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A R T I C L E O p e n A c c e s s

Association between DNA methylation and ADHD
symptoms from birth to school age: a prospective
meta-analysis
Alexander Neumann1,2,3, Esther Walton4,5, Silvia Alemany6,7,8, Charlotte Cecil1,3, Juan Ramon González6,7,8,
Dereje D. Jima9,10, Jari Lahti11,12, Samuli T. Tuominen12, Edward D. Barker13,14, Elisabeth Binder15,16,
Doretta Caramaschi4, Ángel Carracedo17,18, Darina Czamara15, Jorunn Evandt19, Janine F. Felix3,20,
Bernard F. Fuemmeler21,22, Kristine B. Gutzkow23, Cathrine Hoyo9,24, Jordi Julvez6,7,8, Eero Kajantie25,26,
Hannele Laivuori27,28, Rachel Maguire24, Léa Maitre6,7,8, Susan K. Murphy29, Mario Murcia8,30, Pia M. Villa27,
Gemma Sharp4, Jordi Sunyer6,7,8, Katri Raikkönen12, Marian Bakermans-Kranenburg31, Marinus van IJzendoorn32,
Mònica Guxens1,6,7,8, Caroline L. Relton4 and Henning Tiemeier1,33

Abstract
Attention-de� cit and hyperactivity disorder (ADHD) is a common childhood disorder with a substantial genetic
component. However, the extent to which epigenetic mechanisms play a role in the etiology of the disorder is
unknown. We performed epigenome-wide association studies (EWAS) within the Pregnancy And Childhood
Epigenetics (PACE) Consortium to identify DNA methylation sites associated with ADHD symptoms at two methylation
assessment periods: birth and school age. We examined associations of both DNA methylation in cord blood with
repeatedly assessed ADHD symptoms (age 4–15 years) in 2477 children from 5 cohorts and of DNA methylation at
school age with concurrent ADHD symptoms (age 7–11 years) in 2374 children from 9 cohorts, with 3 cohorts
participating at both timepoints. CpGs identi� ed with nominal signi� cance (p< 0.05) in either of the EWAS were
correlated between timepoints (� = 0.30), suggesting overlap in associations; however, top signals were very different.
At birth, we identi� ed nine CpGs that predicted later ADHD symptoms (p < 1 × 10–7), includingERC2and CREB5.
Peripheral blood DNA methylation at one of these CpGs (cg01271805 in the promoter region ofERC2, which regulates
neurotransmitter release) was previously associated with brain methylation. Another (cg25520701) lies within the gene
body ofCREB5, which previously was associated with neurite outgrowth and an ADHD diagnosis. In contrast, at school
age, no CpGs were associated with ADHD withp < 1 × 10� 7. In conclusion, we found evidence in this study that DNA
methylation at birth is associated with ADHD. Future studies are needed to con� rm the utility of methylation variation
as biomarker and its involvement in causal pathways.

Introduction
Attention-de� cit and hyperactivity disorder (ADHD) is

a common neurodevelopmental disorder characterized by
impulsivity, excessive activity, and attention problems.
Symptoms often become apparent during school age with
a world-wide prevalence of 5–7.5%1. Genetic heritability is
estimated between 64 and 88%2,3. Additionally, several
environmental factors are suspected to impact ADHD,
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e.g., prenatal maternal smoking or lead exposure4–7.
However, the genetics and environmental pathways con-
tributing to ADHD risk remain unclear. Possibly, DNA
methylation, an epigenetic mechanism regulating gene
expression, may mediate genetic or environmental effects.

Several studies have investigated DNA methylation in
relation to ADHD diagnoses or symptoms using candi-
date approaches or epigenome-wide association studies
(EWAS) in peripheral blood and saliva tissue8,9. A leading
hypothesis concerning the etiology of ADHD suggests
that de� ciencies in the dopamine system of the brain
impact ADHD development4,10. Consequently, candidate
studies have focused on genes related to dopamine
function. For instance, DNA methylation alterations in
DRD411–13, DRD512, and DAT112,14 genes have been
associated with ADHD, though not consistently15. Beyond
the candidate gene approach, three studies tested DNA
methylation across the whole genome. One study per-
formed an EWAS with saliva samples in school-aged
children using a case–control design16. The study identi-
� ed differentially methylated probes inVIPR2, a gene
expressed in the caudate and previously associated with
psychopathology. Another EWAS investigated cord and
peripheral blood DNA methylation at birth and at 7 years
of age17. At birth, 13 probes located in SKI, ZNF544,
ST3GAL3, and PEX2 were associated with ADHD trajec-
tories from age 7 to 15 years, but the methylation status of
these probes at age 7 was not associated with ADHD cross-
sectionally. An EWAS in adults with ADHD failed to� nd
any differentially methylated sites in peripheral blood18.

