evidence for indirect genetic effects that would be consistent
with a causal relationship. However, this effect on ADHD trait scorenabiseproducible ithe larger
external replication cohorts MoBa and ALSPAC. Taken together, these findings are not consistent with
the hypothesis that maternal dietary pattern in pregnancy is a substantial or universaredisgmsing

factor for ADHD traits in the offspring.

To our knowledge, this is therdt study to explorelietary patteraas acausalpredisposindactor for

ADHD usingagenetictrio modelapproact(11) By using a healthy dietary pattern PGS, shewed
evidence of direct genetic transmissisaggestindghat previously reported observatiofiadingsmay be
impactedby genetic confoundingsenetic confounding describes a scenario where an observational
association is wholly or partly attributable to the fact that the same genetic factors influence both the
exposure and outcomExisting studies havi some exterdccounted for thidn the COPSAGs10
cohort,the substantial increaselikelihood of ADHD following aWesternprenataldietary patternwas
robust toadjustment for maternal ADHD PGfid was replicated across several mettéd

cohorts(15) The study further found that ADHD genetics moderated the effect of the Western dietary
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pattern supporting the role of genetics for such associgtl®)#n observational study frortihe MoBa
cohort reported smalthough robustassociations between quality of pregnhancy diet and offspring
likelihood of ADHD diagnoses and ADHD traiegross strata of registerethternal ADHDtraitsin an
attempt taaccount for maternal ADHD genetisposition(12) Using the largest available number of
genotyped trios, wdid not find evidencén our genetiebased modelthat would be consistent with
effects of diet in pregnancws defined by a healthy dietary pattern P@&itherADHD diagnosishor
number of ADHDtraits, including individuals not reaching the diagnostic threshold for ADGur.
findings suggedhat, if anycausaleffects of diet in pregnancy on offspring ADHRist, theseare likely

to eitherbe of small magnituder somewhat contegpecific

We found some evidenamnsistent with a causeffect of diet on ADHDtrait scorein the COPSAGo10

cohort which was not replidgadin MoBa or ALSPAC.The UK Biobank GWAS from which the dietary
pattern PGS was derived reportesignificantgenetic correlation witfactorsnot related to diet

including physical activity, educational attainment, socioeconomic status, and smoking status. For BMI,
the study reported that there may be a shared genetic etiology but that the underlying genetic architectures
are predominantly distingtLl7) In COPSAGai6 We confirmed that the maternal dietary pattern PGS was
associated with parental educational attainment, maternal smoking in pregnancy, and that there was a
genetic correlation with ADHDTheindirect genetieffectin COPSACoiotrio analysesnay be a product

of confoundng from suchlifestyle factors related tboth ADHD anddietary pattern geneticandthe
attenuation of theffectto p=0.051after adjustment for lifestyle factors indiedthat this could be the

case Alternatively, the indirect genetic effects detected in COPSA@r ADHD trait scoreand not for
ADHD diagnosisreflecta higher sensitivitypf a dimensional approathan of a binaryThe indirect

genetic effectsnay potentially not reflect causal mechanisms, or the inability to replicate ntelie

populationdifferences between the cohortsvariancesn the assessment whits
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The trio design issmajor strength of this studyo investigatehe observational associations between

diet in pregnancy and ADHErther, results should be sought triangulated acdifésrentstudy designs

with different sources of bias. For this purpose, genetically informed s&udibsas ourare an important
contribution, due to thdesignrbased handling of confounding whichbelieved to ba strong
complementary approach to traditional statistical adjustid€) (T he reliability of our findings is
significantly substantiated by the ability to validate the dietary pattern PGS derived from summary
statistics based on a npnegnant population in all three included cohorts using &&@ Though the
COPSAGo0cohort includes the smallest number of trios compared to MoBa and ALSPAC, the major
strength ofncludinganalyses within this cohort is the high quality of the phenotypic outcomes based on
the thorough COPSYCH clinical examinatiptisusavoiding misclassificationf a clinician evaluated

ADHD diagnosig22)

Assortative mating and population structure may confound associations from a @wASnsequently
the reported effects in our stuupportive of a potential bias from assortative matiregfaund that
parental PGSs were wealdgrrelated in MoBa and ALSPA®ias from assortative mating or population
stratificationwould be expected tmflate indirect genetic effect estimatdmit leaveestimates of direct
genetic effectsinchanged18,52)Assortative matings thereforeunlikely to explain the conclusions
drawn in this paper. Even though the study included a high number of trios, we cannot thude out
possibilitythatwe may have been underpowered to detect simdilectgenetic effectsdue to the low
VSHFLILFLW\ RI 3whiihorly@ExplHifashdl @art of the phenotypic variaia@ Further,

the PGS was generated based on the intake of a specific dietary pattern primarily driven by type of bread
consumed and therefore may not capture effeomspecific nutrient§17) The Cole et al GWAS from
where the dietary pattern PGS was derived, was base@&haurrecall FFQ obtained from an adult
population.Data from a GWAS®nN pregnancy digtom a larger time spawasnot available, however

such data coultlaveincrease the predictive value of the PGAdditionally theFFQ data may have been
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subject to bias due participation dependent on health sktadly, the study was restricted to individuals

of European ancestrwhich limits the generalizability of our findings.

Conclusion

In conclusionusing a genetically informative design applied across multiple independent calgorts,
found consistent evidence that genetic liabilities to specific dietary patterns transmitted from parents to
children are associated with their ADHD diagnoses and ttaitdicating a likely role for genetic
confounding in observational links between magtdiet and offspring ADHD. Wdid not findstrong
evidencein the form of indirect genetic effects in genetic trio models, that woutdhsistent with a
causaimectanism underpinning these linkgaken together, our results suggest that influences of a
healthy diet in pregnancy on ADHD outcomes are likely either of smaghitudeor highly context

specific
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Tables

Table 1: Baseline characteristics 0COPSACzo10families with complete trio information,

stratified according to diagnosis of ADHD

No ADHD ADHD P value
n =384 n =53
Child dietary pattern 8S, mean (SD) 0.12 (1.00) -0.43 (1.112) <0.001
Maternal dietary pattern@s, mean (SD) -0.04 (1.05) -0.36 (0.91) 0.037
Paternal dietary patterrdS, mean (SD) 0.06 (0.99) -0.18 (0.92) 0.090
Sex, male, n (%) 180 (46.9) 41 (77.4) <0.001
Gestational age, d, mean (SD) 279.17 (11.16) 280.49 (8.66) 0.285
Birthweight, kg, mean (SD) 3.54 (0.53) 3.64 (0.48) 0.122
Maternal educational level, n (%) 0.005
Elementary school 10 (2.6) 4 (7.5)
College graduate 20 (5.2) 4 (7.5)
Tradesman certification 67 (17.4) 18 (34.0)
Baclelors' degree 173 (45.1) 19 (35.8)
Masters' degree or higher 114 (29.7) 8 (15.1)
Paternal educational level, n (%) 0.093
Elementary school 14 (3.7) 3(5.7)
College graduate 26 (6.8) 0 (0.0)
Tradesman certification 124 (32.4) 25 (47.2)
Bachelors' degree 111 (29.0) 12 (22.6)
Masters' degree or higher 108 (28.2) 13 (24.5)
Household income, n (%) 0.286
<100.000 DKK 30 (7.8) 3(5.7)
100.000150.000 DKK 90 (23.4) 17 (32.1)
150.000200.000 DKK 116 (30.2) 16 (30.2)
200.000250.000 DKK 87 (22.7) 13 (24.5)
>250.000 DKK 61 (15.9) 4 (7.5)
Alcohol intake in pregnancy, yes, n (%) 60 (15.6) 6 (11.5) 0.397
Smoking in pregnancy, yes, n (%) 24 (6.2) 6 (11.3) 0.195
Parity, n (%) 0.269
1 171 (44.5) 20 (37.7)
2 159 (41.4) 22 (41.5)
. 54 (14.1) 11 (20.8)
Maternal prepregnancy BMI, mean (SD) 24.53 (4.28) 26.43 (5.66) 0.004
Maternal Western dietary pattern PC, mean (SD) -0.02 (0.93) 0.51 (1.07) 0.001
Maternal age, y, mean (SD) 32.05 (4.13) 32.03 (4.61) 0.671
Paternal age, y, mean (SD) 34.52 (5.14) 34.54 (5.10) 0.681
Vitamin D intervention yes, n (%) 152 (47.8) 23 (50.0) 0.627
Fish oilintervention yes, n (%) 209 (54.6) 24 (45.3) 0.181

ADHD = attention deficit hyperactivity disorder, PGS = polygenic score, BMI = Body Mass Index
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Figures

Figure 1. Graphical presentation of the trio polygenic score model to estimate direct and indirect genetic
effects of diet in pregnancy on offspring likelihood of attention deficit hyperactivity disdrderfigure

was drawn based on a directed acyclic graph of the trio model by Pingaylt&t&leated in

BioRender. Bgnnelykke, K. (2026) https://BioRender.com/ghuyslo
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Figure 2. Maternal dietary pattern polygenic score plotted against maternal diet as reported by food
frequency questionnaires in week 24 of pregna@yly nominalsignificant associatiorare shownFDR
significant pvaluesare marked with an asterisk)(
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Figure 3. Unadjusted anttio models of the association between dietary patt&® #nd ADHDK-
SADSPL diagnosis as well as ADHRStrait scorein the COPSAGy10cohort

34



Figure 4. Trio models of the association between dietary pattern PGS and ADHD diagnosis as well as
ADHD trait scorefor MoBa and ALSPACALSPAC analyses were adjusted for sex of the cildl
MoBa analyses includeatlditionaladjustment for birth year due to the longer period of inclusion.
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6XSSOHPHQRWROWLRQ

6XSSOHPHQWDU\ PHWKRGV

COPSAGo10Study population

To be included, women were required to speak Danish, consume no more than 600 IU vitamin D during
pregnancy; and not suffer from any endocrine, cardiovascular, or nephrological disbnaers.

randomized controlled trials were conducted within the cohort, where mothers in their third trimester
were randomized to receive supplementation with fish oil anddagle vitamin D3 in a factorial 2x2

design.

COPSAGo0 FFQ data

The FFQ contained 360 items covering their dietary intake with @nomeh recall period. Intake of

foods was reported either in natural units or frequency of consumption as appropriate for the given item.
Number of grams per day for 43 food groups wasutated based on an assumption of standard portion
sizes.Implausible values of energy intake corresponding to below 4,200 kJ/day or above 16,700 kJ/day
were excluded

COPSAGoi0neurodevelopmental outcomes

COPSYCH &aminations took place between January 2019 and DecemberR02Zkearch diagnoses

were assigned in consensus with senior researcher JRIM. An external validation of research diagnoses
was performed together withclinical professor in child and adolescent psychiatry. Video recordings of
the clinical examinations allowed for both supervision and testing of interrater reliability which was high.
Overall agreement across symptoms currently present and symptomdyuaeptesent was 99.5% Cl
(99.399.7). Agreement of present symptoms was 88.5% CIl-{82.®).

