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Abstract
Aims. Type 2 diabetes (T2D) is a global health burden, more prevalent among individuals
with attention deficit hyperactivity disorder (ADHD) compared to the general population. To
extend the knowledge base on how ADHD links to T2D, this study aimed to estimate causal
effects of ADHD on T2D and to explore mediating pathways.
Methods. We applied a two-step, two-sample Mendelian randomization (MR) design, using
single nucleotide polymorphisms to genetically predict ADHD and a range of potential medi-
ators. First, a wide range of univariable MR methods was used to investigate associations
between genetically predicted ADHD and T2D, and between ADHD and the purported medi-
ators: body mass index (BMI), childhood obesity, childhood BMI, sedentary behaviour (daily
hours of TV watching), blood pressure (systolic blood pressure, diastolic blood pressure), C-
reactive protein and educational attainment (EA). A mixture-of-experts method was then
applied to select the MR method most likely to return a reliable estimate. We used esti-
mates derived from multivariable MR to estimate indirect effects of ADHD on T2D through
mediators.
Results. Genetically predicted ADHD liability associated with 10% higher odds of T2D (OR:
1.10; 95% CI: 1.02, 1.18). From nine purported mediators studied, three showed significant
individual mediation effects: EA (39.44% mediation; 95% CI: 29.00%, 49.73%), BMI (44.23%
mediation; 95% CI: 34.34%, 52.03%) and TV watching (44.10% mediation; 95% CI: 30.76%,
57.80%). The combination of BMI and EA explained the largest mediating effect (53.31%, 95%
CI: −1.99%, 110.38%) of the ADHD–T2D association.
Conclusions. These findings suggest a potentially causal, positive relationship between
ADHD liability and T2D, with mediation through higher BMI, more TV watching and lower
EA. Intervention on these factors may thus have beneficial effects on T2D risk in individuals
with ADHD.

Introduction

Attention deficit/hyperactivity disorder (ADHD) is one of the most prevalent childhood psy-
chiatric disorders affecting around 5–7% of children (Faraone et al., 2015; Polanczyk et al.,
2014; Thomas et al., 2015). It is characterized by extensive hyperactive, impulsive and inatten-
tive behaviours that impair daily functioning, e.g. at school, work or in social relations (Breslau
et al., 2011; Fleming et al., 2017; Ros and Graziano, 2018). In most children, ADHD persists
during adolescence and into adulthood, either at full syndromal or subthreshold clinical lev-
els (Faraone et al., 2006). Prevalence estimates of ADHD in adulthood are 2–3% (Simon et al.,
2009).

Type 2 diabetes (T2D) is amultifactorial disorder inwhich impaired insulin secretion and/or
insulin resistance results in dysregulated carbohydrate, lipid and proteinmetabolism (DeFronzo
et al., 2015). T2D is typically an adult-onset disease manifesting at middle or older ages
(Carstensen et al., 2020; Sun et al., 2022), although more recently a substantial increase among
younger people (aged <40 years) is observed, significantly boosting premature morbidity
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and mortality (Magliano et al., 2020; Viner et al., 2017). The global
prevalence has been continuously rising over the past few decades,
with T2D projected to affect 12.2% (783 million) of the world
population by the year 2045 (Sun et al., 2022), thus posing an
increasingly unsustainable global health burden (Vos et al., 2020).

Epidemiological studies have shown a higher T2D prevalence
(up to 70%) among individuals with ADHD compared to the
general population (Chen et al., 2018b, 2018a). Meta-analysis esti-
mated a twofold higher risk of T2D in individuals with ADHD
(Garcia-Argibay et al., 2023). In addition, recent evidence suggests
an earlier onset of T2D in those with ADHD than those with-
out (Chen et al., 2018a). As a childhood onset condition, ADHD
manifests much earlier than T2D, suggesting that ADHD, or fac-
tors/behaviours related toADHD, precede and possibly cause T2D.
However, it is currently unclear if the association between ADHD
and T2D indeed represents a causal link and, if such link exists,
how ADHD could lead to the onset of T2D.

Several factors could explain a potential link between ADHD
and T2D. First, known precursors of T2D, such as obesity (Cortese
et al., 2016; Güng ̈or et al., 2016) and sedentary behaviour (Cook
et al., 2015), are also more common in individuals with ADHD
compared to those in the general population. It is plausible that the
behaviours involved in ADHD such as impulsivity may enhance
the chance of overeating or poor diet, leading to obesity (Cortese
andCastellanos, 2014) in turn leading to T2D (Landau and Pinhas-
Hamiel, 2019). Also, screen time utilization is longer among indi-
viduals with ADHD and may partly explain the relation between
sedentary behaviours and T2D (Nightingale et al., 2017; Yang
et al., 2022). Second, ADHD is strongly linked to lower educational
attainment (EA) (Fleming et al., 2017; Korrel et al., 2017), poten-
tially due to early school dropout or poor school performance,
although such causal pathways are currently unclear (Hartman,
2020). Evidence from observational studies and genetic studies
have suggested that lower EA and T2D are causally linked (Agardh
et al., 2011; Zhang et al., 2022). Lower EA may thus be an impor-
tant pathway connecting ADHD and T2D. Third, individuals with
ADHD are at increased risk for cardiovascular diseases (Akmatov
et al., 2021; Chen et al., 2018b; Li et al., 2022b, 2023), elevated blood
pressure (Chen et al., 2018b) and increased peripheral inflamma-
tion (Saccaro et al., 2021). These well-known risk factors of T2D
(Emdin et al., 2015; Wang et al., 2012) may also be mediators
between ADHD and T2D, although a recent register-based study
focused on referred and diagnosed patients (i.e. more severely
affected patients) suggests that cardiovascular traits played only
a minor mediating role (Garcia-Argibay et al., 2023). Despite the
plausibility of these pathways, it is not knownwhether, and to what
extent, these are mechanisms explaining the association of ADHD
with T2D. A better understanding of causal mechanisms may help
prevention of T2D in individuals with ADHD. Therefore, research
on mediating pathways is needed (Byrne et al., 2017; Hartman,
2020).

A widely applied method that supports causal inference from
observational data is Mendelian randomization (MR), which uses
genetic instrumental variables to examine the relationship between
a risk factor (in this case ADHD), and a disease outcome (T2D)
(Smith and Ebrahim, 2003). Under a number of assumptions,
MR yields a causal estimate, i.e. an estimate that is less likely
to be biased due to confounding, the primary source of bias in
observational studies (Smith and Ebrahim, 2004). According to
Mendel’s laws of random segregation and independent assort-
ment, alleles are assigned randomly before conception, indepen-
dently of other traits. Thus, genetic variants can be exploited as a

natural experiment. Recent advances in MR methodology include
multivariable MR (MVMR), which among other things can be
applied to investigate mediation (Sanderson, 2021).

