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Abstract

Objective—This cross-sectional study sought to confirm the presence and regional profile of
previously reported changes in laminar cortical thickness in children and adolescents with Attention
Deficit / Hyperactivity Disorder (ADHD) compared to typically developing healthy subjects.

Method—High-resolution MR images were obtained from 22 (19 male, 3 female; mean age: 11.7
years) children and adolescents with ADHD and 22 age and sex matched healthy control subjects
(mean age: 11.7 years). Brain tissue volumes were estimated for each subject. Cortical pattern
matching methods were used to sample measures of laminar thickness at high spatial frequency across
homologous regions of cortex. Volume and thickness measures were compared across diagnostic
groups with and without controlling for general intelligence. False discovery rate (FDR) correction
confirmed regional results.

Results—Subjects with ADHD exhibited significant reductions in overall brain volume, gray
matter volume and mean cortical thickness compared to healthy controls, while white matter volumes
were significantly increased in ADHD. Highly significant cortical thinning (FDR-corrected p <.
0006) was observed over large areas of frontal, temporal, parietal and occipital association cortices
and aspects of motor cortex, but not within primary sensory regions.

Conclusions—Caortical thickness reductions present a robust neuroanatomical marker for child
and adolescent ADHD. Observations of widespread cortical thinning expand upon earlier cross-
sectional findings and provide further evidence to support that the neurobiological underpinnings of
ADHD extend beyond prefrontal and subcortical circuits.
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Introduction

Attention Deficit / Hyperactivity Disorder (ADHD) represents one of the most common
psychiatric disorders of youth, affecting approximately 5-12% of children and adolescents,
according to recent estimates, and approximately 4-5% of adults.1°3 This high prevalence,
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coupled with the increased risk for co-morbid conditions including disruptive behavior
disorders (~50%)4°6 and substance abuse/dependence (~40%),7: 8 underscores the morbidity
of this disorder and the need for a better understanding of the underlying neurobiology.

Symptom clusters of inattention, impulsivity and/or hyperactivity are diagnostic of ADHD,
but appear partially distinct, rendering it difficult to link these behavioral characteristics to
specific neurobiological factors. Likewise, although prior brain imaging studies support that
significant neuroanatomical differences exist between populations with and without ADHD,
the extent, timing and regional specificity of morphometric changes remain less certain. To
identify the neuroanatomical correlates of ADHD, the majority of prior structural imaging
studies have assessed volumetric changes in cortical and subcortical regions. Qualitative and
quantitative reviews of the literature support that children and adolescents with ADHD exhibit
reductions in cerebral and cerebellar volumes, where volume/area deficits of the cerebellar
vermis, the caudate and the pallidum and midsagittal callosal splenium appear amongst the
most reproducible regional findings.2-12 Consistent with the hypothesis that disturbances in
fronto-subcortical and frontal-striatal-cerebellar networks play an important role in the
pathophysiology of ADHD, prior investigations have focused on and have reported volumetric
reductions of prefrontal brain tissue.13-15 Though less frequently investigated, studies
surveying multiple brain regions have also documented volumetric reductions in parietal3:
16 temporall3 and occipital cortices, 1417 although negative findings exist.14

Recently, more advanced computational image analysis strategies that allow simultaneous
assessment of both global and local changes in anatomy have been applied to reveal imaging
markers potentially more closely associated with ADHD-related pathophysiological processes
than volume changes in arbitrarily defined regions of interest. For example, voxel-based
morphometry (VBM) methods have been applied to reveal hemisphere-specific changes in
gray matter density across several brain regions including frontal, parietal, temporal and
cerebellar cortices in children and adolescents with ADHD.17 A recent meta-analysis of six
VBM studies of ADHD, however, could only confirm regional gray matter reduction within
the right putamen/globus pallidus region, though no brain region showed significant increases
in gray matter density.18 Using a 3D surface-based approach to align gyral anatomy, brain
surface deformations indexing local brain size reductions have been reported across both lateral
prefrontal and temporal areas, although increased gray matter density was observed in posterior
temporal/inferior parietal cortices bilaterally in children and adolescents with ADHD
compared to controls.19 A study using deformation based morphometry methods further
suggests local volume reductions across most lobar regions and the basal ganglia in ADHD,
although volume enlargements were observed in the occipital lobe.20