Dietary pattern polygenic scores in COPSAE

In the COPSAGui0cohort, high throughput genoméde singlenucleotide polymorphism (SNP)

genotyping of the parents and children was performed using the llluminalnfthitidumanHap 550K

SNP BeadChipechnology (lllumina, San Diego) and further by the Illumina Infinium
HumanOmniExpressExome BeadChip in the childrea.used the PR8ontinuous shrinkage (CS)

method to construct the score using the 1KG reference pahelfinal score consisted of 1,071,676

SNPs available in both the GWAS summary statistics, reference panel, and the COPSAC cohort. Given
the sample size of the GWAS, the phi parameter, controlling the global shrinkage, was estimated based on
the data. Edtindividual SNP effect on diatasupdated for each SNP and combined to an aggregated
score using the software PLINK(28) aschled to mean 0 with 1 standard deviation (SD) for each

dataset.

The MoBa study
The current study is based ¥ersion 12of the qualityassured data files released for researclaimuary
2019 The establishment of MoBa and initial data collection was based on a license from the Norwegian



Data Protection Agency and approval from The Regional Committees for Medical and Health Research
Ethics. The MoBa cohort is currently regulated by the Norwegian Health Registry Act.

MoBa FFQ data
,PSODXVLEOH YDOXHV RI FDORULH LQW D200 IRRWHY SR QNGAHD WR D (
(4,502 kJwere removedNumber of grams per day were calculated for each food group.

The ALSPAC study

Consent for biological samples has been collected in accordance with the Human Tissue Act (2004).
Informed consent for the use of data collected via questionnaires and clinics was obtained from
participants following the recommendations of the ALSPAC Ethics and Law Committee at the time.

ALSPAC FFQ data
As previously reported, weoaverted=FQ data registered with five different frequency options to weekly
frequency of intakéImplausible values of energy intake were excluded based on the MoBa cutoffs.

ALSPACnheurodevelopmental outcomes

The ALSPAC DAWBA ADHD trait scores were based on the following variables (See ALSPAC data
documentation for further detail): Kr460a indicating total number of inattention/activity symptoms.
Variable 459b and 447b covering prorated scores for attention and activity traits.

Statistical analys

Demographics of the COPSAdm cohort were reported according to the presence of ADHD, and
differences between groups were tested by eittesttor chisquared test. Associations between maternal
dietary pattern PGS and selected social circumstance and prenatal exposure variallakwated in
univariate linear regression models. To test for assortative mating, a potential source of bias in trio
models, we calculated the correlation between maternal and paternal dietary pattern PGSs.

6XSSOHPHQWDU\ UHVXOWYV

Assortative mating in the MoBa and AX&C cohorts
ODWHUQDO DQG SDWHUQDO GLHWDU\ SDWWHUQ 3*6 ZHWA, ZHDNO\ F
p-value 430 x 1% DQG $/63%& FRKRUW.08 pvBlle\OR4@NV U

MoBa neurodevelopmental outcomes

After the exclusion obne twin from each setnediannumber of ADHD REDBD traitsof ADHD was 7
(IQR 4-11), and prevalence of ADHD diagnoses from the NPR v Tor all ADHD diagnoses, 7.2%
for ADHD combined presentation, and 0.5% for ADHD inattentive presentation.

ALSPAC neurodevelopmental outcomes
After the exclusion of twins, the edian number dbtal parenratedADHD DAWBA ratedtraitswas 2
(IQR 0-7).



MoBa €nsitivityanalyses

In the larger MoBa cohort main trio analyses were performed using robust standard errors clustered on
maternal ID. This did not alter the resufBhanging the diagnostic grouping of ADHD diagnoses from
requiring only one to two registered diagnoses in the Norwegian Patient Registry did not alter the results
either.
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Supplementary Figure 1.Flow chart of theaCOPSAGo1ostudy cohort

COPSAC2010 Cohort
N =700

Completed COPSYCH
evaluation
N = 604

i

Information on research

diagnosis of ADHD Exclusions:
N =593 Twin B
Non-biological parents
> Missing data
v
Information on S for at least N remaining
1 family member Maternal PGS: 528
N = 530 Paternal PGS: 449
Child PGS: 528

i

Complete Trios
N =437




Supplementary Table 1: Drop out analysis

Total cohort Incomplete Trios Complete trios  P-value
n =700 n =263 n =437

Child dietary pattern 8S, mean (SD) 0.04 (1.00) 0.02 (0.95) 0.05 (1.03) 0.531

Maternal dietary pattern@S, mean (SD) -0.04 (1.03) 0.08 (1.01) -0.08 (1.03) 0.078

Paternal dietary patterrds, mean (SD) 0.05 (0.98) 0.12 (0.97) 0.03 (0.99) 0.299

Sex male, n (%) 360 (51.4) 139 (52.9) 221 (50.6) 0.426

Gestational ageal, mean (SD) 279.00 (11.65) 278.46 (12.81) 279.33 (10.89) 0.233

Birthweight kg, mean (SD) 3.54 (0.55) 3.51 (0.59) 3.55 (0.52) 0.271

Maternal educational leveh (%) 0.449
Elementary school 20 (2.9) 6 (2.3) 14 (3.2)

College graduate 35 (5.0) 11 (4.2) 24 (5.5)

Tradesman certification 130 (18.6) 45 (17.1) 85 (19.5)
% D F K Hdedrde 1 V 321 (45.9) 129 (49.0) 192 (43.9)
Masters' degree or higher 194 (27.7) 72 (27.4) 122 (27.9)

Paternal educational leyel (%) 0.128

Elementary school 31 (4.6) 14 (5.7) 17 (3.9)
College graduate 39 (5.7) 13 (5.3) 26 (6.0)
Tradesman certification 213 (31.3) 64 (26.2) 149 (34.2)
% D F K Hdedrde 1 V 206 (30.3) 83 (34.0) 123 (28.2)

Masters' degree or higher 191 (28.1) 70 (28.7) 121 (27.8)

Household incomen (%) 0.129
<100.000 DKK 67 (9.6) 34 (13.0) 33(7.6)
100.006150.000 DKK 170 (24.3) 63 (24.0) 107 (24.5)
150.000200.000 DKK 200 (28.6) 68 (26.0) 132 (30.2)
200.006250.000 DKK 157 (22.5) 57 (21.8) 100 (22.9)
>250.000 DKK 105 (15.0) 40 (15.3) 65 (14.9)

Alcohol intake in pregnangyes n (%) 101 (14.5) 35 (13.4) 66 (15.1) 0.411

Smoking in pregnancyes n (%) 54 (7.7) 24 (9.1) 30 (6.9) 0.242

Parity, n (%) 0.071

1 323 (46.1) 132 (50.2) 191 (43.7)
2 267 (38.1) 86 (32.7) 181 (41.4)
. 110 (15.7) 45 (17.1) 65 (14.9)

Maternal prepregnancy BMImean (SD) 24.55 (4.39) 24.19 (4.18) 24.76 (4.50) 0.070

Maternal Western dietary pattern PC, mean (¢ -0.1 (0.99) -0.12 (1.05) 0.05 (0.96) 0.046

Maternal agey, mean (SD) 32.28 (4.36) 32.67 (4.62) 32.05 (4.18) 0.069

Paternal agey, mean (SD) 34.51 (5.27) 34.48 (5.52) 34.53 (5.13) 0.629

Vitamin D intervention yes n (%) 297 (50.9) 122 (55.5) 175 (48.1) 0.069

Fish oilintervention yes n (%) 347 (49.7) 114 (43.5) 233 (53.4) 0.014




Supplementary Figure 2.Top 20 food groups associated with the maternal dietary patterrire¢&ssed

so that higher PGS associates with an unhealthieratidtheir associatiowith COPSAC maternal

Western dietary pattern PC. The maternal Western dietary pattern PC has been presented previously by
Horner et al and associated to neurodevelopmeatalitions®



Supplementary Figure 3.Top 20 food groups associateith the COPSAC maternal Western dietary
pattern PC antheir associatiorwith maternal dietary pattern PG®versed so that higher PGS
associates with an unhealthier difithe maternal Western dietary pattern PC has been presented
previously by Horner et al and associated to neurodevelopnoemgitions®



Supplementary Figure 4. Mean maternal Western dietary pattern PC according to intervals of maternal
dietary pattern PGS.



Supplementary Table 2: Association between selectedcial circumstance and
prenatal exposure variablesand maternal dietary pattern PGS

n > &, @ p-value

Sex, male 597 -0.04 }0.20;0.13] 0.657
Child birth weight, kg 597 0.04 }0.11;0.20] 0.610
Child gestational age, days 597 0.00 F0.01;0.00] 0.3&
Maternal smoking in pregnancy 597 -0.41 }0.73:0.10] 0.010
Maternal alcohol intake in pregnancy 595 0.00 F0.23;0.24] 0.9&
Maternal parity Q . 597 0.03 F0.09;0.14] 0.6(8
Maternal use of antibiotics in pregnancy 596 0.06 F0.11;0.23] 0.481
Maternal preeclampsia in pregnancy 596 0.01 F0.39;0.41] 0.960
Paternal age at birtlyears 583 0.02 F0.00;0.03] 0.064
Maternal CRP at pregnancy week &2 transformed 594 -0.03 }0.09;0.02] 0,228
MaternalglycA at pregnhancy week 24 595 -0.61 F1.43;0.20] 0,137
Maternal prepregnancy BMI 594 0.00 F0.02;0.02] 0.99
Maternal age at child birtlyears 597 0.01 }0.01;0.03] 0.220
Maternal education at child birth 597 0.002*

Elementary Ref

College 0.18 F0.41;0.77]

Tradesman 0.08 F0.42;0.57]

Medium 0.25 F0.22;0.73]

University 0.54 [0.06;1.02]
Paternal education at child birth 582 <0.001*

Elementary Ref

College 0.81[0.29;1.33]

Tradesman 0.36 F0.07;0.78]

Medium 0.53[0.11;0.96]

University 0.69[0.27;1.12]
Household income at child birth 596 0.312*

<100.000
100.006150.000
150.006200.000
200.006250.000
>250.000

-0.08 }0.41;0.25]
Ref

0.11 0.11;0.34]

0.13 }F0.11;0.37]

0.25 }0.03;0.52]

Linear regression model used to test association between continuous covariates anpiatiietapplygenic score.
BMI = Body Mass Index. CRP = -@active protein*P-value from likehood ratio test
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SupplementaryFigure 5. Maternal dietary pattern polygenic score (PGS) plotted against maternal diet as
reported by food frequency questionnaires in the MoBa cohort. The plot depicts the 20 most positively
and the 20 most negatively associated food groups. FDR signifisettigs are marked with an asterisk

(*)-
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Supplementary Hgure 6. Maternal dietary pattern polygenic score (PGS) plotted against maternal diet as
reported by food frequency questionnaires in the ALSPAC cohort. Only nominal significant associations
were included in the figure. None of the associations were significantFdRcorrection.
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Supplementary Table3: Association between maternal, paternal, and child dietary pattern PGS and offspring
ADHD diagnosis and ADHD-RS traits in the COPSACy10cohort

Maternal PGS Paternal PGS Child PGS
n=>511 n =449 n=>528
OR[95%CI] p-value OR[95%CI] p-value OR [95%CI ] p-value
0.71 0.77 0.55
ADHD [0.53;0.93] 0.015 [0.57;1.03] 0.085 [0.41;0.73] <0.001
ADHD 0.76 0.77 0.56
Inattentive presentation [0.51;1.12] 0.174 [0.51;1.16] 0.206 [0.37;0.82] 0.004
ADHD 0.71 0.81 0.60
Combined presentation [0.49;1.00] 0.055 [0.55;1.19] 0.279 [0.41;0.86] 0.006
Maternal PGS Paternal PGS Child PGS
n=>513 n =450 n=530
[95%CI] p-value [95%CI] p-value [95%CI] p-value
ADHD-RS -1.23 -0.50 -1.10
Total traits [-1.93:0.53] <0.001 [-1.30;0.29] 0.212 [-1.82:0.38] 0.008
ADHD-RS -0.54 -0.25 -0.65
Inattentive traits [-0.98:0.11] 0.015 [-0.74;0.24] 0313 [-1.10:0.21] 0.004
ADHD-RS
. . -0.69 -0.25 -0.45
i?;ﬁtsjIS|V|ty/Hyperact|V|ty [-1.03:0.35] <0.001 [-0.64:0.13] 0.19% [-0.80:0.10] 0.012