In recent years, MR has been applied to study effects of ADHD
on a wide range of outcomes (see, for an overview, Riglin and
Stergiakouli, 2022), including but not limited to ischemic stroke
(Du et al., 2023), Parkinson’s disease (Li et al., 2020), insomnia
(Gao et al., 2019), autism spectrum disorder (Baranova et al.,
2022), body mass index (BMI) or obesity (Karhunen et al., 2021;
Liu et al., 2021; Martins-Silva et al., 2019), substance use (Treur
et al., 2021) and socio-economic status (SES) (Michaëlsson et al.,
2022). One previous MR study reported a positive relationship
betweenADHDandT2D (Leppert et al., 2020).Our study aimed to
improve on previous studies in two ways. First, we aimed to update
ADHD-T2D effect estimates using the most recent genome-wide
association studies (GWAS) on ADHD (Demontis et al., 2023)
and T2D (Mahajan et al., 2018), which, due to their larger sam-
ple sizes, have yielded more precise estimates of genetic effects.
Second, we aimed to identify potential mediating pathways that
link ADHD to T2D, specifically BMI, sedentary behaviour, EA,
smoking, C-reactive protein (CRP), systolic blood pressure (SBP),
diastolic blood pressure (DBP).

Methods

Study design

This is an MR study that investigated the relation between ADHD
and T2D, and potential mediation through BMI, childhood obe-
sity, childhood BMI, sedentary behaviour (daily hours of TV
watching), blood pressure (SBP, DBP), CRP and EA. MR uses
genetic instruments to genetically predict an exposure trait. Here,
we used single nucleotide polymorphisms (SNPs) as genetic instru-
ments. MR yields causal estimates under three key assumptions:
(1) relevance, (2) exchangeability and (3) exclusion restriction (for
more details, seeESMMethods).We used two-sampleMR (2SMR)
methods that uses SNP-trait associations available from GWAS
summary data (Burgess et al., 2013). We obtained summary statis-
tics of the genetic associations from themost recentGWAS for each
respective phenotype (details in Table 1). To determine whether a
trait mediates the effect between exposure and outcome, two-step
2SMR was performed (Relton and Davey Smith, 2012). The first
step involves genetically predict ADHD and estimating its associa-
tion with potential mediators.The second step involved genetically
predicting these mediators and estimating their effect on the out-
come while accounting for ADHDusingMVMR.Then, the overall
effect of ADHD was separated into an indirect effect (i.e. the effect
of ADHD on T2D via the mediator) and a direct effect (i.e. the
effect of ADHD on T2D independent of the mediator). The dis-
tinct analysis steps for mediation analysis, as well as the decision
algorithm on which variables to take forward to the subsequent
step, are outlined in Fig. 2. Reporting of the present study was done
in accordance with STROBE-MR guidelines (ESM STROBE-MR)
(Skrivankova et al., 2021a, 2021b).

Variable definitions

The original GWAS defined T2D using a diagnostic fasting glu-
cose, casual glucose level or plasma glucose level of 2 hours or an
HbA1c level; use of glucose-lowering medication (by Anatomical
Therapeutic Chemical code or self-report); or a history of T2D
based on electronic medical records, self-report or a combination
of these (Mahajan et al., 2018).

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press

https://doi.org/10.1017/S2045796024000593


Epidemiology and Psychiatric Sciences 3

Ta
bl
e
1.

O
ve
rv
ie
w

of
GW

AS
da

ta
us
ed

Ph
en

ot
yp

e
U
ni
t

N
um

be
ro

f
pa

rt
ic
ip
an

ts
N
um

be
ro

f
le
ad

SN
Ps

Ex
pl
ai
ne

d
va
ria

nc
e
by

le
ad

SN
Ps

An
ce
st
ry

Co
ns
or
tiu

m
/

co
ho

rt
Au

th
or

Ye
ar

of
pu

bl
ic
at
io
n

Pu
bM

ed
ID

AD
H
D

Lo
g-
od

ds
38

,6
91

ca
se
s

18
6,
84

3
co
nt
ro
l

pa
rt
ic
ip
an

ts

27
Eu

ro
pe

an
iP
SY
CH

+
de

CO
DE

+
PG

C
De

m
on

is
et

al
.

20
23

36
70

29
97

Ch
ild

ho
od

BM
I

kg
/m

2
61

,1
11

25
3.
6%

Eu
ro
pe

an
EC

G
Vo

ge
le
za
ng

et
al
.

20
20

33
04

50
05

Ch
ild

ho
od

ob
es
ity

Ye
s
vs

no
13

,0
05

ca
se
s

15
,5
99

co
nt
ro
l

pa
rt
ic
ip
an

ts

18
Eu

ro
pe

an
EC

G
Br
ad

fie
ld

et
al
.

20
19

31
50

45
50

Ye
ar
s
of

sc
ho

ol
in
g

SD
(4
.2

ye
ar
s)

1,
13

1,
88

1
12

71
11

%
Eu

ro
pe

an
SS

GA
C

Le
e
et

al
.

20
18

30
03

83
96

BM
I

kg
/m

2
68

1,
27

5
94

1
6%

Eu
ro
pe

an
GI
AN

T
Ye
ng

o
et

al
.

20
18

30
12

48
42

SB
P

m
m
H
g

77
5,
60

1
97

0
5.
7%

Eu
ro
pe

an
U
KB

B
+

IC
BP

Ev
an

ge
lo
u
et

al
.

20
18

30
22

46
53

DB
P

m
m
H
g

77
5,
60

1
96

2
5.
3%

Eu
ro
pe

an
U
KB

B
+

IC
BP

Ev
an

ge
lo
u
et

al
.

20
18

30
22

46
53

Ty
pe

2
di
ab

et
es

Ye
s
vs

no
74

,1
24

ca
se
s

82
4,
00

6
co
nt
ro
l

pa
rt
ic
ip
an

ts

40
3

18
%

Eu
ro
pe

an
DI
AG

RA
M

M
ah

aj
an

et
al
.

20
18

30
29

79
69

Sm
ok

in
g

in
iti
at
io
n

Ev
er

vs
ne

ve
r

55
7,
33

7
ca
se
s

67
4,
75

4
co
nt
ro
l

pa
rt
ic
ip
an

ts

37
8

2.
3%

Eu
ro
pe

an
GS

CA
N

Li
u
et

al
.

20
19

30
64

32
51

CR
P

m
g/
L

20
4,
40

2
58

7%
Eu

ro
pe

an
CI
W
G

Li
gt
ha

rt
et

al
.

20
18

30
38

83
99

TV w
at
ch

in
g

SD
(1
.5

ho
ur
s)

40
8,
81

5
15

2
2.
3%

Eu
ro
pe

an
U
KB

B
va
n
de

Ve
gt
e
et

al
.

