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ABSTRACT

Objective: Attention-deficit/hyperactivity disorder (ADHD) babeen associated with widespread changes in
cortical thickness (CT). Findings have been incstesit, however, possibly due to age differencesdsst samples.
Cortical changes have also been suggested to bee@dr disappear with stimulant treatment. We stigated
differences in CT between adolescents/young aditts and without ADHD in the largest ADHD sampledate,

the NeuroIMAGE sample. Second, we investigated tsmeh differences were related to age and stimulant
treatment.

Method: Participants (ADHD=306; healthy controls=184, 61f4le, 8-28 years old, mean age=17) underwent
structural magnetic resonance imaging. Participartd pharmacies provided detailed information reigar
lifetime stimulant treatment, including cumulativeake and age of treatment initiation and ceseatertex-wise
statistics were performed in Freesurfer, modellmg main effect of diagnosis on CT and its intewactvith age.
Effects of stimulant treatment parameters on CTeweodeled within the sample with ADHD.

Results: After correction for multiple comparisons, paniants with ADHD showed decreased medial temporal CT
in both left (RLuster=-008) and right (pL.uster=-038) hemispheres. These differences were preseoss different
ages and were associated with symptoms of hypeitgcéind prosocial behavior. There were no age-agtbsis
interaction effects. None of the treatment paramsgieedicted CT within ADHD.

Conclusion: Individuals with ADHD showed thinner bilateral mialdtemporal cortex throughout adolescence and
young adulthood compared to healthy controls. Wmdono association between CT and stimulant traatnide
cross-sectional design of the current study wasraatitious interpretation of the findings.

Keywords: ADHD, stimulant treatment, cortical thickness, letegm effects, MRI



INTRODUCTION

Magnetic resonance imaging (MRI) has revealed siratand functional brain changes associated with
attention-deficit/hyperactivity disorder (ADHBY. Surface-based reconstruction of the cortical shaws
guantification of different features of corticakutture, including volume, thickness, surface ased] curvature.
Such features may represent distinct developmentalesses having separate developmental trajestoflbanges
in different features may be associated with distiforms of psychopathology Volumetric studies have
consistently reported global cortical volume reéarctin individuals with ADHB®. Widespread reductions of
cortical thickness (CT) have also been implicateADHD. Children and adults with ADHD have showrcdmased
CT in frontal corteX™ inferior and superior parietal cort8x? temporal pole, and medial temporal cottéx
However, patterns of ADHD-related cortical chanddfer widely across studies. There have been ipieltieports
of increased rather than decreased CT in individualh ADHD"'>, and other studies have found no association
between CT and clinical features of ADF{B,

Discrepant patterns of CT changes in ADHD betweeadiss may result from age differences in groups
under study. ADHD often persists into adulthBoctypically showing reduced hyperactivity but pstsit
inattention throughout adolescence. In typical ttgument, CT increases during childhood to reacpetzk in early
adolescence, after which it decreases again. Thetuhational delay” hypothesis of ADHD proposes tRat
changes observed in children with ADHD reflect &iBHD group lagging behind the typically developiggup
and reaching peak CT at a later Hg@s they grow older, adolescents with ADHD aregmsed to “catch up” with
their unaffected peers, resulting in fewer or ndical changes along with a decline in clinical pfoms at later
age (remission). The hypothesis is supported hyngnessive longitudinal sample of children and adoénts, with
an average age of twelVeA substantial proportion of children with ADHDoWwever, continues to have symptoms
in late adolescence and adulthBo®ifferences in CT in adults with ADHD have alseen reporteld™®, suggesting
thatindividuals with persistent ADHD do not show coalicormalization during late adolescence. Unfortelya
the majority of studies focused on either childeeradults, and the development of CT in (late) esoént ADHD
has not extensively been documented. One croseisalcstudy found both increases and decreased im ©lder
adolescents/young adults with ADFDZooming in on the late adolescent phase couldnafdrther elaboration of

cortical development in ADHD.