All analyses weredjusted for child sex

ADHD: Attention deficit hyperactivity disorder. ADHIRS: ADHD Rating Scale. Cl: Confidence Interval. OR: Odds
ratio. PGS: polygenic score.
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Supplementary Table 4: Trio models of the asociation between maternal, paternal, and child dietary pattern
PGS andoffspring ADHD diagnosis and ADHDRS traits in the COPSAGyp10c0hort

Maternal PGS Paternal PGS Child PGS
Trio model* Trio model** Trio model***
n =437 n =437 n =437
OR [95%CI ] p-value OR [95%CI] p-value OR p-value
[95%CI]
0.98 1.05 0.58
ADHD [0.69;1.38] 0.893 [0.73;1.53] 0.780 [0.38:0.88] 0.011
ADHD 1.1 1.06 0.57
Inattentive presentation [0.67;1.78] 0.702 [0.63;1.78] 0.825 [0.31;1.02] 0.063
ADHD 0.89 1.03 0.65
Combined presentation [0.56;1.39] 0.603 [0.64;1.67] 0.893 [0.37;1.10] 011
Maternal PGS Paternal PGS Child PGS
Trio model* Trio model** Trio model***
n =438 n =438 n =438
[95%CI] p-value [95%CI] p-value [95%CI] p-value
ADHD-RS -1.15 -0.34 -0.14
Total traits [-2.06;-0.23] 0.015 [-1.35;0.68] 0.514 [-1.25;0.98] 0810
ADHD -0.35 0.00 -0.33
Inattentive traits [-0.92;0.23] 0.235 [-0.63;0.63] 0.9% [-1.03;0.36] 0.345
ADHD
- . -0.80 -0.34 0.20
<0. . .
lgﬁzIS|V|ty/Hyperact|V|ty [-1.24:0.36] 0.001 [-0.83:0.15] 0.171 [-0.34:0.74] 0.467

* Adjusted for child sex and childGS
**A djusted for sex, maternal3S andchild PGS

***A djusted for sex, maternal@S andpaternalPGS

ADHD: Attention deficit hyperactivity disorder. ADHIRS: ADHD Rating Scale. Cl: Confidence Interval. OR: Odds
ratio. PGS: polygenic score.
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SupplementaryFigure 7. Unadjusted anttio modelsof the dietary pattern PGS associatio®fpHD-
RStraitsafter exclusion of individuals with a diagnosis of ADKDthe COPSAGy10cohort
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SupplementaryFigure 8. Unadjusted anttio modelsof the dietary pattern PGS associatioi2HD
diagnosis and ADHERStraitsin the COPSAGyi0cohort including additionadjustment for child,
materna) andpaternalADHD PGS
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SupplementaryFigure 9. Unadjusted anttio models of the association between dietary pattern PGS
and NPR ADHD diagnosis as well as ADHD®R8D traitsin the MoBa cohort
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SupplementaryFigure 10. Unadjusted anttio models of the association between dietary pattern PGS
and DAWBA ADHD traitsin the ALSPAC cohort
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Supplementary Table 5: Association between maternal, paternal, and child dietary pattern 8S andoffspring
ADHD NPR diagnosis and REDBD ADHD traits in the MoBa cohort

Maternal PGS Paternal PGS Child PGS
n=91,931 n=62,3%3 n=75,342
OR val OR [95%CI] val OR val
[95%Cl] p-value b p-value [95%Cl] p-value
0.95 0.95 0.92
<0. <0. <0.
ADHD [0.92,0.97] 0.001 [0.92,0.98 0.001 [0.89,0.94] 0.001
ADHD 0.97 0.95 1.00
Inattentive presentation [0.88;1.06] 0.485 [0.85;1.07] 0.401 [0.90;1.117] 0.933
ADHD 094 0.95 091
<0. . <0.
Combined presentation [0.92,0.97] 0.001 [0.92,0.98 0.001 [0.89,0.94] 0.001
Maternal PGS Paternal PGS Child PGS
n=36,131 n=26,619 n=231,191
[95%CI] p-value [95%CI] p-value [95%CI] p-value
RS-DBD -0.08 -0.13 -0.25
Total traits [-0.15;-0.01] 0.031 [-0.21;-0.04] 0.003 [-0.33-0.17] <0.001
RS-DBD -0.03 -0.05 -0.12
) ) <0.
Inattentive traits [-0.98:0.11] 0.173 [-0.1G;-0.07] 0.026 [-0.17;-0.08] 0.001
RS-DBD
. - -0.05 -0.07 -0.13
) ) <0.
i:r;ﬁLSJIS|V|ty/Hyperact|V|ty [-0.09:-0.01] 0.009 [-011:-002] 0.003 [-017-0.08] 0.001

All analyses weredjusted for child sexand birth year

ADHD: Attention deficit hyperactivity disorder. Cl: Confidence Interval. NPR: Norwegian patient registry. OR: Oc

ratio. PGS: polygenic score. EEBBD: Disruptive Behavior Disorders Rating Scale.
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Supplementary Table 6: Trio models of the asociation between maternal, paternal, and child dietary pattern
PGS andoffspring ADHD NPR diagnosis and REDBD ADHD traits in the MoBa cohort

Maternal PGS Paternal PGS Child PGS
Trio model* Trio model** Trio model***
n=41,580 n = 41,580 n=41,580
OR I OR [95%Cl] | OR |
[95%Cl] p-value 0 p-value [95%Cl] p-value
0.99 1.01 092
ADHD [0.95,1.04 0.784 [0.96;1.05] 0.790 [0.87;0.96] 0.002
ADHD 1.01 1.00 0.97
Inattentive presentation [0.85,1.20] 0.894 [0.84;1.194 0.975 [0.79,1.19 0.749
ADHD 0.99 1.01 0.92
Combined presentation [0.94,1.04] 0613 [0.96;1.06] 0.802 [0.87,0.97] 0.002
Maternal PGS Paternal PGS Child PGS
Trio model* Trio model** Trio model***
n=18,629 n=18,629 n=18,629
[95%CI] p-value [95%CI] p-value [95%CI] p-value
RS-DBD 0.09 -0.03 -0.28
) ) <0.
Total traits [-0.03;0.21] 0.156 [-0.15,0.1Q] 0.686 [-0.42-0.14] 0.001
RS-DBD 0.06 -001 -0.15
Inattentive traits [-0.01,0.13] 0.117 [-0.08;0.06] 0.843 [-0.2G;-0.05] 0.002
RS-DBD
. - 0.03 -0.02 -0.12
l:r;ﬁzIS|V|ty/Hyperact|V|ty [-0.04:-0.10] 0.382 [-0.08,0.05] 0.613 [-0.80:0.10] 0.012

* Adjusted for sexbirth yearand child F5S

**A djusted for sexhirth yearmaternal I&S, andchild PGS
***A djusted for sexbirth year maternal IBS, andpaternalPGS

ADHD: Attention deficit hyperactivity disorder. Cl: Confidence Interval. NPR: Norwegian patient registry. OR: Oc

ratio. PGS: polygenic score. EEBBD: Disruptive Behavior Disorders Rating Scale.
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Supplementary Table 7:

Association between maternal, paternal, and child dietary pattern 8S andoffspring
DAWBA ADHD traits in the ALSPAC cohort

Maternal PGS Paternal PGS Child PGS
n=5,529 n = 5,967 n=1,498
[95%CI] p-value [95%CI] p-value [95%CI] p-value
DAWBA -0.03 -0.18 -0.17
Total traits [-0.16;0.10] 0.650 [-0.41;0.06] 0.146 [-0.3G;-0.05] 0.008
DAWBA -0.00 -0.07 -0.11
Inattentive traits [-0.10,0.09 0.954 [-0.24,0.1Q] 0.447 [-0.20;-0.02] 0.020
DAWBA
- - -0.06 -0.15 -0.14
![:r;i:IS|V|ty/Hyperact|V|ty [-0.15,0.03] 0.206 [-0.31:0.02] 0.078 [-0.23-0.05] 0.003

All analyses weredjusted for child sex

ADHD: Attention deficit hyperactivity disorder. Cl: Confidence Interval. DAWBA: Development and-Bésiig
Assessment. PGS: polygenic score.
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Supplementary Table 8: Trio models of the asociation between maternal, paternal, and child dietary pattern

PGS andoffspring DAWBA ADHD trait s in the ALSPAC cohort

Maternal PGS Paternal PGS Child PGS
Trio model* Trio model** Trio model***
n=1199 n=1199 n=1,199
[95%CI] p-value [95%CI] p-value [95%Cl] p-value
DAWBA -0.01 -0.12 -0.12
Total traits [-0.34;-0.31] 0.946 [-0.44;0.20] 0473 [-0.50;-0.25] 0.522
DAWBA 0.12 0.02 -0.15
Inattentive traits [-0.12,0.35] 0.324 [-0.22,0.25] 0.886 [-0.42,0.12] 0.283
DAWBA
- - -0.04 -0.09 -0.12
![:r;i:IS|V|ty/Hyperact|V|ty [-0.27:019] 0.747 [-0.31:0.14] 0.450 [-0.38.0.14] 0.450

*Adjusted for child sex and childGs
**A djusted for sex, maternal3S andchild PGS
***/A djusted for sex, maternalds andpaternalPGS

ADHD: Attention deficit hyperactivity disorder. Cl: Confidence Interval. DAWBA: Development and-Bégtg
Assessment. PGS: polygenic score.
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ABSTRACT

Background: Inflammation in pregnancy induced by chronic disease, infection, or environmental
exposures has been associated with neurodevelopmental conditions in observational study designs.
Objective: To investigate causal effects of pregnancy inflammation on offspring neurodevelopment in the
Norwegian Mother, Father and Child Cohort Study (MoBa) using a genetically informed design.
Methods: In preregistered analyses, we tested potential causal effects of increasactiZe protein
(CRP), interleukirb (IL-6), and glycoprotein acetyls (GlycA) in preghancy on neurodevelopmental
outcomes using trio polygenic score (PGS) and intergenerbkiteralelian randomization (MR)

analyses. Wérst sought to validate PGSs and MR genetic instruments against mepsgadncy
inflammatory markers in the COPSAfw cohort and in a MoBa subsampRGS and MR genetic
instruments were used to predict neurodevelopmental outcomes in the MoBa cohort, which included
motherreported neurodevelopmental traits registered from age 3 to 8 and lifetime diagnoses of ADHD
and autism. In both the trio PGS and igenerational MR analyses, simultaneous inclusion of mofhers
fathersfand childrer genotypes allowed for effects consistent with the hypothesized causal pathway
(maternal inflammation) to be estimated independent of familial confounding factors.