20
20

32
31

76
32

PG
C,

Ps
yc
hi
at
ric

Ge
no

m
ic
s
Co

ns
or
tiu

m
;D

IA
GR

AM
,D

IA
be

te
s
Ge

ne
tic

s
Re

pl
ic
at
io
n
An

d
M
et
a-
an

al
ys
is
;E

GG
,E

ar
ly
Gr
ow

th
Ge

ne
tic

s;
GI
AN

T,
Ge

ne
tic

In
ve
st
ig
at
io
n
of

An
th
ro
po

m
et
ric

Tr
ai
ts
;G

SC
AN

,G
W
AS

&
Se

qu
en

ci
ng

Co
ns
or
tiu

m
of

Al
co
ho

la
nd

N
ic
ot
in
e

us
e;

IC
BP

,I
nt
er
na

tio
na

lC
on

so
rt
iu
m

fo
rB

lo
od

Pr
es
su
re
;S

SG
AC

,S
oc

ia
lS

ci
en

ce
Ge

ne
tic

As
so
ci
at
io
n
Co

ns
or
tiu

m
;U

KB
B,

U
K
Bi
ob

an
k;

CI
W
G,

Co
ho

rt
s
fo
rH

ea
rt
an

d
Ag

in
g
Re

se
ar
ch

in
Ge

no
m
ic
Ep

id
em

io
lo
gy

(C
H
AR

GE
)I
nf
la
m
m
at
io
n
W
or
ki
ng

Gr
ou

p.

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press

https://doi.org/10.1017/S2045796024000593


4 Zhang et al.

In the original GWAS (Demontis et al., 2023), ADHD cases
were diagnosed by psychiatrists at in- or out-patient clinics accord-
ing to the ICD10 criteria (F90.0, F90.1, F98.8 diagnosis codes)
or individuals that have been prescribed medication specific for
ADHD symptoms (ATC-NA06BA, mostly methylphenidate).

In selecting mediators, we considered potential for modifica-
tion, observational epidemiological evidence that link these to
both ADHD or T2D, as well as the availability of comprehen-
sive GWAS data. BMI was calculated by dividing weight (kg) by
height squared (m2) (Yengo et al., 2018). Sedentary behaviour
was proxied by daily hours of TV watching (in standard devia-
tions, 1.5 hours) (van de Vegte et al., 2020). SBP and DBP were
derived from two automated or two manual blood pressure mea-
surements (Evangelou et al., 2018). Smoking was defined as ever-
smoking vs never-smoking (Liu et al., 2019). EA was defined as
years of schooling (in standard deviations, 4.2 years) based on the
International Standard Classification of Education (ISCED) 2011
(Lee et al., 2018; UNESCO Institute for Statistics., 2012). Serum
CRP was measured in mg/L using standard laboratory techniques,
andwas transformed by its natural logarithm in the original GWAS
(Ligthart et al., 2018). Childhood obesity was defined as ≥95th
percentile of BMI achieved 2–18 years old (Bradfield et al., 2019),
and childhood BMI was measured in children aged between 2 and
10 years (Vogelezang et al., 2020).

Instrument selection

In Table 1, all identified SNPs, and their associations with T2D,
mediators, and ADHD were extracted from summary GWAS data.
From the most recent GWAS meta-analysis of ADHD, which
included 38,691 people with ADHD and 186,843 controls, 27 SNPs
(p < 5 × 10−8) were chosen as genetic instruments for ADHD
(Demontis et al., 2023). We applied strict linkage disequilibrium
(LD) clumping thresholds for ADHDgenetic instruments (LD cut-
off of r2 < 0.001within awindow of 10MB), leading to the removal
of 2 out of 27 SNPs. We oriented SNP alleles for ADHD towards
positive coefficients, and harmonized the SNP alleles from the out-
come GWAS accordingly. We inferred the strand for palindromic
SNPs using allele frequencies, and removed ambiguous palin-
dromes (minor allele frequency between 0.42 and 0.58). Figure 1
shows the SNP selection procedure for the ADHD-T2D analysis.
It should be noted that the ADHD genetic effect was estimated on
the liability scale and not on the yes/no scale. We applied the same
criteria to select genetic instruments for eachmediator (see Table 1
for details on eachGWAS).Detailed information on SNPs and their
associations with ADHD,mediators and T2D can be found inESM
SNP Data.

Univariable MR analysis

To estimate the univariable associations between genetically pre-
dicted ADHD and T2D, and between genetically predicted ADHD
and mediators we used a number of methods. First, we per-
formed conventional random-effects inverse variance weighted
(IVW) MR of single-SNP Wald ratios (SNP-outcome divided by
SNP-exposure association), examining heterogeneity statistics to
assess potential pleiotropy, and Egger intercepts to assess poten-
tial directional pleiotropy. In addition, we performed a large
range of MR sensitivity analyses. In total, we used 44 univari-
able MR strategies (11 distinct MR estimation methods × Steiger
filtering yes/no × outlier filtering yes/no). We applied the MR
mixture-of-experts (MR-MoE) machine learning framework to

assist in selecting the MR estimate most likely to be reliable
(Hemani et al., 2017). MR-MoE prioritizes methods based on cer-
tain characteristics of the data such as heterogeneity and direc-
tional pleiotropy, and discards instruments that are possibly invalid
(e.g. potentially pleiotropic outliers and/or ‘reverse causal’ SNPs).
The top rankedMR estimates for each univariable association were
taken forward to further analysis.

MVMR analysis

We estimated the ADHD-adjusted association between eachmedi-
ator and T2D risk using regression-based MVMR-IVW (Burgess
and Thompson, 2015), using trait-specific instruments in addition
to ADHD instruments.

Mediation analysis

To calculate the indirect effect of each individual mediator (child-
hood BMI/obesity, BMI, SBP, DBP, smoking, CRP, EA and TV
watching), we used the product-of-coefficients approach. This
involved multiplying the ADHD–mediator association (derived
from univariable MR) with the ADHD-adjusted association
between mediator and outcome (Burgess et al., 2015). The indirect
effect was divided by the total effect to assess the proportion of the
overall effect of ADHD on T2D that was mediated by each indi-
vidual mediator. We used the bootstrap method and delta method
to estimate the confidence interval for the indirect effect and the
proportion mediated.

We investigated indirect effects ofmultiplemediators combined
(e.g. BMI + EA) using the difference in regression coefficient
method. This involved subtracting the direct effect of ADHD on
T2D (after adjustment for the mediators in MVMR) from the total
effect of ADHD on T2D (from univariable MR), to obtain the
indirect effect through multiple mediators. To identify the com-
bination with the largest proportion mediated, and to evaluate
potential overlapping effects between mediators, we looked into all
combinations of mediators.

Mediators were selected into the final analysis if they met the
following requirements: (1) ADHD affects themediator in univari-
able MR; (2) The mediator affects T2D risk independent of ADHD
in an MVMR model (see Fig. 2).

Sensitivity analyses

As an alternative to the product-of-coefficients method to cal-
culate indirect effects through individual mediators, we used the
difference in regression coefficient method. The robustness of
the MVMR-IVW results was evaluated using the MVMR-Egger
method (Rees et al., 2017). We investigated potential bidirectional
relationship betweenADHDand possiblemediators in reverseMR
analysis (genetic instruments for each mediator as the exposure).

All MR analyses were conducted using R (version 4.2.1) (Team
RC, 2014) and the TwoSampleMR R package v0.5.7 (Hemani et al.,
2018).

Results

Univariable MR analysis

We included 25 SNPs as genetic instruments for ADHD (Fig. 1).
Conventional random-effects IVW estimated a significant positive
association between ADHD liability and T2D (OR: 1.15; 95% CI:
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Figure 1. ADHD instrument selection for ADHD-T2D association. LD, linkage disequilibrium; T2D, type 2 diabetes; MR, Mendelian randomization.