Cortical thickness presents a measure of brain structure that may more closely reflect alterations
of neural cytoarchitecture associated with neurobehavioral disturbances in ADHD. A few prior
studies have assessed cortical thickness changes in children and adolescents with ADHD.
Specifically, Shaw et al.2! used a fully automated measurement approach to show global
cortical thinning in a large sample of children with ADHD, where significant regional findings
were observed in superior prefrontal and precentral and anterior temporal cortices. Using a
combined cross-sectional and longitudinal study design, these authors further demonstrated
that cortical thinning remains constant over time in ADHD in all cortical regions with the
exception of the right parietal cortex. A larger follow-up study, however, also demonstrated
that the normal developmental trajectories for obtaining peak cortical thickness are delayed in
ADHD across widespread areas of cortex including prefrontal regions.22 Furthermore,
observations of reduced cortical thickness in adults with childhood onset ADHD within
prefrontal, lateral inferior parietal, and cingulate cortices suggest that cortical thickness deficits
persist, at least in individuals that remain symptomatic.23 One independent study of child and

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2010 October 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Narr et al.

Method
Subjects

Page 3

adolescent ADHD by Wolosin et al.24, however, failed to detect ADHD-associated changes in
cortical thickness in any of the 34 gyral regions of interest examined.

To confirm and clarify the existing literature concerning cross-sectional changes of cortical
thickness in childhood and adolescent ADHD, we used a sophisticated computational image
analysis approach to map highly localized changes of laminar thickness between diagnostic
groups. To increase statistical power, subjects with ADHD were compared with a well-matched
sample of typically developing controls. Potentially confounding effects of overall brain size
and general intellectual ability were additionally assessed.

Twenty-two children and adolescents with ADHD (19 male, 3 female) and 22 control subjects
matched for sex and age (ADHD mean age + SD: 11.7 + 2.5 years, range: 7.2 - 16.0, controls:
11.7 + 2.5 years; range: 7.7 - 16.0) participated in this study. Parents of all subjects signed
consents and all subjects signed assents approved by the University of California, Los Angeles
(UCLA) Institutional Review Board. Participants were recruited from local schools,
pediatricians and clinics, and from ongoing studies of normal development at UCLA. Affected
subjects met criteria for ADHD both according to a clinical interview with parents and the
NIMH Diagnostic Interview Schedule for Children Version IV (NIMH DISC-1V);25 and
scored over 1.5 SD on the SNAP-IV Rating Scale for Inattention or Hyperactive-Impulsive
Scales.26 The mean SNAP scale inattention and hyperactive-inattentive scores in subjects with
ADHD were 1.79 + 0.91 and 1.30 + 0.95 respectively for teacher ratings and 1.89 + 0.71 and
1.21 £ 0.82 for parent ratings (data are missing for one participant). Subjects with ADHD were
diagnosed as the inattentive (n = 8) or the combined type (n = 13); subtype was unspecified
for one subject. Twelve subjects were comorbid for oppositional defiant disorder (ODD). Other
comorbid conditions included conduct disorder (n=1), enuresis (n=1), social phobia (n=1),
separation anxiety (n=1) and motor tic (n=1). Subjects with fragile X, tuberous sclerosis,
generalized resistance to thyroid hormone and those taking nonstimulant psychotropic
medication were excluded. Seven subjects were receiving medication (methylphenidate (n=4),
dextroamphetamine (n=2), and atomoxetine (n=1)). Medicated participants were required to
abstain from medication for at least 24 hours prior to scanning.

Control subjects were free from any current or lifetime history of major Axis | mental disorder
by DISC interview,2® any serious medical or neurological illness and any history of closed
head trauma. Additional exclusionary criteria for controls included having a first-degree
relative with a history of any disruptive behavior disorder (including ADHD), antisocial
personality disorder, schizophrenia or bipolar disorder. Subjects were excluded from either
group if weight or height was <5th or >95th percentile for age. All children were assessed using
the Block Design and VVocabulary subtests of the Wechsler Intelligence Scale for Children,
Third Edition (WISC-111).27 An overlapping sample of study participants have been included
in investigations of callosal thickness28 and white matter connectivity29 in ADHD.