Results: Validation analyses of genetic instruments only showed strong predictive value fof GRP.
PGSin 41,531 complete triodid not reveal maternal indirect effects of genetic liability to inflammation
on offspring neurodevelopmental outconiBise results of the trio MRIso failed to support a causal link
between maternal inflammation during pregnancy and offspring neurodevelopment.

Conclusion: This study provided no evidence consistent with causal effeatatefrnainflammation in
pregnancy on offspring neurodevelopment.

Keywords, MeSH pregnancy, inflammatiorMendelian randomization, MoBa, MBRN




INTRODUCTION

Neurodevelopmental conditions are thought to originate from early alterations of brain development
driven by both environmental exposures and underlying genetic predispositioese conditions

present early in life and affect functioning in several neuropsychological domains to varying degrees and
with wide variability in support needs.Neurodevelopment can be understood through a dimensional
perspective, where individuals reaching the threshold for a diagnosis present with a significantly high
degree of trait.Genetic and environmental predisposing factors have been shown to influence both the
development of traits and the likelihood of a diagnosis of the common neurodevelopmental conditions
attentiondeficit/hyperactivity disorder (ADHD) and autishT.he substantial genetic influence challenges

the causality of early life predisposing factors reported in observational studies, as genetic predisposition

may serve as a confounder affecting both the measured exposure and the neurodevelopmentél outcome.

The maternal immune activation (MIA) hypothesis, supported by evidence from animal models and
epidemiological studies of pregnant women, proposes that maternal inflammatory dysregulation in
pregnancy disrupts fetal neurodevelopnteviarious factors may stimulate maternal immune response
during pregnancy and increase the likelihood of neurodevelopmental conditions in offspring. These
factors include chronic inflammatory states such as autoimmune disorders, gestational diabetgs, obesit
smoking and stress as well as acute inflammatory factors i.e. infettResults from animal models

suggest that the effect is independent of the risk factors that drive inflammation.

Inflammation reflected by the level of circulating inflammatory markers (ergaCtive protein (CRP)
and interleukin 6 (IL6)) in pregnancy has been linked to an increased likelihood of offspring
neurodevelopmental conditions. Large register and cohaties have investigated the association
between CRP and neurodevelopmental conditions including ADHD and autism with inconsistent

results’2° In the Copenhagen Prospective Studies on Asthma in Childhood (COPSAC), there was a



robust association between CRP measured in week 24 of pregnancy and both ADHD diagnosis and trait
scores with a clear dosesponse relationship suggesting causal effédts6 levels in pregnancy and
neonatally have likewise been associated with neurodevelopmental conditions, ADHD traits and autism
likelihood 1224 Pregnancy IL6 has further been associated with impaired executive functieming

cognitive domain frequently impaired in neurodevelopmental condittdf&Glycoprotein acetyls

(GlycA) is a newer metabolomic marker that to a higher extent reflects chronic inflamdiation.

Measures of GlycA in pregnhancy have been associated with neurodevelopmental delay and lower

cognition scores in the offsprifg?®

Maternal inflammation in pregnancy is associated withinfgctious inflammatory risk factors

influenced by lifestyle, anthropometrics and genetic disposition. Given that genetic dispositions are
directly transmitted from mothers to their children, tieigresents a potential source of confounding in
reported associations between maternal inflammation in pregnancy and offspring neurodevelopmental
conditions in observational studies. The high heritability of neurodevelopmental conditions, and the
demonstraly broad associations of the common genetic variants contributing to this heritability increase
the likelihood of a genetic confounding pathway playing some role in these assodi#@f@ne way to

assess the role of genetic confounding in intergenerational associations is to use polygenic scores (PGS)
LQ WULR DQDO\WHV ,Q VXFK PRGHOV WKH GLUHFW HIIHFW RI FKLC
exposures i.e., the confoundinggithway- can be estimated; while any causal effects of the exposure are
estimated as part of maternal indirect genetic efféckbe heritability of CRP and H6 have previously

been reported to respectively 21% and 45% in a-farimly design suggesting that genetic studies are a
useful tool to study these traftsCausal effects can be further investigated in intergenerational MR
analyses, which extend trio PGS models with stricter assumptions to attempt to isolate causal
mechanisms? These approaches have previously been applied to investigate predisposing factors for
ADHD as well as causal effects of intrauterine growth and pregnancy levels of vitamin D and fish oil on

later neurodevelopmental traffe’> 26



We set out to investigate potential causal effects of pregnancy inflammation on offspring
neurodevelopment. We used trio PGS analyses and intergenerational MR analyses in the Norwegian
Mother Father and Child Cohort study (MoBa), accounting for variougsasswof confounding to robustly

assess the genetic evidence for a causal mechanism linking these traits.



METHODS

Study population

The Norwegian Mother, Father and Child Cohort Study (MoBa) is a populadi®ed pregnancy cohort
study conducted by the Norwegian Institute of Public HEARA Participants were recruited from all

over Norway from 1992008. The women consented to participation in 41% of the pregnancies. The
cohort includes approximately 114,500 children, 95,200 mothers and 75,200 fathers. MoBa is regulated
by the Norwegian He#l Registry Act. Written informed consent was obtained from participating
mothers and fathers at enrollment. The current study was approved by The Regional Committees for
Medical and Health Research Ethics (2016/1702). The COPSAC2010 cohort was uskddiorvaf
inflammatory PGSs utilized in this project. The COPSAC2010 cohort is an ongoing cohort study of 700
motherchild pairs followed since week 24 of pregnaftgonducted in accordance with the guiding
principles of the Declaration of Helsinki and approved by the Local Ethics Commitige?2(188093),

and the Danish Data Protection Agency (28153696). Written informed consent was obtained from

both parents por to enrollment.

Inflammation polygenic scores

We used genetic data from the MoBa cohort derived from blood samples drawn during pregnancy from
both parents and from the child's umbilical cord at birth. Genotyping and QC procedures for the MoBa
cohort which contains interrelated families have beenriestpreviously?! Polygenic scores for CRP,

IL-6, and GlycA were generated using LDpred2 restricting to onlyivglited SNPs (INFO score
>0.95f2%4 based omublicly available GWAS summary statistics comprisitg,531individualsof

European ancestfpr CRP3235 21,758for IL-6 3, and 115,078 for GlycA* PGSs for the MoBa cohort

were corrected for genotyping and imputation batch and population str(fastr20 PCs)® In
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COPSAC, PGSs for validation against measured inflammatory markers in pregnancy were constructed

from the same summary statistics using the comparable methc@ 8RS

Instrumental variables for intergenerational Mendelian randomization

The same GWAS summary statistics were used as the basis of the instrumental variables for
intergenerational Mendelian randomization (MR) analyses. This time, we created PGSs for each exposure
using only independent (kb 250,0:10) SNPs that were genomwide significant p < 5 x10°) in original
discovery efforts. The main assumptions of MR analyses are as follows: 1) the instrumental variable must
be robustly associated with the exposure, 2) there is ho confounding of the instrumental variable and the
outcome, and 3) the instrumeintariable only affects the outcome through the expo®ifero test the

first assumption, we validated the exposures in pregnancy using inflammatory data available in MoBa and
COPSAC2010. Neither of the remaining MR assumptions are directly testable. Correcting the MR PGSs
for population structure (first 20 PCs)daperforming analyses in a withfamily design reduces potential

bias from ancestry/population stratification and assortative mating and goes some way towards satisfying
the second assumption, while the restriction to a small number of robustly askeai#ats is designed

to reduce the risk of horizontal pleiotropy (Figure 1) and ensure that the third assumption is also plausibly

met. All steps were performed in PRSIc82.

Inflammation markers in MoBa and the COPSAC cohort

We validated inflammation PGSs and MR instrumental variables in the COPSAC2010 cohort using
information on pregnancy inflammatory markers of CRP6 land GlycA. Maternal blood samples were
obtained at gestational week 24 and store8@fC after centrifgation. High sensitivisgCRP (hsCRP)
and IL-6 were measured in plasma using a fsghsitive electrochemiluminescerdz@sedmmunoassay
from Meso Scale Discovery. The lower level of detection was 0.007 ng/mL-foRRsand 0.178 pg/mL

for IL-6.1%1° GlycA was derived by Nuclear Magnetic Resonance (NMR) Spectroscopy from EDTA

11
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plasma samples performed by Nightingale Health. The measured NMR GlycA signal reflects the level of
several acutphase proteins and has been shown to have a highetelongtability than CRP and is a

newly introduced biomarker reflecting systemic inftaation#° For validation of CRP genetic

instruments, we further utilized data from a MoBa cohort subsample with available measurements of
plasma h€CRP from midpregnancy collected around gestational week 18 at a routine ultrasound visit

(See Supplementary Method$his data was collected as a part of the Norwegian Environmental

Biobank (NEB) project. The NEB is a sshudy within the MoBa cohort established with the aim of
biomonitoring nutrients and environmental contaminants in MoBa participants. The studgth2/999

pregnant women with available genetic data who had donated blood and urine samples and had responded

to pregnancy questionnaires and child questionnaires until age 3 (questioraineMoBa?” 4!

Neurodevelopmental measures in the MoBa cohort

Mother reported neurodevelopmental traits

Developmental evaluations of language and motor skills were obtained using the Ages and Stages
Questionnaire (ASQ) and the Child Development Inventory (CDI). From the ASQ, we included language
related items at ages 3 (6 items) and 5 years (7 items), laaswebtorrelated items at age 3 years (4
items)#? From the CDI, we included 12 moteelated items assessed at agé ADHD-related traits

were assessed using the ADHD scale from the Child Behaviour Checklist (CBCL) at ages 3 and 5, each
including 6 items* At age 8, ADHDrelated traits were obtained from 18 items from the Rating Scale for
Disruptive Behavior Disorders (RSBD).*®> Autism-related traits were measured using the Social
Communication Questionnaire (SCQ) at ages 3 and 8, each consisting of 48 TéeaSCQ was further
divided into subscales reflecting repetitive behaviours (11 items) and-somahunication deficits (22

items). For all scores, higher values represent more problems/fewer skills achieved.
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Scale scores were calculated by multiplying the nodavailable items by the total number of items in

WKH VFDOH SURYLGHG WKDW e-misgtlg.LWHP UHVSRQVHV ZHUH QRQ
Diagnoses of autism and ADHD

From the Norwegian Patient Registry (NPR), we included lifetime diagnoses of ADHD and autism
(registered between 20@2®23). ADHD was defined as having at least two registeredliCBiagnostic
codes within categories F90 or F98.8. Autism was definedwasghat least two registered ICID codes

within category F84’
Statistical analyses

Validation of PGS and MR instruments

Inflammation PGSs and MR instrumefdr CRP, 1L-6, and GlycA were validated against measurement
of the corresponding inflammatory marker by linear regression models (without additional covariate
adjustment) from which wevaluatedoth regression estimates andthtistics. No transformation of

maternal inflammation markers was performed in these models.