1.12, 1.18) in the presence of heterogeneity (Q [df ] = 102.2 [24],
heterogeneity p-value = 1.26 × 10−11) but absence of directional
pleiotropy (Egger intercept = −1.50 ± 1.59, Egger intercept
p-value = 0.357) (ESM Table S1). In the results of all 44 uni-
variable MR strategies, associations of ADHD liability with T2D
ranged from OR 0.99 (simple mean, no Steiger filtering, no outlier
filtering) toOR 1.28 (random effectsMREgger, Steiger filtering, no
outlier filtering). Overall, results from the various MR strategies
converged to a positive association. MoE assigned the weighted
median MR estimate (no Steiger filtering, no outlier filtering) to
be the most reliable, which estimated ADHD liability to associate
with 10% higher odds of T2D (OR: 1.10; 95% CI: 1.02, 1.18; MoE
score: 0.72, ESM Table S2).

Associations of genetically predicted ADHD liability with each
candidate mediator are shown in Fig. 3a. In the MR models pri-
oritized by MoE (ESM Table S2), genetically predicted ADHD
liability associated with higher BMI (𝛽 = 0.05 kg/m2; 95%CI: 0.02,
0.07); more TV watching (𝛽 = 0.07 SD of TV watching; 95% CI:
0.05, 0.08, translating to 0.10 h more TV watching); higher odds of
smoking (OR: 1.19; 95% CI: 1.14, 1.24); higher level of circulating
CRP (𝛽 = 0.06; 95% CI: 0.02, 0.11), lower EA (𝛽 = −0.06 SD in

years of schooling; 95% CI: −0.08, −0.03, translating to 0.25 less
years of schooling). Genetically predicted ADHD liability was not
associated with childhood obesity or childhood BMI.We observed
an inverse association between liability of ADHD and blood pres-
sure (SBP: 𝛽 = −0.62; 95% CI: −1.29, 0.04; DBP: 𝛽 = −0.38; 95%
CI: −0.71, −0.04). Six potential mediators were taken forward to
the next step, i.e. MVMR analysis of the ADHD-adjusted effect of
mediators (i.e. BMI, TVwatching, smoking, CRP, EA andDBP) on
T2D (Fig. 2).

MVMR analysis

Figure 3b shows associations of genetically predicted mediators
on T2D with adjustment for ADHD using MVMR. A 1 kg/m2

higher genetically predicted BMI associated with 2.52 times higher
odds of T2D (95% CI: 2.14, 2.97). One SD (4.2 years of schooling)
higher genetically predicted EA associated with lower odds of T2D
(OR: 0.52; 95% CI: 0.45, 0.61). One SD (1.5 hours) of genetically
predicted TV watching associated with 1.88 times higher odds of
T2D (95% CI: 1.55, 2.28). No associations with T2D were found
for genetically predicted smoking (OR: 1.11; 95% CI: 0.98, 1.25),

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press
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Figure 2. Decision algorithm for mediator selection in the final analysis. MR, Mendelian randomization; MVMR, Multivariable Mendelian randomization; MoE, mixture of
experts; ADHD, Attention deficit hyperactivity disorder; EA, educational attainment; BMI, body mass index; TV watching, television watching; SBP, systolic blood pressure;
DBP, diastolic blood pressure; CRP, C-Reactive Protein; IV, instrument variable.
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Figure 3. (a) MR-estimated effects of ADHD liability on each mediator separately, presented as Beta with 95% CI. (b) MR-estimated effects of each mediator separately on
type 2 diabetes after MVMR adjustment for ADHD, presented as Beta /OR with 95% CI. (c) MR-estimated effects of indirect effects of each mediator separately, by
product-of-coefficients method with bootstrap method-estimated 95% CIs. MR-estimated proportions mediated (%) are presented with 95% CIs. OR, odds ratio; CI,
confidence interval; ADHD, Attention deficit hyperactivity disorder; BMI, body mass index; TV watching, television watching; SBP, systolic blood pressure; DBP, diastolic blood
pressure; CRP, C-Reactive Protein; T2D, type 2 diabetes.

CRP (OR: 1.03; 95% CI: 0.90, 1.17) and DBP (OR: 1.01; 95% CI:
0.99, 1.02). Consequently, BMI, EA and TV watching were taken
forward to the final mediation analysis.

Mediation analysis

Figure 3c displays the proportion of the effect of ADHD liability on
T2D explained by each mediator separately. BMI mediated 44.23%
(95% CI: 34.34%, 52.03%) of the total effect of ADHD liability on
T2D. EA mediated 39.44% (95% CI: 29.00%, 49.73%) of the total
effect, whereas TV watching mediated 44.10% (95% CI: 30.76%,
57.80%).

We examined the proportion mediated of different combina-
tions of BMI, TV watching and EA. This was done in an effort
to find the combination that explained the most variance in the
ADHD–T2D association, as well as to investigate potential overlap
in effects between mediators.

Combining EA with any one of the other mediators resulted in
a combined proportion mediation estimate of 40–50% (Table 2).
Among the two-mediator combinations, EA + BMI explained
the largest combined mediation effect (53.31; 95% CI: −1.99%,
110.38%) of the estimated effect of ADHD liability on T2D. The
EA + TV combination showed subtly lower proportion medi-
ated (51.28%; 95% CI: −20.90%, 123.89%). BMI + TV showed
less mediating effect (26.87%, 95% CI: −36.96%, 90.89%), suggest-
ing overlapping mediating pathways between higher BMI and TV
watching.

The full three-mediator combination (BMI + EA + TV) did
not result in a higher estimate of combined proportion mediated
(45.99%, 95% CI: −6.80%, 98.73%), again suggesting overlapping
effects between these three. For all mediator combinations, delta
method estimation of confidence intervals was consistent with the
bootstrapmethod, with wider intervals that all included zero (ESM
Table S3).

Sensitivity analyses

To assess the consistency of our main MR product-of-coefficients
estimates of individual mediation, we performed additional
MVMR mediation analysis using the difference in regression coef-
ficient method. Although the estimated indirect effect through
BMI was lower, estimates for EA and TV watching were generally
similar (ESM Figure S1). Results from MVMR-Egger sensitivity
analyses showed no significant effects (ESM Table S4). However,
given the absence of evidence for directional pleiotropy, we con-
sider the MVMR-IVW estimates to be reliable. There was reason-
able instrument strength (F > 10) of SNPs for EA, BMI and TV in
all MVMR analyses. However, conditional instrument strength for
ADHD was low.

In reverseMR analyses, higher EA suggestively reduced liability
of ADHD (OR: 0.30, 95% CI: 0.26, 0.35), whereas more smoking,
hours of TV watching and a higher BMI increased the liability of
ADHD (ESM Table S5, ESM Figure S2).