A substantial proportion of individuals with ADHDreaprescribed stimulants. MRI studies investigating
the effect of methylphenidate treatment on brailum@ and function in children with ADHD have suggesat
least partially normalizing effect§'®?° Very few have studied the effect of stimulants®@h. In a longitudinal
study, Shaw et & showed normalized developmental trajectories ofiC3timulant-treated but not in non-treated
children with ADHD. Treatment effects were locaher than global, affecting CT in the left dorselat prefrontal
cortex, and right motor and posterior parietal @ortBy contrast, other studies have reported gre@fe
abnormalities in previously medicated patiéhts observed no differences between stimulant-naiigestimulant-
treated patient§

The investigation of long-term treatment effects gadiatric groups is complex. Long-term effects
(spanning multiple years) may only be assessed$ervational studies in which individuals with ADHiave not
been randomized over stimulant and non-stimulaatinent. This creates the possibility of confoupdnldlication,
i.e. non-stimulant-treated cases may be less seweneay differ from stimulant-treated cases in othays. An
advantage of observational studies, however, i$ $hady samples are typically representative of shedy
population. To investigate stimulant treatment &@feon brain structure, “treated” and “untreatewtiividuals with
ADHD are typically compared. However, this distinatis rather crude and neglects between-subjectian in
treatment history. Whereas some classify past useréreated®, others may classify them as “untreaf@dsr
exclude such participarts Investigating treatment heterogeneity in moreiti@hay reveal mechanisms by which
stimulant treatment may affect brain structure.

In the current study, we compared CT in a largeptarof adolescents/young adults with ADHD (n=306)
to that of a healthy control sample (n=184). Furtlibe linear and non-linear effects of age on geanin CT
associated with ADHD (if any) were investigatedst,ave tested the effect of multiple well-definddnsilant
treatment parameters. The current study adds tergndous volumetric findings of our group with ADHbeing
associated with global rather than local volumeuctiong. Other neuroimaging studies based on the samelsamp
investigated volumetric featuré5? structural connectivity’2° or functional MRIF®>® To the best of our

knowledge, CT has not previously been studied iARRID sample of this size.

METHOD

FParticipants



Participants were selected from the Dutch followphjase of the International Multicenter ADHD Geogti
(IMAGE) study**~*® ADHD diagnosis, ADHD severity, and presence afoobid disorders were established using
an algorithm based on both the Schedule for Affecisorders and Schizophrenia for School-Age Caid(K-
SADS”) and Conners’ ADHD questionnaires for pardhtseacherS, and adult participarts See** and
Supplement 1 (available online) for more detailsl aelevant publications regarding the sample aragjrobstic
algorithm. 1Q was estimated from the subtests “botary” and “block design” of the Wechsler Inteligce Scale
for Children — Version I (participants< 16 years old) or the Wechsler Adult Intelligena=l® — Version If®
(participants > 16 years old). The subtest “digiars’ was administered as an indication of workingnmory
capacity. In addition, the Strengths and Difficesti Questionnaire for Children (CSDQ) was admingst&t
Socioeconomic status (SES) was calculated as tkeage (of both parents) number of years of educatio
Participants withheld use of psychoactive drugsdtdhours prior to their visit. Informed consentsvgagned by all
participants and parents (parents signed infornoadent for participants < 12 years old). Testingktplace at the
University Medical Center of either Amsterdam orjmftgen. The study was approved by the local ethical
committee. The final sample consisted of 306 pigditts with ADHD and 184 healthy control particitmbetween
the ages of 8.3 and 27.8 years old (M=17.05, S[8)3.3
Assessment of medication history

Lifetime medication transcripts from pharmacies evavailable for 74% and covered lifespan for 25% of
participants with ADHD. In addition, a questionmaiwas administered to all participants and parestsessing
lifetime history of psychoactive medication. Whehapmacy transcripts did not fully cover the selfoged
treatment period, medication parameters of theingsgeriod(s) were calculated from the questiorendiata and
were added to the measures derived from the pharrRatrospective assessment of ADHD medicationshasvn
good to excellent concordance between parent- d&ydigan-report, even after multiple ye&tsThe following
indices of stimulant treatment (methylphenidate edmate/extended release and dexamphetamine priepa)at
were calculated: history of treatment (stimulanp@sed vs. stimulant-naive); start age; stop agelianeage of
exposure (age in years at the median of all expdagd); treatment duration corrected for age (tneat duration
divided by [age minus the minimum start-age witthia sample, i.e. age 2.3]); mean daily dose (aeetage in mg

for all exposed days; dexamphetamine dose was ptiettiby two); cumulative intake corrected for gdgerrected



treatment duration multiplied by mean daily doseid time since last treatment (age minus stop &ge)stimulant-
naive patients, mean daily dose, treatment duraind cumulative intake were zero; start age wamited as the
participant’'s age at scan (mimicking late initiafijp and stop age was imputed as age 2.3 (mimickaudy
cessation).
MRI acquisition and analysis