Image Acquisition and Preprocessing

High-resolution 3D T1-weighted images were obtained contemporaneously from subjects with
ADHD and controls over approximately a one year time period on the same Siemens 1.5 Tesla
scanner using a sagittal acquisition protocol (TR =24 ms, TE = 12.6 ms, flip angle = 22°,
acquisition matrix 256x196, slice thickness = 1.2 mm and FOV = 240x240 mm?, voxel size =
1.3x0.9x1.2 mm3, 2 averages). Image data passed through a number of preprocessing steps
including (1) correction for magnetic field inhomogeneities;30 (2) the automated removal of
extra-cortical tissue31 where errors were manually corrected in each brain volume; and (3)
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correction for head tilt and alignment using a three-translation and three-rotation rigid-body
transformation and placement into a common stereotaxic coordinate system without scaling,
32» 33 and (4) automatic classification of image voxels into tissue types including gray matter,
white matter and CSF using a partial volume correction method.34 Total brain volumes and
volumes of each tissue compartment were measured for subsequent analysis.

Cortical Pattern Matching

Cortical pattern matching methods were employed to spatially relate homologous sulcal and
gyral regions across individuals. Cortical pattern matching methods have been detailed
previously.35-38 Briefly, parametric models of each hemisphere, comprising of 65 536 surface
points, were extracted from each scalp-edited image volume.39 Thirty-six sulcal/gyral
landmarks were manually identified on the lateral and medial hemispheric surfaces by using
previously validated anatomic protocols and by following established intra- and inter-rater
reliability procedures.36+ 37 The sulcal landmarks were then used as anchors to drive the
surrounding cortical surface anatomy of each individual into correspondence. During this
process the surface-warping algorithms compute a 3D vector deformation field that records
the amount of x, y, and z coordinate shift (or deformation) associating homologous cortical
surface locations in each subject with reference to the average anatomical pattern of the entire
study group. With the unscaled tissue classified brain volumes and cortical surface models now
in spatial correspondence,3* cortical thickness was measured as the 3D distance from the
cortical white-gray matter boundary to the cortical surface (gray-CSF boundary), without
crossing CSF voxels, using the 3D Eikonal equation.40 A spatial filter with a radius 8 mm was
applied to thickness values to circumvent misattributing the thickness of adjacent folded
cortical surfaces not separated by CSF.

Statistical Analysis

Global brain volumes, cortical thickness averaged across the cortical mantle and intracranial
gray matter, white matter and CSF volumes were compared between subjects with ADHD and
controls using the General Linear Model (GLM). Although individuals in each group were
matched for age, both Age and Sex were included as covariates in these analyses to ensure that
the age spread of the study groups did not influence results. Comparisons of brain tissue
compartments were performed while correcting for brain volume.

To reveal regionally specific cortical thickness changes between diagnostic groups the same
statistical model was employed using the statistical package R (http://www.r-project.org/),
where comparisons were performed at 65 536 spatially matched hemispheric surface locations
across subjects. Sex and Age were again included in the statistical model and the cube root of
overall brain volume. Interactions with Sex were not examined given the small number of
female study participants.

Since statistical comparisons of cortical thickness were performed at thousands of cortical
locations, False Discovery Rate (FDR) methods were used to control for multiple spatial
comparisons. FDR estimates the proportion of false positive statistical tests (rejections of the
null hypothesis when the null hypothesis is actually true) among all positive statistical tests.
Under conditions generally accepted to hold true for imaging data, the methods used here for
FDR estimates are valid even when the statistical tests are not independent due to spatial
correlations in the data.*1: 42 FDR was controlled for each statistical hypothesis in both
hemispheres simultaneously. Since the FDR methods originally described by Benjamini and
Hochberg43 are known to be increasingly conservatively biased as the proportion of true
positive tests increases, we used a newer FDR method that reduces this bias. This newer
methodology is the approach described by Storey44, but modified by incorporating the
bootstrap estimation of the tuning parameter as described by Storey, Taylor and Siegmund.
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42 Using this newer methodology, we estimated the expected FDR in regions where the
uncorrected p-value was less than or equal to .05.

