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A B S T R A C T

Introduction: Attention-deficit hyperactive disorder (ADHD) is the most common neurodevelopmental disorder
in children. Diagnosis is currently based on behavioral criteria, but magnetic resonance imaging (MRI) of the
brain is increasingly used in ADHD research. To date however, MRI studies have provided mixed results in ADHD
patients, particularly with respect to the laterality of findings.
Methods: We studied 849 children and adolescents (ages 6–21 y.o.) diagnosed with ADHD (n=341) and age-
matched typically developing (TD) controls with structural brain MRI. We calculated volumetric measures from
34 cortical and 14 non-cortical brain regions per hemisphere, and detailed shape morphometry of subcortical
nuclei. Diffusion tensor imaging (DTI) data were collected for a subset of 104 subjects; from these, we calculated
mean diffusivity and fractional anisotropy of white matter tracts. Group comparisons were made for within-
hemisphere (right/left) and between hemisphere asymmetry indices (AI) for each measure.
Results: DTI mean diffusivity AI group differences were significant in cingulum, inferior and superior long-
itudinal fasciculus, and cortico-spinal tracts (p < 0.001) with the effect of stimulant treatment tending to reduce
these patterns of asymmetry differences. Gray matter volumes were more asymmetric in medication free ADHD
individuals compared to TD in twelve cortical regions and two non-cortical volumes studied (p < 0.05).
Morphometric analyses revealed that caudate, hippocampus, thalamus, and amygdala were more asymmetric
(p < 0.0001) in ADHD individuals compared to TD, and that asymmetry differences were more significant than
lateralized comparisons.
Conclusions: Brain asymmetry measures allow each individual to serve as their own control, diminishing
variability between individuals and when pooling data across sites. Asymmetry group differences were more
significant than lateralized comparisons between ADHD and TD subjects across morphometric, volumetric, and
DTI comparisons.

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is among the most
common child-onset neurodevelopmental disorders worldwide, with an
estimated childhood prevalence of ~5% (Swanson et al., 1998;
Wolraich et al., 1996), and an economic burden estimated in the tens of
billions of dollars per year (Pelham et al., 2007). Children with ADHD
have problems with task prioritization (Qiu et al., 2011), and are more

likely to have emotional problems including anxiety and depression.
Adolescents with ADHD are at greater risk for automobile accidents,
drug experimentation, and nicotine dependency (Schubiner, 2005).

Despite copious research, many aspects of the disease pathophy-
siology remain unknown. Furthermore, there is a large degree of be-
havioral heterogeneity within the diagnosis. Traditionally, the ADHD
phenotype has been characterized along the domains of inattention,
hyperactivity/impulsivity or a combination of both. In children,
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diagnosis typically is made by integrating clinical information derived
from parents and teachers, and standardized ratings of ADHD pre-
sentations (McGough and McCracken, 2000). Diagnosis also hinges on
the degree to which these persistent behavioral traits interfere with
daily life in multiple settings including school, home, and/or work. A
quantitative biomarker for the disease would be highly beneficial for
diagnostic and therapeutic assessments.

Over the past decade, high-resolution magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI) have been increasingly used
to study anatomic differences in the ADHD brain. Nonetheless, imaging
studies thus far have yielded varied results (Narr et al., 2009). For ex-
ample, recent meta-analyses of structural differences report global gray
matter reduction in basal ganglia regions including: caudate, putamen,
and globus pallidus (Ellison-Wright et al., 2008) as well as right lenti-
form nucleus with mixed findings with respect to laterality (Nakao
et al., 2011). A recent mega analysis found smaller volumes in ac-
cumbens, amygdala, caudate, hippocampus, putamen and intracranial
volume without significant changes in pallidum (Hoogman et al.,
2017). Similarly, both the laterality and significance of DTI results have
varied across studies (for review, see van Ewijk et al., 2012). Interest-
ingly, structural brain signatures of ADHD appear to resolve to some
extent over the course of development (Larisch et al., 2006; Castellanos
and Proal, 2009), and with stimulant treatment that enhances dopa-
mine (DA) signaling (Shaw et al., 2009b).