MRI data was acquired at 1.5T on a Siemens Songdansr at the University Medical Center in
Amsterdam, and on a Siemens Avanto scanner in ggmewith an identical 8-channel phased array aod
identical acquisition parameters. There were nammagrdware upgrades on either of the scanneragltiie study.
Comparability of MRI data from the two sites haseasively been described elsewl&r&canning parameters and
quality assurance procedures are described in Songpit 1, available online. Cortical reconstructias performed
with Freesurfer (http://surfer.nmr.mgh.harvard.¢it® Freesurfer is an automated technique to crea8Da
reconstruction of the cortical sheet that uses bothnsity and continuity information, with goodsteetest
reliability across scanner stati6hsCT was calculated for each vertex on the recoostd cortical sheet and
defined as the closest distance from the gray/wittendary to the gray/CSF bound@ngCortical surface area, used
in post hoc analyses, was measured at the geomattitie between the inner and outer cortical sefaé& 10mm
full width at half maximum surface-based smoothkegnel was applied. Average CT per participant ealsulated
across all vertices. Total brain volume was catedas the sum of Freesurfer estimated total gndywite matter
volume.
Data analysis

Statistical modeling was performed with the glniiel embedded in Freesurfer, and in the secondnust
in SPSS version 20.0.0?2 The effects of diagnostic group (healthy contregs participants with ADHD) and
stimulant exposure (stimulant-exposed vs. stimutaite) on CT were analyzed in a linear main e$fenbdel
including gender, scanner location, and SES asrizies, and age and &gas optional per-vertex covariates.
Optimal modeling of age as a covariate across dinex was obtained in a two-step approach: Fietiyvben-group
differences were evaluated with both age and agéhe model in all vertices where dgggnificantly contributed to
the prediction of CT. Second, in all other verticege was kept in the model only where it signiftbacontributed
to the prediction of CT. As a result, each vertertained either a quadratic, a linear, or no eftéetge (Figure S2,

available online). IQ was not added as a covaitathe primary analyses, since we consider lowetd®e part of



the ADHD phenotyp®. In two additional vertex-wise models, we testge-hy-diagnosis and agby-diagnosis
interactions.

Comparing stimulant-exposed to stimulant-naive igipents allowed detection of between-group
differences of medium effect sizecfpose=270, Mave=36; two-tailed alpha=0.05, power=0.80, smalleseciable
Cohen’s d effect size=0.50). We further investigateatment effects by vertex-wise linear modebhgontinuous
treatment variables within the ADHD sample, i.eatment duration corrected for age, mean daily dnsaulative
intake corrected for age, start age, stop age,aneatie of exposure, and time since last treatriibese parameters
were initially tested in seven separate modelsgiptiag CT with gender, scanner location, SES, agel agé as
covariates (Bonferroni correction, cluster-wisehalfY), and then simultaneously for those treatnpamémeters
significantly predicting CT. Unlike in the case-tmt analyses, linear and quadratic age-terms wealeded for
each vertex, as they were expected to be correlaitbdthe predictor variables. With this approaobgression
coefficients of small to medium effect size could tetected @ra.=290; per vertex: two-tailed alpha=0.007,
power=0.80, smallest detectable Coher’'sffect size =0.067).

We applied Monte Carlo simulation testing (10.06fr4tions, vertex-wise threshold p<.01, clusterewis
threshold p<.05) to correct for multiple comparisolVithin each significant cluster, mean CT andaug area
were extracted for each participant in standardesga perform post hoc and sensitivity analyseSRES. We
reported cluster size and p value from the MontddCsimulation testing in Freesurfer, and estimatearginal
mean CT per group and Cohen’s d effect size fram3RSS analyses.

Exploratory post hoc analyses were performed testigate clinical correlates of case-control déferes
or treatment effects within participants with ADHD=306). In separate linear mixed effects modelsamCT
within each cluster was predicted by number of hgpevity symptoms, number of inattention symptothsth
derived from the K-SADS interview and Conners’ dgimmaires), four subscales of the CSDQ (conduablems,
emotional problems, peer problems, and prosocialater), working memory capacity (maximum digit spa
backwards), and 1Q. Gender, scanner site, SES,iappropriate, age and &gevere used as covariates. Second,
we tested whether cortical surface area was affectelusters of significant between-group or tneait effects.
Last, for each significant cluster, we tested ageliagnosis, adeby-diagnosis, and age-quintiles-by-diagnosis

interactions effects.



Sensitivity analyses were performed to investighérobustness of our findings. First, a randorarzgpt
per family was added to the model to account fgrethelencies among participants from the same farriyther
sensitivity analyses entailed repeating each aisalygth 1Q, average CT, and total brain volume dslittonal
covariates, respectively, and repeating each asalyishin subgroups, i.e. within each of the twasging sites,
within boys and girls, within five age quintilesgéx<14.05; age=14.06-16.21; age=16.22-18.01; agé218).04;
and age>20.04), within participants who had neesmeived psychoactive treatment other than stimsiaautd
within participants without any comorbid diagnog€able S3, available online). Furthermore, vertégenanalyses
in Freesurfer were repeated with 1Q, average CT tmal brain volume as covariates to allow detectof

additional clusters (Table S4 and Figure S4, akbkdlanline).