Discussion

This study used a two-step MVMR approach to test a putative
causal effect of ADHD on T2D, and to explore potential mediators
in this relation. ADHD, instrumented by 25 SNPs, was associ-
ated with 10% higher odds of T2D (OR: 1.10). Individually, BMI,
EA and TV watching mediated 39–44% of the relation, with up
to 53% mediation when combining multiple mediators. However,
confidence intervals were wide and included zero for each combi-
nation. While a simulation study has shown little evidence of bias
in MR point estimates of mediation effect, the indirect effect and
the proportion mediated estimate may have large error terms in
case of amodest total effect (Carter et al., 2021).Therefore, the esti-
mated proportionsmediated are likely reliable, but some caution in
interpretation is warranted for the error terms.
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Table 2. Estimates of proportion mediated by combinations of factors

IDE and 95% CI Prop and 95% CI

Combinations Total effect Direct effect IDE LL UL Prop LL UL

BMI + EA 0.0958 0.0448 0.0511 −0.0019 0.1058 53.31 −1.99 110.38

BMI + TV 0.0958 0.0701 0.0258 −0.0350 0.0871 26.87 −36.96 90.89

EA + TV 0.0958 0.0467 0.0492 −0.0200 0.1188 51.28 −20.90 123.89

BMI + EA + TV 0.0958 0.0518 0.0441 −0.0065 0.0946 45.99 −6.80 98.73

IDE, indirect effect; LL, lower limit; UL, upper limit; CI, confidence interval; Prop, proportion; BMI, body mass index; EA, educational attainment; TV, television.

For the effect magnitude of ADHD on T2D, our study corrobo-
rated the estimate of a previousMR study that used 11ADHDSNPs
(OR: 1.09) (Leppert et al., 2020). This estimate is however smaller
than the OR reported in a recent study that used 26 instruments
(OR: 1.30) (Baranova et al., 2023). Using the same methods and
GWAS data as described in the Baranova study, we however reas-
suringly arrived at an effect estimate similar to our main analysis
(OR: 1.10, ESM Table S6, ESM SNP data 9), thus we were unable
to replicate the larger Baranova estimate of OR 1.30. Results from
a meta-analysis and an observational study also demonstrated a
positive association (OR: 2.29 and HR: 2.35, respectively) between
ADHD and T2D (Garcia-Argibay et al., 2023). It must be men-
tioned that MR results are necessarily on the liability scale (i.e. per
log-odds unit increase in genetic liability to ADHD) rather than
the binary scale (ADHD yes/no), thus the observational estimate
cannot be directly compared to our MR estimates.

We found evidence that BMI mediates the effect of ADHD on
T2D. Multiple studies have demonstrated that ADHD liability is
associated with an increased risk of obesity (Karhunen et al., 2021;
Nigg et al., 2016) or higher BMI (Liu et al., 2021). Garcia-Argibay
et al. (2023) also found observational evidence of a mediating role
of obesity. We extended the evidence that this mediating path-
way is causal. Impaired inhibitory control and reward sensitivity
that characterize ADHD could result in unhealthy, irregular eat-
ing habits (Cortese and Castellanos, 2014) thus leading to obesity.
Given that obesity, or elevated BMI are thought to be the primary
causes of T2D (Censin et al., 2019; Sun et al., 2022), the indirect
pathway from ADHD to obesity/higher BMI to T2D might be the
most relevant.

Furthermore, we found that part of the association between
ADHD and T2D is driven by lower educational attainment, which
is related to lower SES, and accordingly lower financial security,
lower quality employment and less job security (Galobardes et al.,
2006a, 2006b). These SES-related risk factors are associated with
T2D, potentially due to poorer nutrition, poorer health behaviours,
less healthcare seeking and poorer access to (high quality) health-
care (Gavin et al., 2024; Krishnan et al., 2010; Zhang et al., 2022).
Therefore, associations between ADHD and T2D may not only be
driven by educational attainment, but also partly be driven by the
socio-economic context into which individuals with ADHD are
sorted by the educational system (Schmengler et al., 2023). Thus,
ADHD related symptoms, such as forgetfulness, and difficulty in
engaging and sustaining attention, could induce poor performance
in school (Jangmo et al., 2019). As a consequence, children with
ADHD are more often assigned to lower educational tracks in
selective educational systems, subsequently leading to lower edu-
cational attainment, illustrating the health-related selection into
lower SES (Schmengler et al., 2023).

Next to BMI and EA, our study suggests sedentary behaviour,
measured by TV watching, is a mediator. Those with ADHD are
observed to engage in more screen time (Ansari and Crosnoe,

2016), with dose-dependency on severity of ADHD (Montagni
et al., 2016; Vaidyanathan et al., 2021). Possibly, ADHD people are
prompted to watch TV or gaming to seek arousal, or to avoid social
difficulties (Roberti, 2004; Vandewater et al., 2005). Such sedentary
behaviour could lead to increases in trunk and body fat percentage,
thereby increasing risk of T2D (Li et al., 2022a).

Themediation effects of the three pathways described above are
not expected to be independent of each other, given the strong
(genetic) correlations and potential causal relationships between
BMI, EA and sedentary behaviour (Cassidy et al., 2017; van de
Vegte et al., 2020; Zhang et al., 2022). We therefore performed
analyses in which we modelled combined mediation effects. These
indeed yielded non-additive results, i.e. combined effects through
all three mediators were smaller than the sum of the individual
effects, corroborating overlap in mediation effects. Our MVMR
results show that each individualmediator generally retains signifi-
cant effects on T2D conditional on the other mediators, suggesting
partially independent effects and thus incomplete overlap. We
additionally found there that nearly half of the total effect remains
unexplained by BMI, EA and TV watching. Other mediating path-
ways thus likely exist. A recent register-based study suggests the
observed association between ADHD and T2D is largely explained
by psychiatric comorbidities, with unhealthy behaviours (smoking
and drinking), dietary habits and neurobiological abnormalities
proposed as possible explanations (Garcia-Argibay et al., 2023).
Once sufficiently large GWAS studies on these potential additional
mediators are available, it would be possible to assess their indirect
effects through MR.

The difference of coefficients method returned a much lower
estimate of proportion mediated by BMI than our main products
method (16% vs 44%). Possibly, this is due to non-collapsibility of
the odds ratio. The mediation literature recommends the product-
of-coefficients method, but binary outcomes must have a low
prevalence (i.e. <10%), so that the odds ratio approximates the
linear risk ratio (Vanderweele and Vansteelandt, 2010). In case
of common outcomes (i.e. prevalence >10%), estimates from
the product-of-coefficients method and difference of coefficients
method are unlikely to perfectly align (Carter et al., 2021). In the
present study, both methods agreed on mediation by BMI, EA and
TV watching. Nevertheless, some caution is warranted with regard
to the differing BMI estimates, as well as our estimates of combined
proportion mediated, for which we necessarily used the difference
method.