Here, we hypothesized that patterns of hemispheric asymmetry
differences would be observed across structural neuroimaging measures
in the ADHD population. To investigate this, we studied a large cohort
of ADHD youths and age-matched typically developing (TD) partici-
pants using MRI and DTI imaging techniques to assess both within
hemisphere measures, and asymmetries in brain volume, morphology,
and white matter microstructure.

2. Methods

2.1. Study population

We used two sources of data for this investigation. The first data set

included the publicly shared ADHD200 database. These data were
collected as part of the Functional Connectomes Project (FCP) and the
International Neuroimaging Data sharing Initiative (INDI) (Biswal
et al., 2010) as part of a push for accelerated sharing of data and
analytic resources in the imaging community (Milham, 2012). We used
structural MRI data collected at eight participating sites from 776 in-
dividuals (491 TD, 285 ADHD, ages 7–21 years old). The demographic
data included: age, sex, full-scale IQ, and handedness, any secondary
diagnosis and medication status. Adolescents in the ADHD group met
criteria for ADHD on the DICA-IV and had a T-score of 65 or greater on
the Conners' Parent Rating Scale (CPRS-R) long form (DSM IV in-
attentive), or M (DSM IV hyperactive/impulsive), or met criterion on
the DuPaul ADHD Rating Scale IV (six out of nine measures marked 2,
or 3 for inattentive or hyperactive/impulsivity).

The second source of data included structural MRI and DTI data
collected at UCLA. A total of 104 subjects (age 6–18 y.o.) participated in
this study, approved by the UCLA Institutional Review Board, (see
(Lawrence et al., 2013) for further detail). All children were evaluated
for ADHD and other psychiatric diagnoses based on an interview with
the primary caretaker, using a semi-structured diagnostic interview, the
Kiddie-Schedule for Affective Disorders and Schizophrenia–Present and
Lifetime version (K-SADS-PL) and a direct interview with the child if
8 years of age or older. Parents completed the Behavior Rating In-
ventory of Executive Function (BRIEF), and parental ratings on the
Swanson, Nolan, and Pelham, Version IV (SNAP-IV) Rating Scale were
used to supplement the diagnostic interviews. A total of 56 participants
met diagnostic criteria for ADHD. Controls across all data sources did
not meet diagnostic criteria for ADHD or any other current psychiatric
disorder.

2.2. Inclusion criteria

Psychostimulant medication can alter brain structure; therefore,
subjects in the ADHD200 study whose medication history was un-
specified were excluded from further analysis. Three of the sites in the
ADHD200 cohort did not report medication status; therefore subjects
who met diagnostic criteria for ADHD from these sites were excluded

Table 1
Study Cohort Demographics.

Table 1. Summary of subject data for typically developing (TD), ADHD, and medication free ADHD participants by participating site. Medication free means no prior history of
medication treatment for ADHD. Structural MRI data was included from the following sites: the Johns Hopkins Kennedy Krieger Institute (KKI), New York University (NYU), Oregon
Health and Science University (OHSU), Peking University, and with diffusion tensor imaging (DTI) data from the University of California, Los Angeles (UCLA). Total indicated the total
number of participants from that site. Female indicates the subset number, which were female. The medication free ADHD numbers reflect the subset of the total number of ADHD
subjects that were medication naïve at the time of scanning. Handedness represents the percentage of subjects that were right handed. The subset number of ADHD subjects with
comorbid oppositional defiant disorder (ODD) is also shown.

Diagnosis Measure Peking KKI NeuroImage NYU OHSU Pittsburgh WashU UCLA

Typically developing
Total 116 61 23 99 42 89 61 17
Female 45 27 12 52 24 43 28 11
Age 11.7 ± 1.7 10.3 ± 1.3 17.3 ± 2.6 12.2 ± 3.1 8.9 ± 1.2 15.1 ± 2.9 11.5 ± 3.9 13.2 ± 2.0
IQ 118.2 ± 13.3 111.5 ± 10.3 NR 110.4 ± 14.3 118.4 ± 12.6 109.8 ± 11.5 116.1 ± 14.1 110.4 ± 13.1
Handedness 99.1 93.4 91.3 91.9 100.0 95.5 100.0 100.0