The results of regional cortical thickness analyses were mapped onto the 3D group averaged
hemispheric surface models. Uncorrected two-tailed probability maps were thresholded at a
value of .05 with more significant regions encoded by corresponding colorbars. Beta maps
showing the magnitude of cortical thickness changes in subjects with ADHD relative to
controls were additionally generated. Finally, post-hoc analyses were performed to examine
relationships between SNAP symptom ratings and cortical thickness variations within subjects
with ADHD. Analyses were also performed after excluding medicated patients from the
sample.

Diagnostic groups had equal ratios of males and females and subjects with ADHD were
matched with typically developing controls for age, (F(1,43) = .00, p =.99). In spite of
recruitment efforts, mean 1Q scores remained approximately 10 points lower in the group with
ADHD (F(1,43) = 8.13 p =.01). Although lower 1Q scores in ADHD may relate to difficulties
with sustained attention during test taking and may thus not be dissociable from the diagnosis
itself,4° statistical analyses were performed including 1Q as an additional covariate to ensure
that variations in brain morphology were not driven by differences in general intellectual ability
between groups.

Subjects with ADHD exhibited significantly smaller overall brain volumes compared to
healthy subjects, F(1,43) = 6.08, p < .02, although results were below the threshold of
significance after including 1Q as an additional covariate, F(1,43) = 2.65, p = .11. Significantly
reduced overall gray matter volumes were observed in ADHD both with and without correction
for 1Q (F(1,43) =10.65, p <.002 and F(1,43) = 12.83, p <.001, respectively). Individuals with
ADHD, however, showed significantly increased white matter volumes both with and without
correction for 1Q (F(1,43) =11.72, p < .002 and F(1,43) = 11.84, p < .001, respectively).
Diagnostic groups did not differ in CSF volumes, F(1,43) =41, p = .84 and F(1,43) =0.78, p
=.38, irrespective of correction for 1Q. When cortical thickness was averaged across the cortex,
subjects with ADHD showed significant global cortical thinning in comparison to controls,
both with, F(1,43) = 5.80, p < .02, and without, F(1,43) = 6.45, p < .01, correction for IQ.
Means and standard deviations for 1Q, global brain volume, average cortical thickness and
brain tissue volumes are provided in Table 1.

Results from statistical comparisons of cortical thickness performed at high spatial resolution
are shown in Figure 1 both with (A and C) and without (B and D) general intellectual ability
included as an additional covariate. Uncorrected probability maps are provided in the top panels
(A and B), where the colorbar is unidirectional since significant increases of cortical thickness
were not observed in subjects with ADHD compared to controls at any cortical location. The
bottom panels (C and D) show the beta values associated with group differences in mm in both
directions as indicated by the colorbar. Probability maps show widespread cortical thinning in
individuals with ADHD compared to typically controls where the estimated FDR#2 for regions
with uncorrected p < .05 is .0006. Patients with ADHD exhibited significant cortical thinning
prominently in bilateral dorsolateral (and aspects of precentral cortex) and orbitofrontal
cortices, anterior and ventral temporal (including entorhinal cortex) and occipito-temporal
cortices. Cortical thinning spanned a large portion of lateral parietal association cortex
predominantly in the left hemisphere. Medially, subjects with ADHD showed significantly
decreased gray matter thickness in medial prefrontal, cingulate and parieto-occipittal cortices
in both hemispheres. Regional effects were similar, although slightly less pronounced after
including 1Q in the statistical model [Figure 1, panels B and D].
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ADHD SNAP symptom ratings did not show significant associations with regional cortical
thickness variations within subjects with ADHD (results not shown). Post-hoc analyses
performed after removing subjects receiving medication treatment from the sample are
presented in Figure 2. ADHD effects were less pronounced in this smaller subsample,
particularly in dorsolateral prefrontal and anterior temporal cortices, and effects were no longer
significant in parietal association areas on the lateral aspects of the hemispheres, although
medially and ventrally cortical thinning was observed in a similar, though less spatially diffuse
pattern.