In the main models described belowme included all inflammatioRGS/MR instrumentéCRP, IL-6, and
GlycA) as predictors in each modetegardless oivhetherwe were able to directly validate theRost

hocsensitivity analyses werestrictedto demonstrably valid genetic instruments.
Trio-PGS analyses

After validation wefirst performed unadjusted PGS analy§es, regressing outcomes on maternal PGS
without accounting for child and paternal Pg34ultiple linear regression was usedtodel
associationdetween maternal PGSs atmhtinuous (scale) outcomes, while multiple logistic regression

was applied for binary diagnostic outcoméext, weexpanded the models to additionally include child
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and paternal PGS as predictors, allowing us to isolaternal indirect genetic effeatsnsistent with a
causal role foinflammationduring pregnancgn offspring neurodevelopmental traits and diagnoses in

the MoBa cohort$0O 0O PRGHOV LQFOXGHG DGMXVWPHQW IRU \HDU RI ELUW

Intergenerational MR analyses

As a final step in our investigation of possible causality in links between maternal inflammation during
pregnancy and offspring neurodevelopmental outcomes, wateagenerational MR analyséBhese are
structurally equivalent to the trio PGS analyses described abowgelitonducted using maternal,
paternal and child MR instruments for CRP-8land GlycA Because these instruments are restricted to
only those genetic variants most strongly linked to inflammation, maternal indirect genetic effect
estmates from these models are less vulnerable to confounditgnriantal pleiotropyi.e., effects of

genetic variants on outcomes that do not operate through inflammation)

Figure 1 provides an overview of the confounding factors affectisgrvational studies of maternal
pregnancy effects on offspring neurodevelopment-(iefst panglandillustrates how they are

progressively controlled for in our analytic pathway

Two sample MR

To supplement the main analytical pipeline, we conduetedsample MRo investigate a specific

potential source of genetic confounding in the observed intergenerational link between inflammation and
neurodevelopmentnamely theupstream causal influence miaternaheurodevelopmental conditions on
their owninflammation. Bidirectional Mendelian Randomization (MR) analyses were conducted using
the Generalized Summadatabased Mendelian Randomization (GSMR) method implemented in the
GCTA software toolki (version v1.94.%f, corresponding to the standard inverse variance weighted

(IVW) MR.*® The approach was used to investigate the potential causal relatianegityn individuals

tbetween inflammation markers (1#%6 GlycA34, and CRF*%) and ADHD® and autisr?t in both

14



directions (See Supplementary Methods). We included three MR sensitivity methods: MR Egger,

weighted median, and weighted mode (R package: TwoSampleMR).

Multiple imputation

Missing information on neurodevelopmental traits was imputed using the mice package®from R.
Information on covariates (sex and birth year) was complete. A total of 30 datasets were imputed with 10
iterations. Additional variables were added from the Medical Birth Registry Norway (MBRN) (length at
birth, weight at birth, maternal age, paternad)eand Statistics Norway (SSB) (household income and
parental years of education) to act as auxiliary predictors. The quality of the imputation model was
evaluated by visualizing convergence across iterations and the distribution of the final imput#dsvaria

Sensitivity analyses were performed using only complete cases.

Maternal clustering

Trio PGS and intergenerational MR analyses were performed with robust standard errors clustered on
maternal ID in order to account for the inclusion of siblings in MoBa. In cases of identical or fraternal

twins, only one twin per pair was included in tmakyses.

Multiple testing

To account for multiple comparisons, we applied false discovery rate (FDR) correction using the
BenjaminiHochberg method. We applied FDR correction separately to all estimates for maternal genetic
effects in trio PGS analyses and the intergenerationahiV®/ses, based on 45 tests across 15 outcomes.
For the twesample MR, FDR correction was applied based on the number of IVW estimates. All reported
p-values are FDR adjusted, and results were considered statistically significant if below the 0.0%5threshol

after FDR adjustment.
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Statistical analyses were performed using R version A#dlytic code for the project is publicly

available athttps://github.com/psychgen/pratflammatiorrneurodev This project was preegistered on

the Open Science Framework (OSF) (URttps://osf.io/xrhsB> A deviations Tablés provided in the

supplementary materiaS(pplementariable 1)%*
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RESULTS

A total of 41,531 trios had complete information on genotyping in the MoBa cohort after removing one
twin from each pair (n excluded = 2,423, including individuals with missing information on plurality) and
children without available information on sex%r209). We observed small differences between both
exposure and outcome measures between complete trios and the remaining MoBa cohort with
consistently lower scores (indicating fewer problems) among complete genotyped trios (See
Supplementary Tabl®). The prevalence of neurodevelopmental condition diagnoses among complete
trios was 2.1% (N = 853) for autism and 6.5% (N = 2,697) for AD&tinpared with 2.1% and 7.3%,
respectively, in the remaining cohoft significant proportion of individuals included in the MoBa cohort
did not respond to the followp assessments utilized in the present study. The highest proportion of
missing data for the questionnalsased outcomes in the total cohort was 64% foA®B® at 5 years,

and the lowest proportion of missidg§% for the ASQ at age 3.

Validation of genetic instruments for inflammation during pregnancy

The CRP PGS and the CRP MR instrument were validated in a subsample of 2,323 women in MoBa with
information on pregnancy CRP (measurements of GlycA ar@lere not available).-Btatistics (132.8

for the CRP PGS and 60.6 for the CRP MR instrument) waelgsively above 10, a heuristic threshold

for weak instrument bias in MR.We additionally sought validation for all inflammation PGSs and MR
instrumental variables among 675 individuals in the COPSAC2010 cohort. The results indicated that the
CRP (r squared 0.02;statistics 14.9) and to some extent also the GIiEAinstrumens (r squared

0.02, Fstatistics 12.1) derived from ngaregnant populations had a weak predictive value for pregnancy
inflammation though none of the PGS predicted inflammation in this sarRpleinformation on the

validation in both cohorts is availaghn the Supplementaipformation
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Unadjusted maternal PGS analyses

Unadjusted PGS analyses showed associations between maternal CRP PGS and ASQ language scores
from 3 and 5 years, SCQ repetitive behaviours at age 8, and ADHD traits measured at 5 and 8 years (p
values > 0.05). Unadjusted PGS analyses on diagnostic outshm&ed an association between

maternal CRP PGS and ADHD (OR = 1.06 , 95%CI = 5O, p = 0.002,) as well as autism diagnosis

(OR =1.07, 95%CI = 1.08.12, p = 0.063) (Figure ZJhere were no associatiobstweemornt

validated genetic instrumenir IL-6 and GlycAand neurodevelopmental outconi&gse Supplementary

Table 3 and Supplementary Figureg)1

Trio-PGS and intergenerational Mendelian randomization analyses

We did not find evidence of maternal indirect genetic effects of CRP on neurodevelopmental traits
(Figure 2) or diagnoses of ADHD (OR = 1.04 , 95%CI = @909, p = 0.867) and autism (OR =1.04 ,
95%CI = 0.954..13, p = 0.941) in trio PGS analyses. Comsistvith this, intergenerational MR analyses

did not provide any evidence for substantive causal effects of inflammation on neurodevelopmental traits
(Figure 2) or ADHD diagnoses (OR = 1.00, 95%CI = &965, p = 0.979) and autism (OR = 1.05,

95%CI = 0974.15, p = 0.900)Analyses using nomalidatedgenetic instrumentsL-6 and GlycAalso

did not provide evidence for causal effe@ee Supplementaiyable 3 andSupplementary Figures2).

As post hoanalys, we reran both trio PGS and intergenerational MR analyses including only the
validated CRP PGS and MR instrumerg,, without mutually adjusting for I-:6 and GlycAgenetic

liabilities (Supplementary Tablé-5). Thepattern of results did not chande.complete case analyses,
there were indications of maternal indirect genetic effects of CRP a@éaii_child autistic traits, and
intergenerational MR showed an effect of higher pregnancy GlycA on autistic trait severity. However,
these reported resuli®m complete case analyses were not statistically significant after FDR correction

(Supplementary Table-7).
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Follow-up two sample MR

In two sample MR analyses, we found evidence consistent with a ypiéhéon causal effect of ADHD

on CRP (IVW: 0.06, SE 0.01, FDR p < 0.001);6KIVW: 0.01, SE 0.04, FDR p = 0.002) and GlycA
(IVW: 0.04, SE 0.01, FDR p = 0.02). Due to fewer than thrdependent genomaide significant

SNPs, we were unable to test the effect of autism on all three inflammatory markers. Only genetic
disposition to higher CRP causally increased likelihood of ADHD (IVW 0.07, Standard error (SE) 0.02,
FDR p < 0.0001). Unexptedly, GlycA decreased liability to both ADHD (IVW0.05, SE 0.02, FDR p
=0.020) and autism (IVW0.07, SE 0.02, FDR p = 0.018) in a manner consistent with causal effects.
There were no causal effects detected regarding the effect of CR anlauism likelihood (Table 1).
Using sensitivity methods, the effect of ADHD on increased CRP was confirmed (See Supplementary

Table8).
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DISCUSSION

This study aimed to investigate potential causal mechanisms underpinnimgehereported

relationship between maternal inflammation during pregnancy and offspring neurodevelopment. We
tested the effect of genetic proxies for inflammatory markers CRe, dlnd GlycA on neurodevelopment
utilizing trio PGS and intergenerational MR ars#g. Results from analyses using a strong instrument for
CRP were not consistent with causal effects of maternal inflammation on neurodevelopment. Results for
IL-6 and GlycA were also null, but these instruments could not be conclusively validated etsvpredi

during pregnancy and so results must be considered in relation to possible weak instrument bias. Utilizing
classical twesample MR there was evidence of genetic predisposition to ADHD causally increasing
liability to inflammationwithin individuals, whichindicates a potential mechanism ganetic

confoundingn associations between pregnancy inflammation and offspring neurodevelopmental
conditions. Collectively, the results presented in this paper did not provide evidence for a casual effect of

preghancy inflammation measured by level of CRP on offspring neurodevelopment.
Interpretation

Existing studies on pregnancy inflammation and neurodevelopment have primarily been obsemational
design. Some observational studies have included methods to evaluate the potential confounding from
maternal genetic liability to neurodevelopmental conditions. In the CORmAGNort, the reported

association between pregnancy week 24 CRP and ADHD was robust to adjustment for maternal ADHD
PGS (estimated to explain a maximum of 5% of varian@DHID status inthe iPSYCH cohort} to

account for potential genetic confounding since information on maternal ADHD status was unatfailable.

A casecontrol study nested within Stockholm Youth cohort, investigated the association between several
acute phase reactants including CRP in pregnancy on offspring autism. The study reported an association

between higher CRP and autism likelihood; hosrethis association was attenuated using a sibling
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comparison design. The authors suggest the association may be influenced by shared genetics influencing
immune signaling and autism likelihood. Further, they observed a significant interaction with maternal
psychiatric history, and suggest CRP may be arimoportant risk factor among individuals with low

genetic predisposition to autishConversely, a recent paper reported a ggnaronment interaction

where perinatal inflammation potentiated the influence of genetic predisposition to AB43ed on

existing knowledge, genetic predispositiawhile potentially moderating the role of inflammation as a
predisposing factordlikely alsoconfounds the association between inflammation and neurodevelopment.
Ourfindings align with this picture, since we show that maternal genetic liabilities for inflammation are
linked to offspring neurodevelopmental traits and conditions, but that such links are fully mediated by

offspring genetic liabilities.