ADHD
Total 78 22 25 123 37 0 0 56
Female 7 10 5 27 11 n/a n/a 17
Age 12.4 ± 2.0 10.2 ± 1.6 16.7 ± 2.9 11.1 ± 2.7 8.8 ± 1.0 n/a n/a 12.6 ± 3.2
IQ 105.4 ± 13.2 106.0 ± 15.2 NR 106.3 ± 14.3 108.5 ± 13.9 n/a n/a 106.2 ± 13.1
Handedness 97.4 90.1 96.0 97.6 100.0 n/a n/a NR
ODD 25 6 NR 5 4 n/a n/a 27

ADHD medication free
Total 52 16 NR 32 20 n/a n/a 29
Female 6 7 NR 10 5 n/a n/a 8
Age 12.7 ± 1.9 10.6 ± 1.6 NR 10.2 ± 2.3 8.8 ± 0.7 n/a n/a 12.6 ± 3.8
IQ 104.0 ± 12.4 107.9 ± 14.7 NR 106.9 ± 13.5 108.6 ± 13.8 n/a n/a 106.1 ± 13.9
Handedness 98.1 93.8 NR 96.6 100.0 n/a n/a NR
ODD 14 4 NR 2 4 n/a n/a 0
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from the present analysis. Three TD subjects and four ADHD subjects
that were included had subthreshold anxiety. However, subjects who
met diagnostic criteria for any major psychiatric illness were also re-
moved from analysis. In total, 849 participants met inclusion criteria,
including 508 TD and 341 ADHD individuals. For those subjects who
had a history of pharmaceutical treatment for ADHD, there was no
information with respect to specific type of medication(s), dosage, or
duration (for further details, see limitations section below). Therefore,
we further divided ADHD subjects into two groups: subjects with a prior
history of pharmacotherapy for ADHD (ADHD-Rx), and subjects who
were medication naïve and therefore had no prior history of taking
medication for ADHD (ADHD-Free).

2.3. MRI studies

High-resolution structural volumetric brain MRIs were collected (at
3 Tesla) according to a standardized protocol for each participant. T1-
weighted MPRAGE anatomical MRI scans were processed with
FreeSurfer's recon-all processing pipeline for whole brain segmentation
and automated parcellation (Fischl and Dale, 2000). This generates
segmentations for white matter, gray matter, and subcortical volumes.
A mesh model of the cortical surface was then divided into 34 cortical
brain regions, and for 14 subcortical and non-cortical regions per
hemisphere. Total volume (mm3) for each region was used for group
comparisons.

To obtain an even more detailed description of morphometry, we
applied a medial curve technique, recently developed by our group
(Gutman et al., 2012). In this technique, analysts who are unaware of
the clinical assessments of the subjects manually traced a region of
interest for a subset of subjects randomly selected from each group
(n=8), until the spatial cross correlation of the shape, upon repeated
tracings, is> 95%. These traces, consisting of multiple brain slices fully
covering the three-dimensional anatomical structure, were extracted
using an inverse-consistent fluid registration with a mutual information
fidelity term to align the set of hand-labeled anatomical shape tem-
plates to each scan. The template surfaces were registered as a group
following a medial-spherical registration process for each right and left
hemisphere group average shape. Distances from the exterior of the
shape to points along the medial curve were then calculated for each
subject and used to generate statistics, which can be then mapped back
on the to group shape. We applied this technique to regions frequently
reported to vary in the ADHD brain including: the caudate nucleus,
amygdala, hippocampus, and thalamus (Ellison-Wright et al., 2008). To
study the between hemisphere asymmetry using this morphology ana-
lysis, a single group average shape was calculated by applying the
medial-spherical registration process from one hemisphere onto the
other in order to create a single average shape across both hemispheres
and across all subjects. Because this latter process is highly computa-
tionally burdensome, we applied it to the caudate, since the caudate
volume is frequently reported to vary, and because ADHD subjects have
diminished levels of dopamine (DA) transporter densities in caudate
regions (McGough, 2012).