Large multi-center epigenome-wide studies, which allow
for increased power and generalizability, are lacking for
childhood. Here we performed the� rst epigenome-wide
prospective meta-analysis to identify DNA methylation
sites associated with childhood ADHD symptoms in
cohorts from the Pregnancy And Childhood Epigenetics
(PACE) Consortium19. As DNA methylation changes over
time20, so could potential associations with ADHD symp-
toms. On the one hand, one might expect that DNA
methylation levels measured around the same time as
ADHD symptoms would show the largest associations, as
these might represent the immediate effects on symptoms
or consequences of ADHD. On the other hand, causes of
ADHD may be found early in childhood or even prenatally.
Thus methylation levels at birth may be more relevant than
later methylation pro� les, as suggested by an earlier
EWAS21. Since it is unclear when DNA methylation is
most relevant for ADHD symptoms, we tested DNA
methylation both at birth using cord blood and at school
age (age 7–9 years) using DNA derived from peripheral
whole blood. In the analyses of cord blood methylation, the
aim was to explain ADHD symptoms between ages 4 and
15 years. Many participating cohorts assessed ADHD
repeatedly, and we employed a repeated-measures design

to increase precision. Furthermore, we utilized data in
childhood to examine cross-sectional DNA methylation
patterns associated with ADHD symptoms at school age.

Materials and methods
This study comprises a birth methylation EWAS and a

school-age methylation EWAS described successively below.

Birth methylation EWAS
Participants

Five cohorts (Avon Longitudinal Study of Parents and
Children (ALSPAC)22–24, Generation R (GENR)25, INfancia
y Medio Ambiente (INMA)26, Newborn Epigenetic Study
(NEST)27,28, and Prediction and prevention of preeclampsia
and intrauterine growth restriction (PREDO)29) in the
PACE consortium had information on DNA methylation in
cord blood and ADHD symptoms. These cohorts have a
combined sample size of 2477 (Table1). Participants were
mostly of European ancestry, except for NEST, an Amer-
ican cohort that also included participants of African
ancestry. In NEST, separate EWAS were conducted for
participants identifying as black or white to account for
ancestry heterogeneity statistically in a random-effects
meta-analysis. We also performed a sensitivity analyses
with European ancestry children only. Parents gave
informed consent for their children’s participation and local
ethics committees approved the study protocols. See Sup-
plementary Information 1 for full cohort descriptions.

DNA methylation and quality control (QC)
DNA methylation in cord blood was measured using the

Illumina In� nium HumanMethylation450K BeadChip
(Table S1). Methylation levels outside of the lower quar-
tile minus 3 × interquartile or upper quartile plus 3 ×
interquartile range were removed. Each cohort ran the
EWAS separately according to a pre-speci� ed harmonized
analysis plan. The distribution of the regression estimates
and p values were examined for each cohort and pooled
results. Deviations from a normal distribution of regres-
sion estimates or a higher number of lowp values than
expected by chance may be signs of residual confounding
or the result of a true poly-epigenetic signal. To help in
interpretation of the results, we used the BACON
method30. BACON analyzes the distribution of regression
coef� cients and estimates an empirical null distribution.
Results can then be compared against the empirical null,
which already includes biases, rather than the theoretical
null. We excluded CpG probes, which were available in <4
cohorts; <1000 participants; and allosomal probes, due to
the complex interpretation of dosage compensation.