Discussion

To confirm prior cross-sectional findings and clarify discrepancies in the literature,
sophisticated computational image analysis methods were employed to examine highly
localized changes in cortical thickness in a well-matched sample of child and adolescent
subjects with ADHD compared to typically developing controls. Mean cortical gray matter
thickness was significantly reduced in ADHD (> 6%). Examination of cortical thickness
performed at high spatial resolution showed that subjects with ADHD exhibit robust (up to
20%) and widespread cortical thinning over large areas of anterior and posterior association
cortices, including aspects of primary motor cortex and with predominant sparing of primary
sensory regions. No brain region showed significantly increased thickness in subjects with
ADHD compared to age-matched controls. Standard volumetric analyses of brain tissue
compartments were consistent with the majority of earlier reports where subjects with ADHD
exhibited smaller brain and gray matter volumes with respect to healthy controls.®~12 White
matter volumes, however, were significantly larger in ADHD as consistent with some prior
observations,46 but conflicting with others.13

Cortical thickness represents the number, size, density, and arrangement of cells (neurons and
neurogliaand nerve fibers) within the cortical mantle.4”+ 48 Age-inappropriate cortical thinning
may thus reflect changes in the integrity of the neuropil stemming from disturbances in neural/
synaptic development and pruning. White matter changes may also influence cortical thickness
since myelinated fibers extend into the cortex. However, cortical thickness may be over or
underestimated in imaging data since it is not certain to what extent gray/white and gray/CSF
boundaries match actual tissue boundaries in the living brain. Signal intensity thresholds used
for tissue segmentation may also vary across studies. Notwithstanding, if image parameters
and pre-processing are the same for all participants, differences between diagnostic groups
should remain relative since thickness or brain tissue voxel counts are biased in the same
direction for all subjects.

Prominent ADHD-related cortical thinning was observed over much of dorso-lateral, orbito
and mesial frontal cortices encompassing the cingulate and aspects of premotor and motor
cortex, antero-lateral and mesial temporal cortices, lateral occipital cortices, medial parietal
cortices, and left lateral parietal cortex. These findings are largely consistent, although more
pervasive, than results from a landmark study investigating both cross-sectional and
longitudinal changes of cortical thickness in child and adolescent ADHD.21 Specifically, Shaw
et al.2! using completely automated procedures observed significant global cross-sectional
reductions of laminar thickness in subjects with ADHD (n=163) compared to healthy controls
(n=166) that were localized bilaterally to dorsal and mesial prefrontal cortices including the
cingulate and antero- and mesial temporal cortices. Notably, without correction for 1Q or mean
cortical thickness, this prior study observed widespread sub-threshold cortical thinning and no
regions of increased cortical thickness over much of the remaining cortex. Furthermore, when
averaged within 56 probabilistic gyral boundaries, subjects with ADHD exhibited significant
cortical thinning in almost all regions implicated in the current investigation including parietal
and occipital cortex.
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After controlling for differences in general intellectual ability, significant observations of
cortical thinning were slightly less pronounced in ADHD [Figure 1, panels B and D], although
effects still spanned the same areas of cortex. These findings may be explained in part by a
loss of degrees of freedom, indicate that localized cortical thinning more closely relates to
intellectual ability, or suggest that the neurobehavioral disturbances in ADHD are not
dissociable from ADHD-related test taking difficulties.49 These results are again consistent
with the findings of Shaw and colleagues,?! although the investigators additionally included
mean cortical thickness in their statistical model, which may serve to remove ADHD-related
variance for the regional effects of interest. Moreover, their study participants were of higher
general intellectual ability (> 10 points) on average than those included in this study. Thus, our
findings of somewhat more pronounced cortical thinning in ADHD may relate to the severity
of the disorder or could be attributable to methodological differences, where in spite of smaller
sample sizes, our study may have benefited from using both manual and automated methods
to match gyral anatomy across subjects with less spatial smoothing.