RESULTS
Demographic and clinical information

Compared to healthy controls, participants with ADtere more likely to be male, to have participated
Nijmegen, and had lower SES and I1Q (Table 1). Ffuty percent of participants with ADHD were of cbimed
type (n=134). Thirty-three percent of participawith ADHD had a comorbid disorder (n=100), mostppositional
defiant disorder and/or conduct disorder (n=917%29, but also tic disorders (n=3, 1.0%) and anxgsgression
(n=11, 3.6%). Eighty-eight percent (n=254) of pap@ants with ADHD had received stimulant treatmansome
point in their lives, including immediate-release=245, 84.5%) and/or extended-release (n=201, 69.3%
methylphenidate preparations and/or dexamphetaifrin@5, 8.6%). Compared to stimulant-naive participa
stimulant-exposed participants were more likeh\b&omale, to have participated in Nijmegen, werengeun, and
had lower 1Q and more hyperactivity-impulsivity sgtams (Table 2).

Medication parameters could be calculated for ttegority of participants with ADHD (n=290, 94.5%;
including 254 stimulant-exposed participants, 87.6@n average stimulant-exposed participants hadived 4.9
years of stimulant treatment (SD=3.19; range 048-1) corresponding to 33% of their lives. Theyrtsth
stimulant treatment, on average, at age 8.5 (S@¥=2ange 2.30-20.61), and received a mean dosé ofBper day
(SD=12.47; range 10.00-78.52). Forty-nine percastl@5) of stimulant-exposed participants had ceaszdment
at least three months and on average 1.6 yearstpritudy participation, with an average stop abé5.5 years

(SD=3.27; range 4.86-23.38). Twenty-eight percanB(l) of all participants had received psychoacthezication



other than stimulants, including atomoxetine (n=B®,5%), clonidine (n=18, 6.2%), antidepressants @n 5.5%),

atypical antipsychotics (n=48, 16.6%), and benzbies/anxiolytics (n=15, 5.2%).

CT in participants with ADHD vs healthy controls

Participants with ADHD showed decreased CT in thedia temporal cortex in both left (cluster
size=468mm pcLuster=-008; Cohen’s d effect size=0.443; ©F3.323mm; CRpnp=3.182mm) and right
hemisphere (cluster size=368Mm pcLuster=-038; Cohen’s d effect size=0.445; G¥3.224mm;
CTapnp=3.113mm; Figure 1). These case-control differengese significant after accounting for dependencies
among participants from the same family, were preseboth testing sites and both genders, remasigrificant
when participants with comorbid diagnoses or psgchise medication other than stimulants were exatiicand
when 1Q, total brain volume, and average CT (re$pelg) were added to the model as additional ciavas (Table
S3, available online). In vertex-wise analyses wWiphand average CT as an additional covariate ftasigerior
parietal cluster of increased CT in participantthwADHD reached significance as well (Table S4, &glire S4,
available online). In the primary analyses, the sgmttern was observed but failed to reach sigmifie after
correction for multiple testing (data not shown).

Agée? did not contribute to the prediction of CT in eittof the medial temporal clusters, and the lirseger
term contributed in the right but not the left heptiere cluster (Figure S2, available online). Cthef ADHD and
healthy control groups within each cluster was tpbbtin five age quintiles (Figure 2). The directioh effect
remained unchanged in all age groups, and there werage-by-diagnosis @r=.137, Ricur=-328) or age-
quintile-by-diagnosis (grr=.085, Rcir=.135) interaction effects. In accordance, we foural age/ageby-
diagnosis interaction effects in vertex-wise anedyshere was no between-group difference in @rsigrface area
within the left (p=.241) or right (p=.166) clustévain effects of gender, site, and SES are in T&3deavailable
online.

Stimulant exposure

There were no differences in CT between stimuleedted and stimulant-naive participants with ADHD.
Treatment duration corrected for age, mean dailyedeumulative intake corrected for age, start agEp age,
median age of exposure, and time since last tredtdie not predict CT within the ADHD sample.