ADHD symptoms
ADHD symptoms were measured when children

were aged 4–15 years (depending on the cohort) with
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parent-rated instruments, speci� cally the Behavior
Assessment System for Children31, Child Behavior
Checklist (CBCL)32,33, Conners34 and the Development
and Well-Being Assessment (DAWBA)35 (Table S2). If a
cohort had measured ADHD symptoms repeatedly (three
cohorts), we used a mixed model (see“Statistical analy-
sis”). The repeated-measures design increased the preci-
sion of the ADHD severity estimate and sample size, since
missing data in an assessment can be handled with
maximum likelihood. Given the variety of instruments
used within and across cohorts, all ADHD scores werez-
score standardized to enable meta-analysis.

Statistical analysis
Cohorts with repeated ADHD assessment were ana-

lyzed using linear mixed models, withz-scores of ADHD
symptoms as the outcome and methylation (in betas,
ranging from 0 (unmethylated) to 1 (methylated)) as the
main predictor. Each CpG probe was analyzed separately
and pooledp values were adjusted for multiple correction
using Bonferroni adjustment. We used a random inter-
cept on the participant and batch level, to account for
clustering due to repeated measures and batch effects.
The following potential confounders were included as
� xed effects: maternal age, educational level, smoking

status (yes vs no during pregnancy), gestational age, sex,
and estimated white blood cell proportions (Bakulski
reference estimated with the Houseman method)36.
Mixed models were � tted using restricted maximum
likelihood. We used R37 with the lme438 package to esti-
mate the models. Cohorts with a single ADHD assess-
ment wave used a model without random effects or batch
level only.

Meta-analysis was performed using the Han and Eskin
random-effects model39. This model does not assume that
true effects are homogeneous between cohorts; however,
it does assume that null effects are homogeneous. This
modi� ed version of the random effect model has com-
parable power to a� xed-effects analysis, while better
accounting for study heterogeneity, such as ancestry dif-
ferences, in simulation studies39,40. Genome-wide sig-
ni� cance was de� ned at the Bonferroni-adjustment
threshold ofp < 1 × 10–7, suggestive signi� cance atp < 1 ×
10–5, and nominal signi� cance atp < 0.05.

Follow-up analyses
We performed several lookups of genome-wide sig-

ni� cant probes. We used the BECon database41 to check
the correlation between peripheral and brain methylation
levels in postmortem tissue. To test genetic in� uence, we

Table 1 Cohort characteristics.

Cohort Ancestry/ethnicity n Methylation age ADHD age Instrument (age) Standardized regression

coef� cients

BACON estimates

33% 50% 66% � In� ation Bias

Birth EWAS

ALSPAC European 714 0 8, 11, 14, 15 DAWBA � 0.21 0.25 0.89 1.60 1.10 0.37

GENR European 1191 0 6, 8,10 CBCL (6,10), Conners (8)� 0.48 0.01 0.53 1.51 1.20 0.05

INMA European 325 0 7, 9 Conners (7), CBCL (9)� 1.37 � 0.40 0.43 0.80 0.87 � 0.19

NEST Black 55 0 5 BASC � 3.50 � 0.03 3.63 1.16 1.10 0.00

NEST White 56 0 5 BASC � 2.54 � 0.09 2.36 0.80 0.92 � 0.01

PREDO European 136 0 5 Conners � 1.55 � 0.25 1.20 1.45 0.95 0.21

META – 2477 – – – � 0.37 0.02 0.42 1.86 1.10 0.01

School-age EWAS

ALSPAC European 651 7 8 DAWBA � 0.61 � 0.10 0.54 1.09 1.00 � 0.08

GENR European 395 10 10 CBCL � 0.93 � 0.00 0.98 1.00 0.97 � 0.01

GLAKU European 215 12 12 CBCL � 0.79 0.31 1.50 0.92 0.96 0.13

HELIX European 1034 8 8 CBCL � 0.26 0.47 1.40 1.11 0.98 0.28

HELIX Pakistani 79 7 7 CBCL � 1.66 1.86 5.48 0.98 0.96 0.26

Meta – 2374 – – – � 0.24 0.14 0.62 0.96 0.92 0.14

n Number of participants,33%, 50%, 66%quartiles of regression coef� cient distribution,� in� ation of p values,In� ation in� ation of p values due to suspected bias,Bias
trend toward negative/positive distribution of regression coef� cients due to suspected bias.
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interrogated the genome-wide signi� cant probes in
MeQTL42 and twin heritability databases43. We also
attempted to replicate genome-wide signi� cant probes
reported in a previous EWAS from the ALSPAC study17.
For replication, we reran the meta-analysis without the
ALSPAC cohort. To quantify the variance explained by
genome-wide signi� cant probes, we predicted ADHD
scores at age 8 years in Generation R by all meta-
analytically genome-wide signi� cant probes. We applied
10-fold cross-validation with 100 repetitions to improve
generalizability and reduce bias from Generation R, which
was part of the discovery.