2.4. Tractography analysis

All DTI data were acquired at UCLA using single-shot spin-echo/
echo-planar imaging sequences with 64 non-collinear diffusion en-
coding directions and a 2mm isotropic voxel size in 50 axial- oblique
slices with whole brain coverage. We calculated mean diffusivity (MD),
fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity
(RD) for seven tracts for each hemisphere. DTI data processing was
performed within the LONI Pipeline environment (Rex et al., 2003).
Three-dimensional tract reconstruction was performed using a de-
terministic streamline approach in DTIStudio (Jiang et al., 2006) and
the Fiber Assignment by Continuous Tracking (FACT) algorithm. See
(Lawrence et al., 2013) for further details.

Table 2
Cortical Gray Matter Volumetric Results Typically Developing vs. ADHD-Free.

Table 2. P-values shown for the comparison of Typically Developing (TD) individuals
versus ADHD participants with no prior history of medication treatment (ADHD-Free).
Comparisons include: TD Right versus ADHD-Free Right hemisphere (Right), TD Left
verses ADHD-Free Left Hemisphere (Left), and the group comparison for both directional
Asymmetry Index (AI) and absolute Asymmetry Index (abs(AI)) for MRI Gray Matter
volume comparisons from cortical regions. P-values shown have been corrected for
multiple comparisons, with significant comparisons shown in bold, and a + sign in-
dicating the measure to be larger in the ADHD-Free group.

Region Gray matter volume Right Left AI Abs(AI)

Cingulate Caudal anterior
cingulate

0.367 0.444 0.205 0.092

Caudal middle frontal 0.334 0.231 0.763 0.011+
Isthmus cingulate 0.425 0.448 0.333 0.034+
Posterior cingulate 0.429 0.334 0.266 0.024+
Rostral anterior
cingulate

0.448 0.464 0.859 0.152

Frontal Lateral orbito-frontal 0.367 0.402 0.961 0.250
Medial orbitofrontal 0.488 0.402 0.830 0.019
Paracentral 0.219 0.345 0.656 0.070
Pars opercularis 0.5 0.137 0.311 0.052
Pars orbitalis 0.334 0.476 0.242 0.384
Pars triangularis 0.24 0.148 0.467 0.002
Rostral middle frontal 0.03 + 0.185 0.854 0.088
Superior frontal 0.045 0.032 0.911 0.053
Frontal pole 0.364 0.371 0.590 0.024

Occipital Cuneus 0.386 0.429 0.972 0.040 +
Lateral occipital 0.078 0.472 0.323 0.019 +
Lingual 0.275 0.349 0.811 0.056
Pericalcarine 0.492 0.464 0.606 0.132

Parietal Inferior parietal 0.306 0.041 + 0.649 0.013
Postcentral 0.074 0.375 0.676 0.131
Precentral 0.371 0.429 0.612 0.067
Precuneus 0.135 0.295 0.686 0.042 +
Superior parietal 0.228 0.437 0.562 0.043 +
Supramarginal 0.425 0.262 0.581 0.118

Temporal Entorhinal 0.413 0.456 0.588 0.015 +
Fusiform 0.285 0.313 0.882 0.220
inferior temporal 0.085 0.004 + 0.363 0.096
Middle temporal 0.084 0.071 0.642 0.265
Superior temporal 0.155 0.382 0.345 0.195
Temporal Pole 0.484 0.46 0.455 0.442
Transverse temporal 0.334 0.364 0.952 0.191
Parahippocampal 0.448 0.398 0.533 0.108

Insulary
cortex

Insula 0.356 0.386 0.956 0.087

Table 3
Subcortical MRI P-Values for Typically Developing vs. ADHD-Free.

Table 3 P-values shown for the comparison of Typically Developing (TD) individuals
versus ADHD participants with no prior history of medication treatment (ADHD-Free).
Comparisons include: TD Right versus ADHD-Free Right hemisphere (Right), TD Left
verses ADHD-Free Left Hemisphere (Left), and the group comparison for both directional
Asymmetry Index (AI) and absolute Asymmetry Index (abs(AI)). All p-values have been
corrected for multiple comparisons. All significant, corrected p-values are shown in bold,
with at + sign indicating larger in the ADHD-Free group.