Post hoc analyses: clinical correlates



Exploratory post-hoc analyses indicated that intigpants with ADHD, CT within the left medial
temporal cluster was related to number of hyperdgtisymptoms =-0.039; p=.020), but not to number of
inattention symptoms (p=.571), conduct problemsi3), emotional problems (p=.200), peer problepsd (562),
prosocial behavior (p=.647), working memory capait=.651), or 1Q (p=.730). Within the right mediaimporal
cluster, CT was related to prosocial behavigr0(031; p=.034), but not to symptoms of inattent{ps.985),
hyperactivity (p=.246), conduct problems (p=.9%Motional problems (p=.971), peer problems (p=.,76®yking

memory capacity (p=.789), or IQ (p=.817).

DISCUSSION

The current study investigated CT among adolescamisyoung adults with ADHD and its associations
with age and stimulant treatment. We found bildteiecreased medial temporal CT in participants wAIDHD
compared to healthy control participants. Thesderifices were present across different ages, wete n
accompanied by changes in cortical surface area aa driven by global brain changes, and wereaated with
symptoms of hyperactivity and prosocial behavicespite having the largest ADHD sample to date withstantial
within-subject treatment variability, we found rgsaciation between CT and stimulant treatment tyisto

Reduced CT in medial temporal regions, including ttippocampus, amygdala, and parahippocampal
cortex, has previously been reported in pedigtric*and aduftt ADHD groups. Smaller medial temporal volumes
have been associated with impaired response ifdmibin individuals with ADHD®, and structural changes of the
hippocampus and amygdala have been associatedemittional dysregulatiof®’. In a volumetric study of the
current sample, a decrease in overall grey mattieinve but no changes in hippocampal or amygdallmves were
detected in participants with ADHDDiscrepant findings may be expected, however,esicartical volume is
determined by cortical thickness as well as otharameters (i.e., surface area and gyrification).adidition,
analyses of regional cortical volumes (including tippocampus) in the volumetric study were coeedor global
brain changes. Smaller hippocampal volumes may Ilh&en masked by the reduction in total brain volume
participants with ADHI. In the current study, adding global brain measuiid not change our findings, suggesting
that decreased medial temporal CT may not be celatglobal changes. Our findings add to the grgwindy of
evidence suggesting that regions outside the fraitiatal circuits may be important in the pathggiblogy of

ADHD®®, Our exploratory and preliminary post hoc analyseggest a link between left medial temporal CT and



hyperactivity symptoms, a core feature of ADHD. Tdtieical relevance of decreased medial temporaliCtb be
further elaborated in future studies, in which hyo#ivity and prosocial behavior but also typicaddial temporal
functions such as memory should be addressed.

The current study being cross-sectional, any figslinegarding developmental changes or age effects
should be interpreted with caution. Nevertheless,sbudy provides several interesting findings rdijey age and
ADHD. First, both clusters of case-control diffecenoccurred (at least partially) in regions whefe Was not
related to age (Figure 2). In most other vertic&§, decreases with increasing age (Figure S2, dlailanline).
Case-control differences thus occur in the absefdevelopmental changes in CT. Second, we foundgaby-
diagnosis or adeby-diagnosis interaction effects. Thus, the metBahporal case-control differences are equally
driven by younger and older participants. The dgwelental delay hypothesis proposes that, lateeireldpment,
some children with ADHD “catch up” with their tygitty developing peet§ resulting in smaller cortical
abnormalities accompanied by (at least partiab)icdl remission. This hypothesis could not be tkgatethe current
study, since no cases of remittent ADHD were inethldWe emphasize again the cross-sectional nafutieeo
current study. As a group, the older participanith WWDHD may differ from the younger ones. A siz&aportion
of participants within the younger ADHD groups miaynit during adolescence, whereas this has notratin the
older ADHD groups. This more heterogeneous comioositf the younger age groups may have masked gay a
by-diagnosis interaction effects. There is a cleeed for long-term longitudinal studies to charaete cortical
development associated with persistence and remis$iADHD during late adolescence/young adulthood.

Despite having sufficient power to detect even smffécts, we found no associations between stintula
treatment and CT. Any treatment parameter, regssdbé its correlations with the other parametersula have
shown its individual effect (if any) in our initi@pproach of modeling each parameter separately.absence of
stimulant treatment effects has two implicationsdar findings. First, it aids the interpretatiohtbe case-control
differences. As the ADHD sample consisted largdlstimulant-exposed participants with an averagatment
duration of almost five years, any case-controfedénces we observed may have been the resultirofilant
treatment rather than associated with the ADHD phgoe. Two recent studies both reported hippocamplaime
reduction in adults with ADHD who had during chitdid been treated with stimulants, but not in stant#haive
adults with ADHD** The lack of association between stimulant treatnand CT within our ADHD group,