We examined whether any CpG sites associated with
ADHD symptoms are also associated with prenatal
maternal stress. As prenatal maternal stress is associated
with child psychopathology with mixed evidence of
affecting DNA methylation44,45, DNA methylation may be
a mediator of adverse prenatal stress effects. We oper-
ationalized prenatal maternal stress as in Rijlersdaam
et al.45 by using a factor score re� ecting life, contextual,
personal stress, and interpersonal stress. One modi� ca-
tion to the previous de� nition is that maternal education
was not used in the computation of the factor score, as it
had been included as covariate in the EWAS model. We
� rst tested whether prenatal stress was associated with
ADHD symptoms with an analysis model equivalent to
the EWAS model, but instead of DNA methylation, the
prenatal risk score was the main predictor. We then tested
associations between prenatal stress as predictor and
DNA methylation as outcome.p Values were obtained
with the lmerTest package46. We estimated the prenatal
stress associations only in the Generation R cohort.

Pathway analysis
Pathway enrichment analysis were performed with the

missMethylpackage47 on suggestive probes (p < 1 × 10–5).
We used as references gene ontology, Kyoto Encyclopedia
of Genes and Genomes, and curated gene sets (http://
software.broadinstitute.org/gsea/msigdb/collections.jsp#C2)
from the Broad Institute Molecular signatures database48.
p Values were adjusted using the default procedures by the
number of CpGs associated with each gene49 and false
discovery rate.

To test enrichment for regulatory features (gene relative
position, CpG island relative position, and blood chro-
matin states), we applied� 2 tests. Enrichment tests were
performed for all CpGs, hypomethylated CpGs, and
hypermethylated CpGs separately. CpG annotation was
performed with the IlluminaHumanMethylation450kanno.
ilmn-12.hg19 R package50. Annotation to chromatin states
was from the Roadmap Epigenomics Project (https://egg2.
wustl.edu/roadmap/web_portal/). See Supplementary
Information 2 for full description.

School-age methylation EWAS
Participants

Nine cohorts (ALSPAC, GENR, HELIX51, and
GLAKU52) with a combined sample size of 2374 joined
the school-age methylation EWAS (Table1 and Supple-
mentary Information 1). HELIX consists of six jointly
analyzed subcohorts51. All cohorts had participants of
European ancestry, except HELIX, which also included
participants with a Pakistani background living in the UK
and were treated as a separate cohort in the meta-analysis.
Again, we accounted for ancestry heterogeneity with a
random-effects meta-analysis and also present European
ancestry only results as sensitivity analysis. Fifty-three
percent of participants in the school-age EWAS were also
part of the birth EWAS.

DNA methylation and QC
DNA methylation was measured at ages 7–12 years in

peripheral whole blood. The Illumina In� nium Human-
Methylation450K BeadChip and In� nium Methylatio-
nEPIC Kit (GLAKU) were used to interrogate CpG probes.
QC steps were identical to the birth methylation EWAS.

ADHD symptoms
ADHD symptoms were measured at the same age as

DNA methylation (age 7–11 years) with the parent-rated
measures DAWBA and CBCL (Table S2). Only the
assessment closest to the DNA methylation assessment
age was analyzed.

Statistical analysis
The statistical model was similar to the model used in

the birth methylation EWAS without participant-level
random effect. However, cell counts were estimated with
the Houseman method using the Reinius reference53. We
also added assessment age as covariate. The meta-analysis
methods were identical to the birth methylation EWAS.

Follow-up analyses
We did not perform follow-up analyses due to low

signal. However, we attempted to replicate six probes
identi� ed as suggestive in a previous case–control EWAS
in school age16.