Right Left AI Abs(AI)

Nuclues accumbens 0.982 0.984 0.804 0.216
Amygdala 0.955 0.968 0.488 0.011+
Caudate 0.978 0.976 0.494 0.737
Cerebellum-cortex <0.01+ 0.008+ 0.944 0.652
Cerebellum white matter 0.583 0.760 0.946 0.294
Hippocampus 0.899 0.860 0.740 0.341
Inferior lateral ventricle 0.963 0.970 0.032+++ 0.015
Lateral ventricle 0.959 0.760 0.350 0.351
Pallidum 0.873 0.930 0.015 0.717
Putamen 0.937 0.970 0.407 0.996
Thalamus 0.793 0.970 0.553 0.252
Ventral DC 0.922 0.960 0.982 0.474
Vessel 0.965 0.980 0.205 0.358
Choroid Plexus 0.982 0.984 0.804 0.426
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2.5. Statistical analysis

For each MRI volumetric and DTI measure, we first computed
within-hemisphere statistics for group comparisons (e.g., TD right
hemisphere caudate volume versus ADHD right hemisphere caudate
volume). To assess brain inter-hemispheric symmetry differences be-
tween ADHD and TD populations for each structural parameter (i), we
calculated the asymmetry index (AI) between the left (L) and right (R)
hemispheres for each subject (j) as:

=

−

AI
L R

μij
ij ij

ij

where μ is the mean value across hemispheres (Steinmetz et al., 1990).
We hypothesized that hemispheric asymmetry differences may vary in
their lateralization. We therefore additionally assessed differences in
the absolute value of the AI between subject populations. Crucially, this
method allows individual brains to serve as their own anatomic control,
diminishing the influence of inter-site variability.

We used a general linear mixed effects model to study the re-
lationship between within-hemisphere and AI differences in ADHD
(Bates et al., 2012). Fixed effects included: site of data collection, age,
sex, diagnosis, and their interactions, to account for known differences
in maturation rates in the ADHD population (Larisch et al., 2006;
Castellanos and Proal, 2009). P-values were obtained by likelihood
ratio tests of the full model against the null-model that disregarded the
influence of diagnosis. All code for this analysis was implemented in the
language “R”, using the linear mixed-effects lmemodel tool (Bates et al.,
2012). All reported p-values were adjusted to correct for multiple
comparisons (Benjamini and Hochberg, 1995) within our code. Parti-
cipant ID was included as a random effect within the model to account
for multiple comparisons.

For our morphology analysis, statistical tests consisted of computing
overall p-values for group differences along the medial curve based on
permutation tests (100,000 iterations), and based on the standardized
method for this protocol (Thompson et al., 2004). We also computed

cumulative distribution functions as a way to visualize the relationship
between the statistical threshold and the extent of the effect.

3. Results

3.1. Study cohort characteristics

The mean age of TD and ADHD participants included in the analysis
was 12.1 ± 3.2 and 11.6 ± 2.3 years old with 45% and 29% of fe-
males, respectively. The average full scale IQ was 110.8 ± 12.2 for TD
individuals, and 113.8 ± 12.8 for ADHD individuals. Of the partici-
pants who met diagnostic criteria for ADHD, 26% had comorbid op-
positional defiant disorder. Table 1 summarizes the diagnostic, demo-
graphic, and medication status information across study cohorts for
subjects included in the analysis.

3.2. Brain asymmetry and neuroimaging findings

After adjustment for age, sex, and site we observed statistically
significant cortical gray matter differences for group comparisons be-
tween TD and ADHD-free subjects in lateralized comparisons including:
rostral middle and superior frontal regions in the right hemisphere, and
superior frontal, inferior parietal, and inferior temporal regions in the
left hemisphere. AI did not reveal any significant changes between TD
and ADHD-free groups in cortical gray matter volumes. In contrast, the
absolute AI was significantly different in eleven cortical gray matter
volumes with a focus in cingulate and parietal regions after correction
for multiple comparisons (Table 2). In all of these comparisons, the
mean absolute magnitude of AI was increased in ADHD compared to TD
subjects. Results for cortical gray matter volume comparisons between
TD and ADHD-Rx as well as ADHD-Rx and ADHD-Free groups are
summarized in Supplementary Table 1. For the TD versus ADHD-Rx
comparison, lateral occipital AI was significant, and only one absolute
AI comparison was significant. When comparing ADHD individuals who
had prior exposure to pharmaceutical treatment for ADHD (ADHD-Rx)