Our findings and those of Shaw et al.2! contrast with another earlier study of cortical thickness
that failed to show significant regional cortical thinning in child and adolescent ADHD,
although significant reductions of intracranial volume, surface area and cortical folding were
observed.24 Since sample sizes were similar, differences in results are most likely accounted
for by methodological differences and/or differences in the clinical characteristics of subjects.
For example, Wolosin et al.24 used automated methods to estimate and compare mean cortical
thickness across the cortical mantle and within 34 gyral-based regions, where individual brain
volumes appear to have been rescaled into a Talairach coordinate space. Thus, it is possible
that if applied, scaling, or alternatively the lack of control for overall brain size may have
influenced results. Moreover, as noted by Shaw et al.21 cortical thickness reductions in ADHD
do not appear to conform well to prescribed gyral regions, thus averaging thickness across
coarsely registered gyral areas may serve to decrease rather than to increase statistical power.
Differences in exclusionary criteria for comorbid diagnoses may also have contributed to
discrepancies in prior findings. In a post-hoc analysis, Wolosin et al.2* reported a trend for
mean cortical thinning bilaterally when children comorbid for ADHD and ODD (38%) were
compared with controls separately.

Our results are also partially conflicting with a previous study employing a similar approach
to align cortical anatomy, but that measured cortical gray matter density to show increased
density in posterior temporal/anterior parietal regions in ADHD youth with respect to
controls!®. However, this prior investigation did observe cortical surface deformations in
prefrontal and anterior temporal regions suggestive of local brain tissue reductions that are
consistent with our results. Though cortical thickness and cortical gray matter density measures
may be associated, gray matter density measures reflect the number of voxels classifying as
gray matter with respect to voxels classifying as other tissue types (white matter and CSF) both
within and outside the cortical mantle and may thus be influenced by changes in other tissue
characteristics perhaps accounting for discrepancies in findings.

ADHD-related cortical thinning was less pronounced and spatially pervasive after removing
participants receiving stimulant mediation from the sample. However, we cannot be sure
whether the similar, although less extensive spatial pattern of results may be attributable to
more severe cortical thinning in subjects receiving medication or simply reflect the loss of
statistical power by reducing the sample size by approximately one third. Some larger structural
imaging studies!? suggest that morphometric abnormalities in ADHD are largely independent
of comorbidities and medication exposure, although further longitudinal assessments appear
warranted.
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ADHD is associated with impairments in executive function including deficits in working
memory, planning, set shifting and inhibitory/cognitive control suggesting the involvement of
prefrontal regions and subcortical circuits.> 49 50 The developmentally inappropriate
symptoms of inattention, impulsivity and restlessness in ADHD also implicate disturbances in
prefrontal as well as parietal networks. Moreover, predominant disturbances of neural activity
within fronto-striatal and fronto-parietal circuits have been reported via meta-analysis of the
functional neuroimaging literature in ADHD.5! Thus, our observations of pervasive cortical
thinning within dorsolateral, orbitofrontal, and medial frontal regions, and parietal cortex
suggest that abnormalities in neural cytoarchitecture may constitute a biological basis for the
clinical and neuropsychological profiles of ADHD.

In spite of an emphasis of the role of executive functioning and inhibitory control in ADHD,
the existing literature also indicates that ADHD is associated with a heterogeneous
neurocognitive profile where deficits in executive function do not present in all individuals
and other functional systems are implicated.*®: 52: 53 For example, some neuropsychological
and electrophysiological studies suggest earlier, more generalized deficits in information
processes such as in visual-spatial functioning, attention allocation and response preparation
involving temporo-striatal and/or temporo-parietal networks.54756 Prior studies also implicate
altered mesiolimbic circuitry in ADHD (orbitofrontal, anterior cingulate, ventral striatum and
medial temporal regions) as associated with reward, reinforcement and motivational behaviors.
56 Finally, disruptions in temporo-occipital ‘ventral stream’ and parieto-occipital ‘dorsal
stream’ pathways involved in object recognition/manipulation and visual-attention and
analysis that underlie most cognitive processes have been implicated in ADHD, although less
widely examined.57: 58 As consistent with the presentation of neurocognitve deficits, our
observations of cortical thinning in anterior- and ventral temporal regions and in temporo-
occipital cortex similarly suggest a complex neuroanatomical profile of ADHD extending
beyond frontal and subcortical circuits.