Results
Birth cord blood methylation
EWAS quality check

Four out of the six cohorts showed larger number of low
p values than expected under the null, as indexed by high
� (Table 1). BACON analysis suggested that the majority
of the in� ation was due to a true signal, as indicated by
in� ation values clearly <� . To test the impact of sample
size on� , we restricted the GENR sample randomly to 900
and 1100 participants, resulting in 812 and 991
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participants due to missing covariates. The lambdas were
0.96, 1.21, 1.51 for 812, 991, and 1191 participants. We
thus conclude that the overrepresentation of lowp values
is mostly due to suf� cient power to detect associations at
higher sample sizes.

The BACON analyses also indicated a trend toward
positive/negative regression coef� cients in some of the
datasets, which might indicate confounding, e.g., by
population strati� cation. To test this, we added principal
components of ancestry in GENR and ALSPAC, but these
did not meaningfully change results.

We conducted the meta-analysis under the assumption
that any such biases will be corrected in the pooled
analysis, since they were not homogeneous across
cohorts. Indeed, the pooled estimates did not show a
trend toward positive or negative regression estimates
(Median= + 0.02), only an overrepresentation of low
p values (� = 1.86, Fig.1). The BACON estimates for
in� ation suggested that these are mostly due to a true
signal (In� ation= 1.1).

Single probe analysis
After QC, 472,817 CpG sites remained for the meta-

analysis. Results of the cord blood EWAS are shown in
Fig. 2. Nine CpG sites showed genome-wide signi� cance
(p < 1 × 10–7, Table 2). ADHD symptoms were between
0.16 SD (SE= 0.03) and 0.44 SD (SE= 0.12) higher with
10% lower methylation at these probes. Eight probes out
of nine that were available in the BECon database41 are
typically methylated in both whole blood and the brain
(Figs. 3, S1, and S2). A lookup in the BECon database
revealed that the CpG site cg01271805 in the promoter
region of geneERC2shows variable methylation in three
brain regions (BA10, BA20, BA7). Importantly, methyla-
tion levels in the brain are moderately correlated with

whole-blood methylation (� = 0.33–0.46; Fig. 3), sug-
gesting that peripheral cg01271805 methylation levels are
a useful marker for brain methylation levels. The other
seven genome-wide signi� cant probes showed less con-
sistent correlations between blood and brain tissues and
associated genes had less speci� city for expression in the
brain, based on GTEx54 data. No single-nucleotide poly-
morphism (SNP) was associated with our nine top CpG
probes when accounting for linkage disequilibrium
according to the MeQTL database42. Furthermore, all
nine probes had a twin heritability <20% in a previous
study (Table S3)43. In Generation R, the joint explained
variance of ADHD scores at age 8 years by the genome-
wide signi� cant probes was 2.0.% (R2 from 10-fold repe-
ated cross-validation). Full EWAS results can be found in
Supplementary Data. After adjusting for in� ation and bias
with BACON, only one CpG remained statistically sig-
ni� cant (cg25520701,CREB5, � = � 3.54, SE= 0.66,p =
9.59 × 10–8). It should be noted that the BACON adjusted
p values rely on statistics from the traditional random
effects model. With the traditional model, only
cg25520701, cg09762907, and cg22997238 remained
genome-wide signi� cant. Thus the difference inp value is
not solely the result of adjustment for the in� ation but
also the use of more conservative tests. When restricting
analyses to participants with European ancestry, top hits
remained unchanged but one additional CpG site became
genome-wide signi� cant: cg10025904 in geneLRRC8B
(Table S4).

Prenatal stress was associated with ADHD symptoms in
childhood. One SD higher prenatal stress was associated
with 0.2 SD higher ADHD symptoms (SE= 0.03,p = 2E
� 13, n = 1121). However, prenatal stress was not asso-
ciated with any of the genome-wide signi� cant sites
(Table S5).

Fig. 1 Quantile–quantile plot of observed � log10 p values in the cord blood and school-age EWAS vs expected� log10 p values under
assumption of chance� ndings only. The diagonal line represents the distribution of the expectedp values under the null. Points above the
diagonal indicatep values that are lower than expected.
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