Fig. 1. (From left to right) Morphometry results for caudate, hippocampus, thalamus, and amygdala with dorsal and ventral views shown in the upper and lower panels, respectively. For
each shape, the three dimensional anatomical structure is combined across subjects to create an average anatomical model for each left and right subcortical shape. Differences were
computed between ADHD-Free and TD for each hemisphere. The p-values shown have been mapped onto their associated location for group average templates for each anatomical shape
and thresholded from p < 0.012 (blue) to p < 0.0001, based on cumulative distribution functions, where red indicates increased asymmetry in the ADHD group.
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with those with no prior medication exposure (ADHD-Free), only
postcentral parietal and temporal pole absolute AI showed significantly
different volumes.

We performed these same comparisons for subcortical volumes. The
cerebellar cortex was significantly different with both left and right
within-hemisphere comparisons. Both asymmetry comparisons re-
vealed differences in inferior lateral ventricle. Differences in pallidum
and amygdala were significant for AI and absolute AI comparisons re-
spectively (Table 3). Inferior lateral ventricle differences were sig-
nificant in all asymmetry evaluations when comparing the ADHD-Rx
group with either the TD or ADHD-free group (Supplementary Table 2).
Distribution plots showing differences in AI based on volumetric results

for TD, medication free ADHD, and subjects with a history of stimulant
treatment for ADHD are shown in Supplementary Fig. 1.

Morphology p-map results are shown in Fig. 1 for the caudate,
thalamus, hippocampus, and amygdala for lateralized comparisons
between the TD and ADHD-free groups. Morphologic changes in the
caudate appeared to be localized primarily to the head region for both
lateralized (Fig. 1) and AI (Fig. 2) morphological thickness differences,
consistent with known anatomic connectivity of this caudate region to
frontal executive areas that are also altered structurally in ADHD in-
dividuals. The cumulative distribution function (CDF) of the p-values is
commonly generated when applying false discovery rate methods to
assign overall significance values to statistical maps, and can be used to

Asymmetry Index

!
!

+ 0.1 mm (TD is thicker)

!
!
!
!
     0 mm

!
!
!
-   0.1 mm (TD is thinner)

P-map

!
!

p=0.008

!
!
!

  p>= 0.008

!
p<0.0001

p=0.008

Morphometry Cumulative Distributions 

a

b

Fig. 2. a. Morphometry results for Caudate Asymmetry
Index shown for thickness differences (top) and associated
p-maps (bottom). Note the critical q-value used to threshold
the p-maps was derived from the cumulative distribution
function for Asymmetry, shown in Fig. 2b. Here, all mor-
phology changes were mapped onto the group average
shape, calculated using all caudates from both hemispheres.
b. Cumulative distribution functions (CDFs) calculated
across morphology results for the ADHD Left versus Typi-
cally Developing (TD) Left Caudate (turquoise), ADHD
Right versus TD right caudates (magenta), and both Asym-
metry (blue) and absolute Asymmetry (green). The q-value,
or point along the x-axis that corresponds to the intersection
of the CDF and y= 20x line other than the origin, is a
measure of the overall significance of the p-value maps. The
q-value of the CDF for both symmetry indices were higher
than q-values for either right or left CDFs, suggesting that
this analysis method boosts the statistical power to detect
group morphology differences between TD and ADHD sub-
jects.
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compare the power of different methods applied to the same set of
images (Hua et al., 2009). The q-value, or intersection with of the CDF
with the y=20x line, reflects the overall significance of each p-value
map. Fig. 2b shows CDFs calculated for morphometric measures for
ADHD right versus TD right hemisphere, ADHD left verses TD left, and
AI comparisons. Asymmetry differences resulted in higher q-values than
absolute asymmetry, and both q-values were higher than right and left
hemispheric morphology comparisons.