however, renders this explanation less plausible.
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Second, our findings do not support with the hypsit of CT normalization with stimulant treatment.
Most previous studies suggesting structural nomatibn with stimulant treatment reported corticalwme rather
than thickness, of which two recent studies fowidence in meta-regression analyse#n one study, development
of CT over time was found to be normalized in m#ptints with ADHD who received stimulant-treatmémt24)
compared to those who did not (n=19). These effeet®e confined to specific brain regions, includitg left
dorsolateral prefrontal cort€x In a larger study of the same group, howeverstiraulant treatment effects were
found. We found no evidence of stimulant treatment beisgociated with CT. Possibly, long-term stimulant
treatment affects cortical volume but not thicknésmg-term treatment effects across differenticaltfeatures are
an interesting opportunity for future studies.

The current study had several strengths. Firstsamrple comprised older adolescents and youngsadunt
age group that has received very little attentioprievious studies. Second, as pediatric long-teezatment effects
cannot be studied in randomized clinical trial® tlurrent study took advantage of its observatio@élire. This
resulted in a large and representative samplewitp a detailed investigation of between-subjectiateon in
treatment history. Third, access to pharmacy recaltbwed exact quantification of lifetime stimulaexposure.
This extent of detail has rarely been accomplishgatevious studies. Our study had limitations tdbe study was
cross-sectional. An optimal design to investigategtterm outcomes would be longitudinal and incladere-
treatment measurement. In accordance, an optimdy stesign would include individuals with remittd®HD as
well. Second, few participants with ADHD were naiestimulants, and the average treatment duratfothe
ADHD sample was relatively long. Future studiestrefatment effects would benefit from targeted iso of
additional stimulant-naive individuals. Third, tle@ge sample size did not allow manual editinghef Freesurfer
segmentations, which may have affected reconstruaif the cortical surface especially in the anstretemporal
lobes. However, we expect such distortions, if aoype small and randomly distributed across theigigant
groups.

In conclusion, we found reduced CT in bilateral rmetémporal cortex in youths with ADHD compared to
healthy controls. There were no age-by-diagnoseraction effects. These findings suggest ADHDtszlachanges
in CT existing throughout adolescence and youndtlaolod, and add to our prior report of overall greptter

volume reduction. In the largest ADHD sample toedate found no evidence that CT was affected bygtnt
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treatment. Our cross-sectional findings suggesiniportance of medial temporal regions in adolesé&HD, and

highlight the need for longitudinal studies of ADHRtending into late adolescence and young aduithoo
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Figure Captions

Figure 1. Regions of significant decrease in cortical thieks (cluster-wisg value < .05, corrected for multiple
comparisons using Monte Carlo simulation testing)participants with attention-deficit/hyperactivitlisorder
(ADHD) compared to healthy controls, indicated &drand projected on the pial surface of a stanthaath
template (fsaverage). Note: There were no regibivscoeased cortical thickness in participants wifdHD.

Figure 2: Cortical thickness (CT) in participants with atten-deficit/hyperactivity disorder (ADHD) and héay
controls (HC), stratified by age (Q1<14.05y; Q24€416.21y; Q3=16.22-18.01y; Q4=18.02-20.04y; Q562()
within the medial temporal clusters of case-contliffierence. Note: Age-quintile-by-diagnosis intgfan effects

are not significant. Error bars represent standakdations.
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Table 1. Demographic and Clinical Information of rigpants With and Without Attention-
Deficit/Hyperactivity Disorder (ADHD)

HC ADHD
n % n % p

Participants 184 37.6 306 62.4

Male 92 50.0 209 68.3 .001
Amsterdam 116 63.0 135 44.1 .001

Mean SD Mean SD

Age 16.77 3.15 17.23 3.43 .138
@) 106.16 13.75 97.05 15.24 .001
SES 13.33 2.50 11.61 2.23 .001

Note: HC = healthy controls; SES = socioeconomatust



Table 2. Characteristics of the Exposed and Uneg&articipants With Attention-Deficit/Hyperactiyit

Disorder
Exposed Unexposed
n % n % p
Participants 270 88.2 36 11.8
Male 192 71.1 17 47.2 .004
Amsterdam 104 38.5 31 86.1 .001
Combined type 122 45.2 12 33.3 178
Comorbid disorder 89 33.0 11 30.6 772
ODD/CD 82 30.4 9 25.0 .508
Tic disorder 3 11 0 0.0 .525
Anxiety / Depression 9 3.3 2 5.6 .501
Mean SD Mean SD
Age 17.04 3.23 18.61 4.45 .048
IQ 96.42 14.84 101.75 17.43 .049
Number of symptoms 13.36 2.93 11.55 3.13 .001
Inattentive 7.34 1.71 6.75 1.59 .053
Hyperactive-impulsive 6.03 2.30 4.89 2.80 .024
SES 11.60 2.25 11.69 2.12 .813