Two-sample MR based on publicly available GWAS summary statistics were in this study conducted to
further investigate potential confounding of the observed association betvagemainflammation

during pregnancynd childhood neurodevelopmental conditions. Thedample MR showed causal

effects of ADHD on inflammation measured by CRR6land GlycA within the individual. These

findings substantiate the risk of genetic confounding of the intergenerationabsissooetween

pregnancy inflammation andhidd neurodevelopmental conditianBhis is becausmaternal genetic
predisposition to ADHDbothincreases inflammatory activity in the motlaedis transmitted to the child

at conceptionincreadng theirlikelihood ofdevelopingADHD. Two-sample MR results have previously

been reported for ADHD and CRP utilizing the same summary statistics with similar results suggesting a
bidirectional relationship’ Previous, twesample MR studies including genetic proxies of CRP ar@l IL

have failed to show a causal link to auti®#-

To our knowledge, this is the first study to use trio PGS and intergenerational MR to investigate the effect
of pregnancy inflammation on neurodevelopment. One existingoweeol study included a GWAS on
pregnancy CRP to test whether genetic disposid@RP influenced the association between higher

CRP and autisrhability . In analyses including 500 children with autism and 580 controls, two significant
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SNPs for CRP did not account for the observed association, and the SNPs were not significantly
associated with autism likelihood. The authors did not have the power to conduct MR to establish

causality®?

Strengths

Our study used the largest available sample of genotyped trios. This is a major strength, as the large
sample size may have been able to partially compensate for the small predictive power of inflammation
PGSs in trio PGS and intergenerational MR analysather, the genetic instruments for CRP were
validated in a subsample from the MoBa cohort wittatistics above 10, implying that the risk of weak
instrument bias for CRP is lo¥w.We were able to include the total number of genotyped individuals from
the MoBa cohort regardless of participation in the follgpvquestionnaires, by performing multiple
imputation including potential explanatory variables from the MBRN. This is impgasanon

participation is likely to be nerandom and may introduce selection 5fasloreover, incorporating
diagnostic outcomes from a linked health registry secured an almost completeupltthe cohort for

these outcomes and bolstered the imputation of other outcomes.

Limitations

The biggest limitation of the present study was the inability to conclusively validate PGSsfantL

GlycA for use in pregnancy, as these were constructed from GWASs conducted witpiregoant

adults. However, as 6 and GlycA measurements in pragay were not available in the MoBa

subsample, the validation analyses were limited by the smaller sample size available in the COPSAC2010
cohort. This tradeff was behind our decision to proceed, in the main analyses, with all instruments
regardless of tvether we were able to directly demonstrate their validity in the target population. In

general, power for studies using genetic liabilities as proxies is limited by the predictive capacity of these
genetic instruments. That is, the proportion of a trusaexposure effect detectable in such studies

depends on a) the heritability of the exposure (®&&ed heritability for CRP reported to 13%gnd b)
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the proportion of that heritability explained by currently available PGS (r squared for CRP PGS in MoBa
0.05). For this study, the predictive ability of the inflammation genetic instruments may have been
improved if summary statistics from GWAS on pregnaimflammation levels had been available, as the
measured levels of all 3 inflammation markers included in this paper have been shown to increase
throughout pregnandf>®* Another limitation may be the nature of the inflammation tagged by PGS in
our analytic sample. Causal effects are thought to be driven by infections characterized by high CRP
levels®® However, in MoBa, the PGS for CRP showed the highest predictiveness among individuals with
CRP <10 (r squared 0.15suggesting that it may primarily proxy legrade chronic inflammation,

rather than inflammation due to infections. Next, residual bittseigenetic instruments used for trio

PGS and intergenerational MR from horizontal pleiotropy is possible. This means that the instruments
may include variants acting via maternal anthropometrics or smoking, rather than via inflanpeation
se.However, gven that such traits would likely associate with inflammation and neurodevelopmental
outcomes in a similar direction, the effect of their confounding in these analyses would be an inflation of
effects zand, as such is not likely to explain the lack dfiemce consistent with causal effects in this

study. Lastly, we included multiple neurodevelopmental outcomes and did not predefine a primary
endpoint, which gave us a substantial multiple testing burden. Applying appropriate corrections for this
multiple testing reduced our power and could have limited our ability to detect true associations of small
magnitude. Nevertheless, only a few findings reached nominal significance, as reflected by the reported

uncorrected confidence intervals.

Conclusion

Conclusions regarding the causal role of inflammation should not be based on results from a single design
in isolation. Insteadriangulation should be sought across different study designs to infer causality. The
present genetic investigaticanserve as part of éhevidence base for thisangulation, as iemployed a

previously unusedpproach for investigating causal effects of pregnancy inflammeatiarifspring
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neurodevelopment, findingo evidence consistenith causal effects of maternal CRP;6Lor GlycA on
offspring neurodevelopmerfuture studies should aim at approaching the association using alternatives
to the reported observational findingsth a special focus on studies providing dedigised methods for

handling confounding®
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Tables

Table 1. Two-sample Mendelian randomization analyses
based on publicly available GWAS summary statistics

Exposure Outcome Beta SE p-value nSNPs | p-value, FDR
CRP ADHD 0.07 0.015 <0.001 783 <0.001
CRP Autism -0.01 0.020 0.622 995 0.749
IL-6 ADHD -0.056 0.041 0.169 5 0.253
IL-6 Autism 0.026 0.060 0.665 5 0.749

GlycA ADHD -0.047 0.015 0.011 188 0.020
GlycA Autism -0.066 0.020 0.038 232 0.018
ADHD CRP 0.056 0.006 <0.001 32 <0.001
Autism CRP - - - - -
ADHD IL-6 0.006 0.036 0.874 36 0.002
Autism IL-6 - - - - -
ADHD GlycA 0.040 0.012 <0.001 36 0.012
Autism GlycA - - - - -

SE: Standard Error, SNP = Singlacleotide polymorphism, FDR = False discovery rate
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Figures

Figure 1. Confounding by passive genetic transmission of (s&ated in BioRender. Bgnnelykke, K. (2026) https://BioRender.com/znhs3g2



Figure 2. Unadjusted PGS analyses, maternal indirect effects from trio PGS analyses and intergenerational Mendelian randomigesidoranaly
C-reactive protein. Results are based on multiple imputed datasets including a tofaBaftdas. All FDR pvalues > 0.05.



Supplementary Information

Supplementary Methods

Two sample Mendelian randomization

Genomewide association (GWAS) summary statistics for each trait were used as input for the exposure
and outcome, respectively. For each trait, we formatted the summary statistics to match the format
required for the GSMR analysis. GWAS summary statistee for GlycA downloaded from the
OpenGWAS database (https://opengwas.io/datasetsh@btcA), for CRF and IL-6° from the NHGR{

EBI GWAS Catalog (CRP: https://www.ebi.ac.uk/gwas/publications/3637636gt, IL

https://www.ebi.ac.uk/gwas/publications/33067paAd for autisthand ADHD from the Psychiatric

Genomics Consortium (https://pgc.unc.edu/).

The following criteria were used to select genetic instruments: We only considered geisleme
significant variants (p < 588) as exposures. Variants were clumped in a similar manner as for the MR
instrumental variableswithin 250kb windows with ar?threshold of 0.1 to generate a list of

independent variants. A minimum of 3 independent gereide significant exposures were required for
each trait to perform the MR analysis. We used the default frequency filter of 0.2, where variants with
allele freaiency differences between the GWAS summary statistics and the LD reference sample were

removed.

To account for horizontal pleiotropy, we applied the HEterogeiheiBependent Instrument (HEIDI)
outlier test implemented in GSMR using a HEItlier pvalue threshold of 0.01 to identify and

exclude SNPs with evidence of horizontal pleiotrépy.

CRP measurement MoBa
CRP in MoBa was measured with a Multigent CRP Vario (CRPVa) assay at the Department of

Government Services, Finnish Institute for Health and Welfare (THL) in Helsinki, Finland.



Supplementary Results

Validation of the CRP, H6, andGlycA PGS in the COPSAC cohort

The inflammation PGSs and MR instrumental variables were validated in the COPSAC2010 cohort
among 675 individuals (no exclusions performed to obtain the highest number of individuals) with
available information on both inflammation PGS and pregnancy limdladhmatory markers. CRP was
measured in mg/L, H6 in pg/mL andGlycA in mmol/L. In linear regression models for each
inflammation PGS, r squared wa#s00 for CRP;0.00 for IL-6, and 0.00 foGlycA, beta estimate was
0.55 for CRP, 0.03 for H6, and 01 for GlycA. F-statistics was 0.6 for CRP, 0.7 for-@, and 3.1 for
GlycA. All p-values above 0.05. In linear regression models including MR instrumental variables, r
squared was 0.02 for CRP, 0.01 for@lLand 0.02 for glycA, beta estimate was 2.7 for CRP, 0.03 for IL
6, and 0.01 foGlycA. F-statistics was 14.9 for CRP, 1.0 for@l,. and 12.1 foGlycA. P-values from

linear regression models were significant for CRP and glycA and below <0.001.

Validation of the CRP PGS and MR instrument in the MoBa cohort

The CRP PGS and the CRP MR instrument were validated in a subsample of 2,976 women with
information on pregnancy CRP (no exclusions performed to obtain the highest number of individuals).
Hereof, 2,323 individuals had available information on both PG®lmodi measurement of CRP. Mean

CRP was slightly higher among those with information on PGS (mean 6.49 mg/L, SD 7.80) as compared
to those without (mean 6.28 mg/L, SD 7.17). Linear regression models for the CRP PGS and the CRP

MR instrument showed beta estites of 1.82 and 1.28sqguared of 0.05 and 0.03, andalues <0.001
respectively. Fstatistics were 132.8 for the CRP PGS and 60.6 for the CRP MR instrument. To test the
ability of the PGSs to predict lograde inflammation we performedast hocovalidation analysis
UHVWULFWHG WR LQGLYLGXDOV ZLWK &53 PHDVXUHPHQWYV ”

models for the CRP PGS and the CRP MR instrument showed beta estimates of 0.94 aisd)QeB8dr



of 0.15 and 0.08, andyrlues <0.001. statistics were 348.6 for the CRP PGS and 164.7 for the CRP

MR instrument.
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Supplementary Tablesd Rgures

Supplementary Table 1 Deviations from preregistratién

Deviations
# Details Original Wording Deviation Description Reader Impact
1| Type | Variables Polygenic scores will be create] PRSCS method applied for | Comparable to
using Idpred2 using a version d generation of PGS in planned
Reason| Other (Please | the pipeline outlined here COPSAC. method. No
Explain) (https://privefl.github.io/bigsnpr impact.

/articles/LDpred2.html), based

Reason: Main PGS pipeline i

Timing | After data acces on SNPs COPSAC used.
with high imputation quality
(INFO > 0.95).
2 | Type | Analysis Two sample MR analysis will bf GSMR from the GCTA Comparable to
performed to test potentially software toolkit used for planned
Reason| Other (Please | causalassociations between | analyses. method. No
Explain) maternalneurodevelopmental impact.
. conditions and levels of Reason: Main COPSAC MR
Timing | After data accesy jnfammation (H3). pipeline used.
These analyses will be run usir
summary statistics via the
TwoSampleMmR package.
3| Type | Analysis Appropriate MR sensitivity Sensitivity analyses were No impactas
analyses to assess potential | conducted as planned for twq residual bias of
Reason| New knowledge | piases will be run sample MR analyses. Only | genetic
. according to recommendations| sensitivity analysis of instruments
Timing | After results +see intergenerational MR was the| expectedly
known https://pmc.ncbi.nim.nih.gov/ar| validation of genetic wouldinflate
cles/PMC5386135/ instrumentsas there was no | estimates

evidence of causal effects

Unregistered Steps

# Details Original Wording Unregistered Step Descriptio| Reader Impact
1| Type | Analysis Unadjusted PGS analyses No impact,
since these

Timing | After results analyses do not

known

test the main
hypotheses.