In sensitivity reverse MR analysis, we found surprising results
suggestive of reverse causation, i.e. several of our candidate medi-
ators (i.e. smoking, BMI, EA, TV watching) are suggested to cause
ADHD. Such effects of smoking and EA on ADHD were also
reported in another MR study (Soler Artigas et al., 2023). There is
evidence that physical exercise mitigates ADHD symptoms (Choi
et al., 2015; Rommel et al., 2013) and some evidence that screen
time reduces executive functioning (Liu et al., 2022) and thus, some

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press

https://doi.org/10.1017/S2045796024000593


Epidemiology and Psychiatric Sciences 9

bidirectionality is possible. However, we find it highly unlikely that
these factors cause onset of ADHD. A plausible explanation is that
MR estimates (both in forward and reverse analyses) are affected by
biased GWAS estimates induced by (spurious) gene-environment
correlation (Quinn and D’Onofrio, 2020). Also, gene-trait associ-
ations are possibly mediated through the family environment due
to assortative mating (partner choice based on similarity, result-
ing in non-random distribution of genetic variants) (Howe et al.,
2019), dynastic effects (effects of non-transmitted alleles that affect
traits through the environment) (Kong et al., 2018). Alternatively,
reverse causation could be due to inherited alleles, i.e. parental
EA and smoking, for instance, would affect offspring ADHD risk
and severity of symptoms. Genetic propensity towards lower EA
and smoking in individuals with ADHD could thus be inherited
from the parents. Indeed, there is evidence that the above described
phenomena could affect genetic studies into ADHD. One study
found evidence that liability of earlier age at first sexual intercourse
and of lower rate of past tobacco smoking in non-heavy smokers
increasing the odds of ADHD (Soler Artigas et al., 2023), similar to
the chronologically implausible reverse effect of EA on ADHD in
our study. These apparent reverse effects may be driven by dynas-
tic effects, as literatures linked young parental age or maternal
smoking with increased risk of ADHD in children (Huang et al.,
2018; Hvolgaard Mikkelsen et al., 2017). Assortative mating is also
likely in individuals with ADHD, with a sevenfold higher odds of
ADHD in the partner (Nordsletten et al., 2016). Studies comparing
within-family with population-based GWAS estimates found that
within-sibship estimates are smaller than population estimates,
for educational attainment, cognitive ability, depressive symptoms
and smoking, with a shrinkage in SNP effects that ranged from
19% (smoking) to 50% (depressive symptoms) (Howe et al., 2022).
Although the authors did not investigate ADHD, their results sug-
gests that SNP-estimates of population-based GWAS on cognition
and mental health could in part be confounded by demographic
effects (population stratification, assortative mating) and indirect
genetic effects. In contrast, one twin study investigated within- and
between-family differences in ADHD polygenic score effects on
ADHD symptoms found little difference (Selzam et al., 2019). This
suggests that for ADHD, confounding by demographic and indi-
rect genetic effects is negligible. Given all the above, although there
is currently limited evidence of bias in population-based GWAS on
ADHD, we cannot exclude the possibility that ADHD SNP esti-
mates are biased through these phenomena. Within-family analy-
sis is thought to be largely robust against these effects (Brumpton
et al., 2020; Davies et al., 2019).Therefore, sufficiently large within-
family data (e.g. parent-offspring trios, between-sibling design),
currently unavailable for ADHD, is needed to account for such
potential sources of bias in GWASs and MR and further validate
our findings.

Given the evidence for a causal effect of ADHD on T2D,
it is to be expected that successful management of ADHD will
reduce T2D risk either directly or through increasing EA, reduc-
ing BMI and promoting non-sedentary behaviour in individuals
with ADHD. Based on large registry data, it has been shown
that treatment with ADHD medication increases school grades
as well as the probability of completing upper secondary educa-
tion (Jangmo et al., 2019), while discontinuation of ADHD med-
ication was associated with a (small) decline in grades (Keilow
et al., 2018). Similarly, test scores were higher during periods on
rather than off medication (Lu et al., 2017). Collaborative school-
home behavioural interventions may also benefit educational out-
comes (Pfiffner et al., 2013). With regard to reducing BMI, it is

known that stimulant treatment reduces appetite, and thus, weight
loss, in children with overweight or obesity and ADHD, stim-
ulant treatment yields an additional benefit in terms of weight
management (Fast et al., 2021). Similarly, we already mentioned
that physical exercise reduces ADHD symptoms (Choi et al., 2015)
with the added advantage that this may benefit weight lower-
ing. Finally, it is implausible that stimulant treatment reduces
sedentary behaviour and screen time, but behavioural interven-
tions, although not specifically studied in individuals with ADHD,
may provide effective treatment (Jones et al., 2021). Finally, high
BMI in individuals with ADHD could additionally be targeted
through diet (e.g. replacing a ‘Western-style’ diet with a healthy
diet) (Howard et al., 2011; Millichap and Yee, 2012). It has also
been reported that altering themetabolic profile via restriction and
elimination diets will reduce bothADHD symptoms and BMI level
(Pelsser et al., 2011).

PreviousMR studies that investigated mediation generally used
IVW estimates, which relies on the strong assumption of absence
of horizontal pleiotropy. Given that horizontal pleiotropy is likely
to be pervasive (Hemani et al., 2017), using IVW estimates might
not always be appropriate. We therefore relied on the MR-MoE
tool which uses a reproducible, pre-definedmachine learning algo-
rithm to identify the most appropriate models and thus most
reliable univariable MR estimates that were then taken forward to
mediation analysis. For the MVMR setting however, relatively few
pleiotropy robust methods are available, and to our knowledge, no
machine learning algorithm for prioritizing MVMR models exists.
Thus, theMVMR-IVWestimates of direct effectswe used formedi-
ation analysis may be biased by pleiotropy, even though estimates
from MVMR-Egger were largely consistent. Future study, simu-
lation or otherwise, may investigate potential machine learning
algorithms to prioritize MVMR models.

This is the first study that systematically explores mediating
mechanisms in the relation between ADHD and T2D using MR
methods.We used themost comprehensive large-scale GWAS data
available to us, optimizing the power and precision of our study.
Several limitations must be acknowledged. First, we already men-
tioned that gene-environment correlation, assortative mating and
dynastic effects may bias GWASs and by that MR. This awaits
GWASs that use within-family data. Second, MR may be biased
by pleiotropic effects of SNPs, i.e. genetic variants influencing
the outcome through other pathways than the exposure, which
would be a violation of exclusion restriction criterion. Therefore,
we compared estimates from a wide range of pleiotropy robust
MR analyses, which generally and reassuringly showed consis-
tency. Nevertheless, MR makes several assumptions that are strong
and untestable, and thus MR results should be interpreted with
caution. Third, the present study assumes the absence of expo-
sure × mediator interaction, the investigation of which requires
large-scale individual level data and is therefore not possible with
summary level data. Four, conditional instrument strength for
ADHD in MVMR was low (F < 10). Future, more powerful
GWAS may identify stronger instruments for ADHD with which
our MVMR results may be corroborated. Fifth, if any sample
overlap existed between GWAS studies it may have biased MR
estimates towards observational, possibly confounded, associa-
tion estimates (Burgess et al., 2016). These limitations illustrate
that more evidence is needed to firmly establish causality, by tri-
angulating with future observational and (quasi-)interventional
studies.