Note: CD = conduct disorder; ODD = oppositionalidef disorder; SES = socioeconomic status.
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Supplement 1 — Method
Description of the IMAGE-NeuroIMAGE Sample
Three-hundred-thirty-one attention-deficit/hypeigty (ADHD) families and 153 control families
participated in a diagnostic interview, questionesi and extensive magnetic resonance imaging (MRI)
scanning. The following inclusion criteria appligd all participants in the current study: parteps had to be
(1) between 8-30 years old at follow-up, (2) of &pgan Caucasian descent, (3) have ar 1D, (4) have no
diagnosis of epilepsy, general learning difficudfibrain disorders, and known genetic disordersh(sis Down
syndrome), (5) have no contra indication to MR siag, and (6) show no incidental findings on the INBan.
Healthy control participants had to fulfill the limving additional criteria: no current or past nartiealth care
utilization, no sibling(s) with any past or currgmsychiatric diagnosis, and no current or past lpsgctive
medication use. As recruitment was family-basedtipie members of one family could be includedhe same
diagnostic group. Unaffected siblings of particifsawith ADHD were excluded. Previous relevant pedgiions
from our group regarding the same sample that ar@nrthe reference list included a study focusingvorking
memory and another on the risk of developing sulestaise disorder in relation to stimulant treatmént
Scanning Parameters and Quality Control Procedures
Structural MRI acquisition consisted of two T1-weigd 3D MP-RAGE scans (Tl = 1,000 ms, TR =
2,730 ms, TE = 2.95 ms, FA = 7°; parallel imagingdeneralized autocalibrating partially parallegaisition
[GRAPPA]; 176 sagittal slices, voxel size 1 x 1 min, FOV = 256 x 256 x 176 mm). For each partictpthe
structural acquisition of highest quality was swdcby visual inspectiohaccepting only scans with no/mild
distortions. To assure Freesurfer reconstructicalityy the following reconstructions were subjectedvisual
inspection to detect regions of “flattened” or ‘legi surface and surface wholes: (1) twenty pergesmidomly
selected) of the sample; (2) all reconstructiorseldeon a structural scan with mild distortions. dRestructions
that did not meet quality criteria were excludeshirall analyses; no manual edits were made.
References
1. Van Ewijk H, Heslenfeld DJ, Luman M, et al. Mispatial working memory in ADHD patients,
unaffected siblings, and healthy controls. J Afésord. 2014; 18: 369-78.
2. Groenman AP, Oosterlaan J, Rommelse NNJ, etSdmulant treatment for attention-deficit
hyperactivity disorder and risk of developing sainse use disorder. Br J Psychiatry. 2013; 203: 912—
3. Blumenthal JD, Zijdenbos A, Molloy E, Giedd JMotion artifact in magnetic resonance imaging:

implications for automated analysis. Neuroimag€®20.6: 89-92.



Supplement 2 — Covariates
Figure S2.Clusters of significant main effects of the linead quadratic age terms (light blue and dark blue,
respectively; corrected for multiple comparisonsigdvionte Carlo simulation testing). Note: Incre@sage

was associated with decreasing cortical thicknElssre were no regions of increasing cortical thegdawith

increasing age. The two medial temporal clustesasé-control difference are delineated in red.




Table S2. Gender, Scanner, and Socioeconomic Sta(&ES)

Covariate Direction Hemi  Region Size Tiax PcLusTeR
Gender Boys > Girls R Lingual cortex 522.67 -4.578 .00480
L Precentral cortex 374.89 -6.175 .03100
R Insula 439.79 -5.401 .01300
R Superior temporal cortex 475.71 -4.982 .00820
L Middle frontal cortex 353.99 -4.629 .04050
Girls > Boys R Posterior cingulate cortex 499.60 114 .00610
L Postcentral cortex 577.36 4.980 .00230
R Precentral cortex 360.60 3.398 .04190
R Inferior parietal cortex 410.96 5.105 .01930
R Medial orbitofrontal 458.62 6.134 .00960
SES Neg R Lateral occipital cortex 434.31 -3.013 134D
Scanner site AMS < NIJM Middle temporal cortex 196.71 -15.618 .00010
L Middle temporal cortex 3,396.30 -17.608 .00010
R Middle frontal cortex 7,402.56 -12.716 .00010
L Middle frontal cortex 9,300.90 -14.960 .00010
NIJM < AMS R Inferior parietal cortex 529.24 3.065 .00400
L Superior parietal cortex 8,971.47 7.844 .00010
R Middle frontal cortex 896.99 4.627 .00010
L Middle frontal cortex 2,012.35 6.515 .00010
R Precuneus cortex 3,257.91 8.543 .00010
R Supramarginal cortex 894.47 4.618 .00010