There are several limitations associated with the current investigation. Firstly, female subjects
with ADHD were underrepresented. Although prevalence is higher in males, the core features
of ADHD appear similar across sex1?, but developmental processes may differ by sex.
Secondly, it is common for ADHD to present with other diagnoses, where ODD is the most
common coexistent condition.> Unfortunately, we were not able to address the potential
confounding effects of comorbid disorders in the current study, since such analyses would have
been underpowered and thus uninformative. However, an argument can be made that
controlling for conditions such as ODD may remove variance that overlaps with ADHD.49
Thirdly, our cross-sectional study design did not allow us to address group differences with
respect to age. Finally, the experiments performed here did not include investigation of the
cerebellum and subcortical regions, also widely implicated in the disorder.

In summary, analysis strategies that enable the mapping of cortical thickness deficits with high
spatial accuracy and resolution, revealed highly significant (FDR corrected p < .0006) cortical
thinning over wide areas of cortex in a well-matched sample of children and adolescents with
ADHD compared to typically developing controls. These results confirm and expand upon an
earlier study of cortical thickness in ADHD.2! Although this study could not address whether
cortical thinning is associated with a developmental delay in ADHD as previously suggested,
22 our results support that when taking age into account, cortical thinning represents a robust
imaging marker of the disorder. Since the observed pattern of cortical thinning is most

consistent with a model of ADHD that points to deficits in multiple functional systems, future
studies may focus on clarifying the nature of potential structure-function relationships.
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Fig. 1.

Statistical maps showing regional differences in cortical thickness between the subjects with
attention-deficit/hyperactivity disorder (ADHD) compared with the controls after controlling
for age, sex, and the cube root of intracranial volume (A and C) and including general
intelligence scores as an additional covariate (B and D). Top: Probability maps (A and B) show
thresholded uncorrected p values in color for regional cortical thinning in ADHD compared
with the controls. No brain region showed significant cortical thickness increases in the subjects
with ADHD. Bottom: Beta maps (C and D) show cortical thickness changes between diagnostic
groups in millimeters. Positive  values index ADHD-related reductions in thickness.
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Fig. 2.

Statistical maps showing regional differences in cortical thickness between unmedicated
subjects with ADHD (n = 15) compared with the controls (n = 22). Probability maps show
thresholded uncorrected p values in color for regional cortical thickness reductions. No brain
region showed significant cortical thickness increases in the subjects with ADHD.
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TABLE 1

Mean and SDs for Morphometric Measures
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Control Group (n =22)

ADHD Group (n = 22)

Sex 19 Male/3 female 19 Male/3 female
Age (mean £ SD), y 11.7+25 11.7+25
Full estimated 1Q2 103.23 + 10.36 92.91 +13.43
Overall brain volume (mean + SD)3, cm? 1502.2 £ 130.5 14135+124.9
Average cortical thickness (mean + SD)2, mm 5.08£0.32 4.76 £0.59
Gray matter (mean + SD)2. cm? 802.48 + 75.37 698.83 + 92.98
Brain size-adjusted gray matter (mean = SD)&, cm?3 789.28 £ 55.70 712.04 £102.34
White matter (mean + SD), cm3 551.59 £ 80.21 577.67 £ 156.31
Brain size-adjusted white matter (mean + SD)3, cm3 525.39 £50.15 603.87 +112.54
CSF (mean + SD), cm?® 148.21 + 25.34 137.01 +29.43
Brain size-adjusted CSF (mean + SD), cm® 143.23 £21.16 141.99 £ 25.73

Note: Brain size—adjusted tissue volumes were computed by residualizing for overall brain volume and adding the unstandardized residuals to the
respective group average (effectively adjusting brain volumes so that they are identical in all of the subjects).

aSignificant group difference.
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