We conclude that there is a possible causal relationship between
liability of ADHDandT2D, in whichADHD liability causes higher
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T2D risk through higher BMI, more TV watching and lower
EA. Intervention on these factors may have beneficial effects on
reducing T2D risk in individuals with ADHD.
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Dehghan A, Köttgen A, Abecasis GR, Meigs JB, Rotter JI, Marchini J,
Pedersen O, Hansen T, Langenberg C, Wareham NJ, Stefansson K,
Gloyn AL, Morris AP, Boehnke M and McCarthy MI (2018) Fine-
mapping type 2 diabetes loci to single-variant resolution using high-
density imputation and islet-specific epigenome maps. Nature Genetics 50,
1505–1513.

Martins-Silva T, Vaz JDS, Hutz MH, Salatino-Oliveira A, Genro JP,
Hartwig FP, Moreira-Maia CR, Rohde LA, Borges MC and Tovo-
Rodrigues L (2019) Assessing causality in the association between attention-
deficit/hyperactivity disorder and obesity: A Mendelian randomization
study. International Journal of Obesity 43, 2500–2508.

Michaëlsson M, Yuan S, Melhus H, Baron JA, Byberg L, Larsson SC and
Michaëlsson K (2022) The impact and causal directions for the associa-
tions between diagnosis of ADHD, socioeconomic status, and intelligence by

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press

https://doi.org/10.1017/S2045796024000593


14 Zhang et al.

use of a bi-directional two-sample Mendelian randomization design. BMC
Medicine 20, 106.

Millichap JG and Yee MM (2012) The diet factor in attention-deficit/hyperac-
tivity disorder. Pediatrics 129, 330–337.

Montagni I, Guichard E and Kurth T (2016) Association of screen time
with self-perceived attention problems and hyperactivity levels in French
students: A cross-sectional study. BMJ Open 6, e009089.

Nigg JT, Johnstone JM, Musser ED, Long HG, Willoughby MT and
Shannon J (2016) Attention-deficit/hyperactivity disorder (ADHD) and
being overweight/obesity: New data and meta-analysis. Clinical Psychology
Review 43, 67–79.

Nightingale CM,RudnickaAR,DoninAS, SattarN, CookDG,WhincupPH
and Owen CG (2017) Screen time is associated with adiposity and insulin
resistance in children. Archives of Disease in Childhood 102, 612–616.

Nordsletten AE, Larsson H, Crowley JJ, Almqvist C, Lichtenstein P and
Mataix-Cols D (2016) Patterns of nonrandom mating within and across 11
major psychiatric disorders. JAMA Psychiatry 73, 354–361.

Pelsser LM, Frankena K, Toorman J, Savelkoul HF, Dubois AE, Pereira RR,
Haagen TA, Rommelse NN and Buitelaar JK (2011) Effects of a restricted
elimination diet on the behaviour of children with attention-deficit hyper-
activity disorder (INCA study): A randomised controlled trial. Lancet 377,
494–503.

Pfiffner LJ, Villodas M, Kaiser N, Rooney M and McBurnett K (2013)
Educational outcomes of a collaborative school–home behavioral interven-
tion for ADHD. School Psychology Quarterly 28, 25.

Polanczyk GV, Willcutt EG, Salum GA, Kieling C and Rohde LA (2014)
ADHD prevalence estimates across three decades: An updated systematic
review and meta-regression analysis. International Journal of Epidemiology
43, 434–442.

Quinn PD and D’Onofrio BM (2020) Nature versus nurture. In Benson JB
(eds), Encyclopedia of Infant and Early Childhood Development, 2nd edn.
Oxford: Elsevier, 373–384.

Rees JMB, Wood AM and Burgess S (2017) Extending the MR-Egger method
for multivariable Mendelian randomization to correct for both measured
and unmeasured pleiotropy. Statistics in Medicine 36, 4705–4718.

Relton CL and Davey Smith G (2012) Two-step epigenetic Mendelian ran-
domization: A strategy for establishing the causal role of epigenetic pro-
cesses in pathways to disease. International Journal of Epidemiology 41,
161–176.

Riglin L and Stergiakouli E (2022) Mendelian randomisation studies of atten-
tion deficit hyperactivity disorder. JCPP Advances 2, e12117.

Roberti JW (2004) A review of behavioral and biological correlates of sensation
seeking. Journal of Research in Personality 38, 256–279.

Rommel AS, Halperin JM, Mill J, Asherson P and Kuntsi J (2013) Protection
from genetic diathesis in attention-deficit/hyperactivity disorder: Possible
complementary roles of exercise. Journal of the American Academy of Child
& Adolescent Psychiatry 52, 900–910.

Ros R and Graziano PA (2018) Social functioning in children with or at risk
for attention deficit/hyperactivity disorder: A meta-analytic review. Journal
of Clinical Child & Adolescent Psychology 47, 213–235.

Saccaro LF, Schilliger Z, Perroud N and Piguet C (2021) Inflammation, anx-
iety, and stress in attention-deficit/hyperactivity disorder. Biomedicines 9,
1313.

Sanderson E (2021) Multivariable Mendelian randomization and mediation.
Cold Spring Harbor Perspectives in Medicine 11, a038984.

SchmenglerH, PeetersM, StevensG,KunstAE,HartmanCA,OldehinkelAJ
and Vollebergh WAM (2023) Educational level, attention problems, and
externalizing behaviour in adolescence and early adulthood: The role of
social causation and health-related selection-the TRAILS study. European
Child and Adolescent Psychiatry 32, 809–824.

Selzam S, Ritchie SJ, Pingault JB, Reynolds CA, O’Reilly PF and Plomin R
(2019) Comparing within- and between-family polygenic score prediction.
American Journal of Human Genetics 105, 351–363.

Simon V, Czobor P, Bálint S, Mészáros A and Bitter I (2009) Prevalence and
correlates of adult attention-deficit hyperactivity disorder: Meta-analysis.
The British Journal of Psychiatry 194, 204–211.

Skrivankova VW, Richmond RC, Woolf BAR, Davies NM, Swanson SA,
VanderWeele TJ, Timpson NJ, Higgins JPT, Dimou N, Langenberg C,

Loder EW, Golub RM, Egger M, Davey Smith G and Richards JB (2021a)
Strengthening the reporting of observational studies in epidemiology using
Mendelian randomisation (STROBE-MR): Explanation and elaboration.
BMJ 375, n2233.

Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM,
Swanson SA, VanderWeele TJ, Higgins JPT, Timpson NJ, Dimou N,
LangenbergC, GolubRM, Loder EW,GalloV, Tybjaerg-HansenA,Davey
Smith G, Egger M and Richards JB (2021b) Strengthening the reporting of
observational studies in epidemiology using Mendelian randomization: The
STROBE-MR statement. JAMA 326, 1614–1621.

Smith GD and Ebrahim S (2003) ‘Mendelian randomization’: Can genetic
epidemiology contribute to understanding environmental determinants of
disease? International Journal of Epidemiology 32, 1–22.

SmithGD and Ebrahim S (2004)Mendelian randomization: Prospects, poten-
tials, and limitations. International Journal of Epidemiology 33, 30–42.