Note: Clusters of significant main effects of caatas gender, scanner site, and Skga:=.01, pcuster=-05,

corrected for multiple testing), tested in the folbdel (cortical thickness is predicted by diagitostatus,

scanner site, gender, SES, age, and)ag®1S = scanner in Amsterdam; L = left; NIJM = soar in Nijmegen;

Neg = negative correlation;cR)ster = cluster-wise p-value after correction for mukiptomparisons; Pos =

positive correlation; R = right; Size = clusteresin mnf.



Supplement 3 — Sensitivity Analyses

Table S3. Sensitivity Analyses

LH RH
n EMMyc EMMpowp  p EMMyc EMMpprp  p

Original analyses / all subjects 490 3.323 3.182 001 3.224 3.113 .001
Within Amsterdam 251 3.347 3.221 .003  3.207 3.136 .028
Within Nijmegen 239 3.306 3.140 .001 3.256 3.092 001.
Within boys 301 3.342 3.191 .001 3.222 3.110 .001
Within girls 189 3.304 3.178 .014  3.238 3.113 .002
Within age < 14.05 99 3.252 3.201 526 3.198 3.092 .120
Within age 14.05-16.21 98 3.347 3.242 .060 3.278 144. .007
Within age 16.21-18.01 98 3.335 3.197 037 3.211 143. 162
Within age 18.01-20.04 97 3.416 3.119 .001 3.304 0948. .001
Within age > 20.04 98 3.336 3.173 .031 3.156 3.100 .334
Excluding comedication 401 3.326 3.184 .001 3.221 .113 .001
Excluding comorbidity 389 3.326 3.193 .001 3.224 115 .001
Additional covariate: 1Q 490 3.321 3.184 .001 3.227 3.112 .001
Additional covariate: TBV 490 3.323 3.183 .001 322 3.113 .001
Additional covariate: average CT 490 3.318 3.185 01.0 3.223 3.116 .001

Note: Estimated marginal mean cortical thicknessubsamples of healthy control participants andgjpants
with attention-deficit/hyperactivity disorder (ADHDand associated values within the left and right medial
temporal cluster of significant case-control diffiece. CT = cortical thickness; EMM = estimated riraigmean
cortical thickness in mm; HC = healthy control mapants; LH = left hemispherg;= cluster-wise value after

correction for multiple comparisons; RH = right hephere; TBV = total brain volume.



Supplement 4 — Vertex-Wise Analyses With AdditionalCovariates (IQ, Total Brain Volume and Average

Cortical Thickness)

Table S4. Participants With Attention-Deficit/Hyperactivity Disorder (ADHD) Vs. Healthy Control (HC)

Participants

Additional covariate  Region Cluster size pciyster = Cohen'sd EMMc  EMMaprp
IQ L medial temporal 435.07 0.012 0.415 3.355 321
R medial temporal 357.37 0.043 0.436 3.235 3.117
L superior parietal 359.33 0.037 -0.434 2.091 2.20
Average CT L medial temporal 440.36 0.006 0.417 383 3.199
R medial temporal 340.71 0.032 0.449 3.229 3.117
L superior parietal 385.43 0.014 -0.475 2.094 Q.20
TBV L medial temporal 475.00 0.009 0.425 3.349 03.2
R medial temporal 390.75 0.028 0.419 3.184 3.073

Note: Regions of significant increased and decibasetical thickness (CT; cluster-wigevalue < .05, corrected
for multiple comparisons using Monte Carlo simuattesting), in participants with ADHD comparecdhtalthy
control participants, in a statistical model indhgl estimated 1Q, total brain volume, or averagetical
thickness as an additional covariate. EMM = estdatarginal mean cortical thickness in mm; L =;left

pcLusTer= Cluster-wisg value after correction for multiple comparisonss IRght; TBV = total brain volume.



Figure S4.Regions of significant decreased cortical thicknieseed and increased cortical thickness in blue
(cluster-wisep value < .05, corrected for multiple comparisongngisMonte Carlo simulation testing), in
participants with attention-deficit/hyperactivitysdrder (ADHD) compared to healthy control partaigs, in a

statistical model including estimated IQ as an toldal covariate.