After adjustment for age and sex, significant differences in AI were
found in certain measures in six white matter tracts, and absolute AI in
seven white matter tracts (Fig. 3). FA asymmetry differences were
found in the uncinate fasciculus, cingulum, and corticospinal tract.
Hemispheric differences in radial (perpendicular) diffusivity were
noted in the inferior longitudinal fasciculus (ILF), cingulum, superior
longitudinal fasciculus (SLF), and corticospinal tract. Symmetry dif-
ferences in axial (parallel) diffusivity were noted in uncinate, cingulum,
ILF, and SLF. Increased disease severity on the Inattention scale was
associated with increased brain asymmetry in the lateral orbito-frontal
gray matter volume. Increased hyperactivity and inattention scores
were correlated with increased asymmetry in fusiform cortex. In con-
trast, there were no significant DTI results for within-hemisphere group
comparisons in the right hemisphere. Left hemisphere differences were
significant in inferior fronto-occipital and anterior thalamic radiation
(Table 4).

There were no significant asymmetry differences between ADHD-Rx
and ADHD-Free. However, significant asymmetry differences between
ADHD-Rx and TD groups were observed in uncinate fasciculus,

cingulum, inferior longitudinal fasciculus, superior longitudinal fasci-
culus, and corticospinal tract (Supplementary Table 3). Distribution
plots showing differences in AI based on FA measures for TD, ADHD-Rx,
and ADHD-Free are shown in Supplementary Fig. 2.

4. Discussion

Most human brains show some degree of asymmetry. Normal var-
iation and functional specialization produce asymmetries of structure,
function, and behavior that evolve throughout life, and are thought to
originate from developmental, hereditary, experiential and patholo-
gical factors (Toga and Thompson, 2003). Attention itself induces
functional asymmetries in healthy individuals. For example, PET and
EEG studies suggest that attention directed to global aspects of visual
processing is more right lateralized, but local processing is more left
hemisphere dominant (Fink et al., 1996; Yamaguchi et al., 2000).

However, certain pathologies can also modulate, exacerbate, or
arise from brain asymmetries (Thompson et al., 1998; Crow, 1997),
including impulsivity (Gordon, 2016). In ADHD, early lesion studies
suggested a role for unilateral right hemisphere dysfunction (Heilman
and Van Den Abell, 1980; Stefanatos and Wasserstein, 2001). Previous
studies have investigated aspects of structural brain symmetry in ADHD
(Rubia et al., 2000; Hale et al., 2015; Shaw et al., 2009a). One of these
studies reported increased asymmetry in the TD group, using homo-
logous points on the cortex for comparison (Shaw et al., 2009a). A few
of our DTI comparisons showed increased AI in the TD group (see
Table 4), however all of our cortical volumetric comparisons showed

Fig. 3. Illustrative figure of tractography fibers that showed significant differences between ADHD-Free and TD groups. Axial and sagittal views shown for (a) cingulum, (b) uncinate
fasciculus, (c) inferior longitudinal fasciculus, (d) superior longitudinal fasciculus, (e) corticospinal tract, and (f) inferior fronto-occipital fasciculus. All images created were created using
DTI data from BrainSuite version 14c with 0.5 track seeds per voxel (Yan et al., 2011; Shattuck et al., 2009) using region of interest locations specified in (Catani, 2006) and 20mm
spheres. Colors indicate the average of the directions along the fiber tracts as follows: green (anterior/posterior), blue (inferior/superior).
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increased absolute AI in the ADHD population (see also Supplementary
Fig. 1). We suggest that findings reported previously may be due to the
ADHD population consisting mostly of subjects with a history of psy-
chostimulant medication (Shaw et al., 2009a). Pathologic brain asym-
metries should be considered in terms of their impact on the brain as a
whole. Increased or atypical functional asymmetry and abnormal inter-
hemispheric processing have now been reported in a number of ADHD
fMRI studies (Hale et al., 2007; Fassbender and Schweitzer, 2006). The
EEG P3 event-related potential is also more asymmetrically distributed
in ADHD subjects (Senderecka et al., 2012; Kuperman et al., 1996).
Functional asymmetry of stimulus processing (Yordanova et al., 2013)
including visual and default mode networks (DMN) (Anderson et al.,
2014) appears to be characteristic of the disease. Interestingly, our
cortical results showed consistently increased AI in key DMN loci and
lateral occipital cortex.