Type [ Analysis Analyses restricted to Important as
validated genetic instruments| these analyses

. only. strengthen the
Timing | After results y . g
reliability of the
known
results.




Supplementary Table2. Drop-out analysis, investigating differences between
complete trios and the remaining MoBa cohort.

Exposure/outcome Overall Cotrr?(gaéete Recrgr?gr;ing p-value
n=111,069 n=41,531 n = 69,538

CRP PGS, maternal (mean (SD)) 0.00 (1.00) -0.01 (1.00) | 0.01 (1.00) 0.018
CRP PGS, paternal (mean (SD)) 0.00 (0.99) | 0.00(0.99) | 0.00(1.00) | 0.933
CRP PGS, child (mean (SD)) 0.00 (1.00) 0.00 (1.00) | 0.00 (1.00) 0.433
IL-6 PGS, maternal (mean (SD)) 0.00 (1.00) | -0.01(1.00) | 0.00(1.00) | 0.341
IL-6 PGS, paternal (mean (SD)) 0.00 (1.00) 0.00 (1.00) 0.00 (1.00) 0.833
IL-6 PGS, child (mean (SD)) 0.00 (1.00) | -0.01(1.00) | 0.01(1.00) | 0.020
GlycA PGS, maternal (mean (SD)) 0.00 (1.00) 0.00 (1.00) 0.00 (0.99) 0.556
GlycA PGS, paternal (mean (SD)) 0.00 (1.00) | -0.01(1.00) | 0.01(1.00) | 0.039
GlycA PGS, child (mean (SD)) 0.00 (1.00) 0.00 (1.00) | 0.00 (1.00) 0.598
ASQ motor score, 3 years (mean (SD)) 1.17 (1.35) 1.17 (1.34) 1.17 (1.35) 0.544
CDI motor score, 5 years (mean (SD)) 0.87 (1.49) 0.84 (1.43) 0.89 (1.54) | <0.001
ASQ language score, 3 years (mean (SD)) 0.67 (1.19) 0.62 (1.11) 0.70 (1.25) | <0.001
ASQ language score, 5 years (mean (SD)) 0.76 (1.35) 0.72 (1.24) 0.80 (1.43) | <0.001
SCQ total autistic traits, 3 years (mean (SD)) 6.26 (3.41) 6.11 (3.31) 6.38 (3.48) | <0.001
SCQ total autistic traits, 8 years (mean (SD)) 3.41 (2.97) 3.31(2.88) 3.49 (3.03) | <0.001
SCQ sociakommunication deficits, 3 years (mean (S[ 2.30 (1.84) 2.24 (1.76) 2.35(1.90) | <0.001
SCQ sociakommunication deficits, 8 years (mean (S[  2.62 (2.46) 2.58 (2.43) 2.65 (2.48) 0.001
SCQ repetitive behaviors, 3 yedmsean (SD)) 3.85 (2.55) 2.77 (2.49) 3.91(2.59) | <0.001
SCQ repetitive behaviors, 8 yedmsean (SD)) 0.67(1.19) 0.62 (1.12) 0.71 (1.24) | <0.001




CBCL ADHD traits, 3 years (mean (SD)) 3.45(2.24) | 3.42(2.22) | 3.48(2.26) | 0.002
CBCL ADHD traits, 5 years (mean (SD)) 2.55(2.19) 2.49 (2.15) 2.59 (2.22) | <0.001
RS-DBD ADHD traits, 8 years (mean (SD)) 8.53 (7.22) 8.37 (7.06) 8.66 (7.33) 0.001
ADHD (yes) % 7,762 (7.0) 2,697 (6.5) | 5,065 (7.3) | <0.001
Autism (yes) % 2,274 (2.1) 853 (2.1) 1,421 (2.1) | 1.000

ADHD = Attention Deficit Hyperactivity Disorder, ASQ = Ages and Stages Questionnaire, CBCL = Child Beha
Checklist, CDI = Child Development Inventory, ®RBD = Rating Scale for Disruptive Behavior Disorders, SCQ =

Social Communication Questionnaire

Differences between groups tested witkdt (for continuous variables) and-djuare test (for categorical variables




Supplementary Table 3.Unadjusted PGS, trio PGS and intergenerational MR analyses feratidated
genetic instruments and the risk of offspring ADHD or autism (N trio PGS and intergenerational MR = 4

N unadjusted PGS analyses = 92,155), maternal effects

Exposure Outcome Odds ratio IO?SZ;) IiCrrI{i t uSSeO/:ﬁrlﬁit p!:vz:ie
Unadjusted PGS analyses
IL-6 ADHD 1.02 0.99 1.05 0.373
IL-6 Autism 1.02 0.98 1.07 0.606
GlycA ADHD 1.00 0.98 1.03 0.815
GlycA Autism 1.01 0.96 1.06 0.776
Trio PGS analyses
IL-6 ADHD 1.02 0.97 1.07 0.941
IL-6 Autism 1.00 0.92 1.09 0.962
GlycA ADHD 1.00 0.95 1.05 0.962
GlycA Autism 1.04 0.95 1.13 0.941
Intergenerational MR analyses
IL-6 ADHD 1.03 0.98 1.08 0.900
IL-6 Autism 1.03 0.95 1.12 0.900
GlycA ADHD 1.03 0.98 1.08 0.900
GlycA Autism 1.08 0.99 1.18 0.900

ADHD = Attention Deficit Hyperactivity DisordeCl = confidence interval, FDR = False discovery rMg,

= Mendelian Randomizatio®®GS = polygenic score

P-values shown are FDR adjusted.




Supplementary Figure 1.Unadjusted PGS analyses, maternal indirect effects from trio PGS analyses and
intergenerational Mendelian randomization analyses for interlehiditesults are based on multiple imputed
datasets including a total of 41,531 trios. All FDRaglues > 0.05.
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Supplementary Figure 2.Unadjusted PGS analyses, maternal indirect effects from trio PGS analyses and
intergenerational Mendelian randomization analyse§fpcA. Results are based on multiple imputed datasets
including a total of 41,531 trios. All FDRyalues > 0.05.
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Supplementary Table4. Trio PGS analyses restricted to CRP PGS (N = 41,531), maternal effects

Exposure Outcome E B.eta 95% CI QS%C.I’. p-value
stimate | lower limit | upper limit
CRP ASQ motor score, 3 years -0.02 -0.03 -0.01 0.006
CRP CDI motor score, 5 years 0.00 -0.02 0.01 0.813
CRP ASQ language score, 3 years 0.01 -0.01 0.02 0.381
CRP ASQ language score, 5 years 0.01 -0.01 0.02 0.283
CRP SCQ total autistic traits, 3 years 0.01 0.00 0.02 0.203
CRP SCQ total autistic traits, 8 years 0.01 -0.01 0.03 0.188
CRP SCQ sociakcommunication deficits, 3 year]  0.00 -0.01 0.02 0.554
CRP SCQ sociacommunication deficits, 8 yeary  0.01 -0.01 0.02 0.364
CRP SCQ repetitive behaviors, 3 years 0.01 -0.01 0.02 0.307
CRP SCQ repetitive behaviors, 8 years 0.01 -0.01 0.03 0.229
CRP CBCL ADHD traits, 3 years 0.01 0.00 0.03 0.110
CRP CBCL ADHD traits, 5 years 0.00 -0.01 0.02 0.591
CRP RS-DBD ADHD traits, 8 years 0.00 -0.01 0.02 0.504
Exposure Outcome Odgis 95% CI 95%(.:". p-value
ratio lower limit | upper limit
CRP ADHD 1.04 0.99 1.09 0.162
CRP Autism 1.04 0.96 1.14 0.314

ADHD = Attention Deficit Hyperactivity Disorder, ASQ = Ages and Stages Questionnaire, CBCL = Chilg
Behavior Checklist, CDI = Child Development Invento®} = confidence interval, FDR = False discovery
rateg PGS = polygenic score, HIBD = Rating Scale for Disruptive Behavior Disorders, SCQ = Social
Communication Questionnaire
P-values shown are not FDR adjusted. All FDR adjustgdlpes above 0.05.
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Supplementary Table5. Intergenerational Mendelian randomization analyses

restricted to CRP PGS (N = 41,531), maternal effects

Exposure Outcome c Beta 95% CI, 95%CI, p-value
stimate | lower limit | upper limit
CRP ASQ motor score, 3 years 0.00 -0.01 0.01 0.998
CRP CDI motor score, 5 years 0.01 -0.01 0.02 0.415
CRP ASQ language score, 3 years 0.01 -0.01 0.02 0.421
CRP ASQ language score, 5 years 0.01 0.00 0.02 0.236
CRP SCQ total autistic traits, 3 years 0.00 -0.01 0.02 0.747
CRP SCQ total autistic traits, 8 years 0.01 -0.01 0.03 0.247
CRP SCQ sociakcommunication deficits, 3 yeal 0.01 -0.01 0.02 0.309
CRP SCQ sociakcommunication deficits, 8 yeal 0.01 -0.01 0.02 0.286
CRP SCQ repetitive behaviors, 3 years 0.00 -0.02 0.01 0.805
CRP SCQ repetitive behaviors, 8 years 0.00 -0.01 0.02 0.587
CRP CBCL ADHD traits, 3 years 0.00 -0.02 0.01 0.869
CRP CBCL ADHD traits, 5 years 0.00 -0.01 0.02 0.646
CRP RS-DBD ADHD traits, 8 years 0.01 -0.01 0.02 0.440
CRP ADHD 1.00 0.95 1.05 0.965
CRP Autism 1.05 0.97 1.14 0.253

ADHD = Attention Deficit Hyperactivity Disorder, ASQ = Ages and Stages Questionnaire, CBCL = Child

Behavior Checklist, CDI = Child Development Invento®} = confidence interval, FDR = False discovery fal
PGS = polygenic score, RBBD = Rating Scale for Disruptive Behavior Disorders, SCQ = Social
Communication Questionnaire
P-values shown are not FDR adjusted. All FDR adjustedlpes above 0.05.
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Supplementary Table6. Complete case analyses, maternal indirect genetic effects from trio PGS analyses