Soler Artigas M, Sánchez-Mora C, Rovira P, Vilar-Ribó L, Ramos-
Quiroga JA and Ribasés M (2023) Mendelian randomization analysis for
attention deficit/hyperactivity disorder: Studying a broad range of exposures
and outcomes. International Journal of Epidemiology 52, 386–402.

Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB,
Stein C, Basit A, Chan JCN, Mbanya JC, Pavkov ME, Ramachandaran A,
WildSH, James S,HermanWH,ZhangP,BommerC,KuoS,BoykoEJ and
Magliano DJ (2022) IDF Diabetes Atlas: Global, regional and country-level
diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Research and Clinical Practice 183, 109119.

Team RC (2014) R: A language and environment for statistical computing.
MSOR Connections 1.

Thomas R, Sanders S, Doust J, Beller E and Glasziou P (2015) Prevalence
of attention-deficit/hyperactivity disorder: A systematic review and meta-
analysis. Pediatrics 135, e994–1001.

Treur JL, Demontis D, Smith GD, Sallis H, Richardson TG, Wiers RW,
Børglum AD, Verweij KJH and Munafò MR (2021) Investigating causal-
ity between liability to ADHD and substance use, and liability to substance
use and ADHD risk, using Mendelian randomization. Addiction Biology 26,
e12849.

UNESCO Institute for Statistics (2012) International standard classifica-
tion of education. http://uis.unesco.org/sites/default/files/documents/
international-standard-classification-of-education-isced-2011-en.pdf
(accessed 19 June 2023).

Vaidyanathan S, Manohar H, Chandrasekaran V and Kandasamy P (2021)
Screen time exposure in preschool children with ADHD: A cross-sectional
exploratory study from South India. Indian Journal of Psychological Medicine
43, 125–129.

Vanderweele TJ and Vansteelandt S (2010) Odds ratios for mediation anal-
ysis for a dichotomous outcome. American Journal of Epidemiology 172,
1339–1348.

van de Vegte YJ, SaidMA, RienstraM, van der Harst P and Verweij N (2020)
Genome-wide association studies and Mendelian randomization analyses
for leisure sedentary behaviours. Nature Communications 11, 1770.

Vandewater EA, Lee JH and Shim M-S (2005) Family conflict and violent
electronic media use in school-aged children. Media Psychology 7, 73–86.

Viner R, White B and Christie D (2017) Type 2 diabetes in adolescents: A
severe phenotype posingmajor clinical challenges and public health burden.
Lancet 389, 2252–2260.

Vogelezang S, Bradfield JP, Ahluwalia TS, Curtin JA, Lakka TA, Grarup N,
Scholz M, van der Most PJ, Monnereau C, Stergiakouli E, Heiskala A,
Horikoshi M, Fedko IO, Vilor-Tejedor N, Cousminer DL, Standl M,
Wang CA, Viikari J, Geller F, Íñiguez C, Pitkänen N, Chesi A, Bacelis J,
Yengo L, Torrent M, Ntalla I, Helgeland Ø, Selzam S, Vonk JM,
Zafarmand MH, Heude B, Farooqi IS, Alyass A, Beaumont RN,
Have CT, Rzehak P, Bilbao JR, Schnurr TM, Barroso I, Bønnelykke K,
Beilin LJ, Carstensen L, Charles MA, Chawes B, Clément K, Closa-
Monasterolo R, Custovic A, Eriksson JG, Escribano J, Groen-BlokhuisM,
Grote V, Gruszfeld D, Hakonarson H, Hansen T, Hattersley AT,
Hollensted M, Hottenga JJ, Hyppönen E, Johansson S, Joro R,
KähönenM, Karhunen V, Kiess W, Knight BA, Koletzko B, Kühnapfel A,
Landgraf K, Langhendries JP, Lehtimäki T, Leinonen JT, Li A, Lindi V,
Lowry E, Bustamante M, Medina-Gomez C, Melbye M, Michaelsen KF,

https://doi.org/10.1017/S2045796024000593 Published online by Cambridge University Press

http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
https://doi.org/10.1017/S2045796024000593


Epidemiology and Psychiatric Sciences 15

Morgen CS, Mori TA, Nielsen TRH, Niinikoski H, Oldehinkel AJ,
Pahkala K, Panoutsopoulou K, Pedersen O, Pennell CE, Power C,
Reijneveld SA, Rivadeneira F, Simpson A, Sly PD, Stokholm J, Teo KK,
Thiering E, Timpson NJ, Uitterlinden AG, van Beijsterveldt CEM, van
Schaik BDC, Vaudel M, Verduci E, Vinding RK, Vogel M, Zeggini E,
Sebert S, Lind MV, Brown CD, Santa-Marina L, Reischl E, Frithioff-
Bøjsøe C, Meyre D, Wheeler E, Ong K, Nohr EA, Vrijkotte TGM,
Koppelman GH, Plomin R, Njølstad PR, Dedoussis GD, Froguel P,
Sørensen TIA, Jacobsson B, Freathy RM, Zemel BS, Raitakari O,
Vrijheid M, Feenstra B, Lyytikäinen LP, Snieder H, Kirsten H, Holt PG,
Heinrich J, Widén E, Sunyer J, Boomsma DI, Järvelin MR, Körner A,
Davey SmithG,Holm JC,AtalayM,MurrayC, BisgaardH,McCarthyMI,
Jaddoe VWV, Grant SFA and Felix JF (2020) Novel loci for childhood
body mass index and shared heritability with adult cardiometabolic traits.
PLoS Genetics 16, e1008718.

Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, Abbasi-
Kangevari M, Abbastabar H, Abd-Allah F, Abdelalim A, Abdollahi M,
Abdollahpour I, Abolhassani H, Aboyans V, Abrams EM, Abreu LG,
Abrigo MRM, Abu-Raddad LJ, Abushouk AI, Acebedo A, Ackerman IN,
Adabi M, Adamu AA, Adebayo OM, Adekanmbi V, Adelson JD,
Adetokunboh OO, Adham D, Afshari M, Afshin A, Agardh EE,
Agarwal G, Agesa KM, Aghaali M, Aghamir SMK, Agrawal A, Ahmad T,
Ahmadi A, Ahmadi M, Ahmadieh H, Ahmadpour E, Akalu TY,
Akinyemi RO, Akinyemiju T, Akombi B, Al-Aly Z, Alam K, Alam N,
Alam S, Alam T, Alanzi TM, Albertson SB, Alcalde-Rabanal JE,
AlemaNM,AliM,Ali S,AlicandroG,AlijanzadehM,AliniaC,AlipourV,
Aljunid SM, Alla F, Allebeck P, Almasi-Hashiani A, Alonso J, Al-
Raddadi RM,Altirkawi KA, Alvis-GuzmanN, Alvis-ZakzukNJ, Amini S,
Amini-Rarani M, Aminorroaya A, Amiri F, Amit AML, Amugsi DA,
Amul GGH, Anderlini D, Andrei CL, Andrei T, Anjomshoa M,
Ansari F, Ansari I, Ansari-Moghaddam A, Antonio CAT, Antony CM,
Antriyandarti E, Anvari D, Anwer R, Arabloo J, Arab-Zozani M,
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