TEas Outcome N | Estimate | lowor limit | upper fmit | PValue
CRP ASQ motor score, 3 years 24,527 -0.02 -0.04 -0.01 0.004
IL-6 ASQ motor score, 3 years 24,527 0.00 -0.02 0.01 0.845
GlycA ASQ motor score, 3 years 24,527 -0.02 -0.03 0.00 0.033
CRP CDI motor score, 5 years 18,136 0.00 -0.01 0.02 0.749
IL-6 CDI motor score, 5 years 18,136 0.01 -0.01 0.02 0.388
GlycA CDI motor score, 5 years 18,136 -0.01 -0.03 0.00 0.108
CRP ASQ language score, 3 years 24,600 0.01 -0.01 0.02 0.326
IL-6 ASQ language score, 3 years 24,600 0.00 -0.01 0.02 0.500
GlycA ASQ language score, 3 years 24,600 0.00 -0.01 0.02 0.826
CRP ASQ language score, 5 years 18,088 0.01 -0.01 0.02 0.460
IL-6 ASQ language score, 5 years 18,088 0.01 -0.01 0.02 0.444
GlycA ASQ language score, 5 years 18,088 0.00 -0.01 0.02 0.640
CRP SCQ total autistic traits, 3 years 24,584 0.02 0.00 0.03 0.044
IL-6 SCQ total autistic traits, 3 years 24,584 0.02 0.00 0.03 0.019
GlycA SCQ total autistic traits, 3 years 24,584 0.00 -0.02 0.01 0.890
CRP SCQ total autistic traits, 8 years 18,525 0.02 0.00 0.04 0.055
IL-6 SCQ total autistic traits, 8 years 18,525 0.01 -0.01 0.02 0.501
GlycA SCQ total autistic traits, 8 years 18,525 0.01 0.00 0.03 0.123
CRP SCQ sociacommunication deficits, 3 year] 24,582 0.00 -0.01 0.02 0.546
IL-6 SCQ sociacommunication deficits, 3 year] 24,582 0.00 -0.01 0.02 0.624
GlycA SCQ sociacommunication deficits, 3 year] 24,582 0.01 -0.01 0.02 0.455
CRP SCQ sociacommunication deficits, 8 year] 18,515 0.01 -0.01 0.03 0.230
IL-6 SCQ sociacommunication deficits, 8 year, 18,515 0.00 -0.02 0.02 0.917
GlycA SCQ sociacommunication deficits, 8 year, 18,515 0.01 -0.01 0.03 0.165
CRP SCQ repetitive behaviors, 3 years 24,539 0.02 0.00 0.03 0.045
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IL-6 SCQ repetitive behaviors, 3 years 24,539 0.02 0.01 0.04 0.005
GlycA SCQ repetitive behaviors, 3 years 24,539 -0.01 -0.02 0.01 0.476
CRP SCQ repetitive behaviors, 8 years 18,623 0.02 0.00 0.04 0.024
IL-6 SCQ repetitive behaviors, 8 years 18,623 0.02 0.01 0.04 0.010
GlycA SCQ repetitive behaviors, 8 years 18,623 0.00 -0.02 0.02 0.901
CRP CBCL ADHD traits, 3 years 24,543 0.00 -0.01 0.02 0.817
IL-6 CBCL ADHD traits, 3 years 24,543 0.00 -0.01 0.02 0.739
GlycA CBCL ADHD traits, 3 years 24,543 0.00 -0.01 0.02 0.847
CRP CBCL ADHD traits, 5 years 18,137 0.01 0.00 0.03 0.132
IL-6 CBCL ADHD traits, 5 years 18,137 0.01 -0.01 0.03 0.318
GlycA CBCL ADHD traits, 5 years 18,137 0.01 0.00 0.03 0.141
CRP RS-DBD ADHD traits, 8 years 18,610 0.01 -0.01 0.03 0.276
IL-6 RSDBD ADHD traits, 8 years 18,610 0.01 -0.01 0.02 0.518
GlycA RS-DBD ADHD traits, 8 years 18,610 0.00 -0.01 0.02 0.719
Exposure Outcome N Odc_Js 95% CI 95%C_I,_ p-value
PGS Ratio lower limit | upper limit
CRP ADHD 41,511 1.04 0.99 1.09 0.153
IL-6 ADHD 41,511 1.02 0.97 1.07 0.361
GlycA ADHD 41,511 1.00 0.95 1.05 0.977
CRP Autism 41,511 1.04 0.95 1.13 0.418
IL-6 Autism 41,511 1.00 0.92 1.09 0.918
GlycA Autism 41,511 1.04 0.95 1.13 0.444

ADHD = Attention Deficit Hyperactivity Disorder, ASQ = Ages and Stages Questionnaire, CBCL = Child Behavior
Checklist, CDI = Child Development Inventoi@l = confidence interval, FDR = False discovery r&&S = polygenic
score, REDBD = Rating Scale for Disruptive Behavior Disorders, SCQ = Social Communication Questionnaire
P-values shown are not FDR adjusted. All FDR adjustedlpes above 0.05.
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Supplementary Table7. Complete case analyses, maternal effects from intergenerational MR analyses

Exposure Outcome N E B'eta 95% CI 95%C.|’. p-value
stimate | lower limit upper limit
CRP ASQ motor score, 3 years 24,527 0.00 -0.01 0.02 0.843
IL-6 ASQ motor score, 3 years 24,527 0.01 -0.01 0.03 0.203
GlycA ASQ motor score, 3 years 24,527 0.00 -0.02 0.01 0.648
CRP CDI motor score, 5 years 18,136 0.01 -0.01 0.03 0.200
IL-6 CDI motor score, 5 years 18,136 0.00 -0.01 0.02 0.610
GlycA CDI motor score, 5 years 18,136 -0.01 -0.02 0.01 0.370
CRP ASQ language score, 3 years 24,600 0.01 -0.01 0.02 0.329
IL-6 ASQ language score, 3 years 24,600 0.00 -0.01 0.02 0.813
GlycA ASQ language score, 3 years 24,600 0.00 -0.01 0.02 0.787
CRP ASQ language score, 5 years 18,088 0.01 -0.01 0.03 0.186
IL-6 ASQ language score, 5 years 18,088 0.00 -0.01 0.02 0.600
GlycA ASQ language score, 5 years 18,088 0.00 -0.01 0.02 0.596
CRP SCQ total autistic traits, 3 years 24,584 0.00 -0.01 0.02 0.559
IL-6 SCQ total autistic traits, 3 years 24,584 0.01 0.00 0.03 0.174
GlycA SCQ total autistic traits, 3 years 24,584 0.00 -0.01 0.02 0.550
CRP SCQ total autistic traits, 8 years 18,525 0.02 0.00 0.04 0.045
IL-6 SCQ total autistic traits, 8 years 18,525 0.01 -0.01 0.02 0.565
GlycA SCQ total autistic traits, 8 years 18,525 0.02 0.00 0.04 0.039
CRP SCQ sociacommunication deficits, 3 yeary 24,582 0.01 0.00 0.03 0.112
IL-6 SCQ sociacommunication deficits, 3 yeary 24,582 0.01 -0.01 0.02 0.242
GlycA SCQ sociacommunication deficits, 3 yeary 24,582 0.01 -0.01 0.02 0.217
CRP SCQ sociacommunication deficits, 8 yeary 18,515 0.02 0.00 0.04 0.060
IL-6 SCQ sociacommunication deficits, 8 yeary 18,515 0.00 -0.02 0.02 0.835
GlycA SCQ sociacommunication deficits, 8 yeary 18,515 0.02 0.00 0.04 0.031
CRP SCQ repetitive behaviors, 3 years 24,539 0.00 -0.02 0.01 0.851
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IL-6 SCQ repetitive behaviors, 3 years 24,539 0.01 -0.01 0.02 0.334
GlycA SCQ repetitive behaviors, 3 years 24,539 0.00 -0.02 0.01 0.849
CRP SCQ repetitive behaviors, 8 years 18,623 0.01 -0.01 0.02 0.389
IL-6 SCQ repetitive behaviors, 8 years 18,623 0.01 -0.01 0.03 0.217
GlycA SCQ repetitive behaviors, 8 years 18,623 0.00 -0.02 0.02 0.919
CRP CBCL ADHD traits, 3 years 24,543 0.00 -0.02 0.01 0.589
IL-6 CBCL ADHD traits, 3 years 24,543 0.00 -0.01 0.02 0.581
GlycA CBCL ADHD traits, 3 years 24,543 0.01 0.00 0.03 0.062
CRP CBCL ADHD traits, 5 years 18,137 0.01 -0.01 0.03 0.297
IL-6 CBCL ADHD traits, 5 years 18,137 0.00 -0.02 0.02 0.773
GlycA CBCL ADHD traits, 5 years 18,137 0.02 0.00 0.04 0.051
CRP RS-DBD ADHD traits, 8 years 18,610 0.01 -0.01 0.03 0.166
IL-6 RSDBD ADHD traits, 8 years 18,610 0.01 -0.01 0.03 0.336
GlycA RS-DBD ADHD traits, 8 years 18,610 0.01 -0.01 0.03 0.342
Exposure Outcome N Odc_Js 95% CI 95%C_I,_ p-value
PGS Ratio lower limit upper limit
CRP ADHD 41,511 1.00 0.95 1.05 0.955
IL-6 ADHD 41,511 1.03 0.98 1.08 0.280
GlycA ADHD 41,511 1.03 0.98 1.08 0.184
CRP Autism 41,511 1.05 0.97 1.15 0.235
IL-6 Autism 41,511 1.03 0.95 1.12 0.485
GlycA Autism 41,511 1.08 1.00 1.18 0.065

ADHD = Attention Deficit Hyperactivity Disorder, ASQ = Ages and Stages Questionnaire, CBCL = Child Behavior
Checklist, CDI = Child Development Inventoi@l = confidence interval, FDR = False discovery r&&S = polygenic
score, REDBD = Rating Scale for Disruptive Behavior Disorders, SCQ = Social Communication Questionnaire
P-values shown are not FDR adjusted. All FDR adjustedlpes above 0.05.
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based on publicly available GWAS summary statistics, results from sensitivity analyses.

Supplementary Table8. Two-sample Mendelian randomization analyses

Exposure Outcome Beta SE p-value NSNPs Method
CRP ADHD -0.10 0.03 0.003 824 MR Egger
CRP ADHD 0.02 0.03 0.564 824 Weighted Mediar
CRP ADHD -0.02 0.03 0.443 824 Weighted mode
CRP Autism -0.03 0.04 0.456 1019 MR Egger
CRP Autism -0.02 0.04 0.667 1019 Weighted Mediar
CRP Autism 0.01 0.040 0.783 1019 Weighted mode
IL-6 ADHD 0.01 0.13 0.945 5 MR Egger
IL-6 ADHD -0.05 0.05 0.345 5 Weighted Mediar
IL-6 ADHD -0.04 0.06 0.505 5 Weighted mode
IL-6 AUTISM 0.05 0.32 0.883 5 MR Egger
IL-6 AUTISM 0.04 0.07 0.557 5 Weighted Mediar
IL-6 AUTISM 0.06 0.08 0.508 5 Weighted mode

GlycA ADHD -0.03 0.04 0.479 192 MR Egger
GlycA ADHD -0.03 0.03 0.343 192 Weighted Mediar
GlycA ADHD -0.02 0.04 0.613 192 Weighted mode
GlycA AUTISM -0.32 0.06 <0.001 243 MR Egger
GlycA AUTISM -0.08 0.04 0.070 243 Weighted Mediar
GlycA AUTISM -0.06 0.09 0.497 243 Weighted mode
ADHD CRP -0.05 0.05 0.353 34 MR Egger
ADHD CRP 0.04 0.01 <0.001 34 Weighted Mediar
ADHD CRP 0.05 0.01 0.010 34 Weighted mode
Autism CRP - - - - MR Egger
Autism CRP - - - - Weighted Mediar
Autism CRP - - - - Weighted mode
ADHD IL-6 -0.36 0.16 0.027 34 MR Egger
ADHD IL-6 0.00 0.05 0.934 34 Weighted Mediar
ADHD IL-6 0.01 0.10 0.902 34 Weighted mode
Autism IL-6 - - - - MR Egger
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Autism IL-6 - - - - Weighted Mediar
Autism IL-6 - - - - Weighted mode
ADHD GlycA -0.05 0.05 0.304 34 MR Egger

ADHD GlycA 0.03 0.02 0.049 34 Weighted Mediar
ADHD GlycA 0.03 0.03 0.325 34 Weighted mode
Autism GlycA - - - - MR Egger

Autism GlycA - - - - Weighted Mediar
Autism GlycA - - - - Weighted mode

GWAS = Genoma/Nide Association Study§E: Standard Error, SNP = Singlaicleotide polymorphism.

P-values not FDR corrected.
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