One implication of these results is the possibility that asymmetries
in the brain's structural layout may subtend the behavioral aspects of
ADHD. White matter structural changes were perhaps most striking,
with increased AI in fronto-parietal circuitry. Interestingly, increased
anatomic lateralization of SLF fronto-parietal connections is predictive
of behavioral performance on detection time visuospatial tasks
(Thiebaut de Schotten et al., 2011). The uncinate fasciculus participates
with the limbic system, thought to be abnormal in ADHD (Brieber et al.,
2007; Sowell et al., 2003). The IFL connects visual areas with the
amygdala and hippocampus and is involved in visual perception and
reading (Catani et al., 2003). The cingulum has known involvement in
attentional processes (Catani, 2006), connecting frontal, parietal, tem-
poral and occipital cortex.

Developmental differences in caudate volume maturation have been

noted in childhood ADHD, and these appear to resolve to some extent
during adolescence (Castellanos et al., 2002; Nakao et al., 2011).
However, some degrees of volumetric reductions in caudate nucleus
appear to persist into adulthood (Onnink et al., 2014; Seidman et al.,
2011). Our results suggest that asymmetric maturation rates between
the hemispheres may be a critical detail in understanding structural
brain changes across the lifespan.

4.1. Temporal integration

Problems with task-prioritization and increased variability in reac-
tion time (RT) are well-established behavioral traits of ADHD. Changes
in fiber myelination, and axonal diameter that are reflected in DTI
measurements, are correlated with conduction velocities (Alexander
et al., 2007), and increased asymmetry may therefore lead to un-
balanced conduction speeds. We posit that RT variability may be a
reflection of improper temporal integration in processing incoming
stimuli across hemispheres.

4.2. Limitations and future studies

A number of study limitations should be noted. First, the potential
for cohort heterogeneity with respect to diagnosis is possible.
Nonetheless, most reproducibility studies have demonstrated high
inter-rater, test-retest reliability, and consistency across diagnostic
metrics with respect to whether the individual has ADHD or not (e.g.,
Faries et al., 2001; Zhang et al., 2005). There is also likely hetero-
geneity with respect to the medication group (ADHD-Rx), since data
was not provided with respect to dosage, type of medication, or dura-
tion.

In this work, we chose to group all subjects with ADHD without
subdividing into subtypes, or referred to now in the DSM V as pre-
sentations. For some time, the extent to which these behavioral phe-
notypes form distinct diagnostic categories has been an issue of some
debate (e.g., Woo and Rey, 2005). In the publications describing results
of the ADHD200 contest, one of the consistent findings - across groups -
was the ability for pattern classification algorithms to correctly make
group-membership predictions at the level of ADHD from non-ADHD
(or TD) with considerably high accuracy (Colby et al., 2012; Douglas
et al., 2012). In comparison, the taxonomic prediction of subtype was
considerably less accurate. A number of manuscripts leading up to this
competition suggested a latent dimensional component to ADHD (e.g.,
Marcus and Barry, 2011). Our recent work building on our supervised
learning work of the ADHD200 competition leveraged unsupervised
non-negative matrix factorization. This work discovered clusters no-
minated by the data, which showed a great degree of heterogeneity
with respect to the subtype label within a given cluster, thus favoring a
more dimensional latent structure (see Anderson et al., 2014). Future
work may further explore the extent to which archetypal clusters of
ADHD as defined by neuroimaging and behavioral measures are related
to disease comorbidities (e.g., ODD) and treatment response. A recent
cross-sectional mega-analysis by our group and others examined
structural changes across the lifespan, and found greater effect sizes in
children compared to adults, supporting the delayed maturation theory
for ADHD (Hoogman et al., 2017).

Psychostimulant treatment of ADHD now represents the largest
single class of psychotropic medications prescribed to children in the
US, and around 9% of all boys and 4% of girls will receive this medi-
cation during childhood or adolescence (Visser et al., 2014; “Centers for
Disease Control and Prevention. Increasing Prevalence of Parent-
Reported Attention-Deficit/Hyperactivity Disorder Among Children,”,
2010). Future analyses may further examine how medication treatment
alters structural changes before and after puberty and across the life-
span.

Table 4
Diffusion Tensor Imaging Results for Typically Developing versus ADHD-Free.

Table 4. Diffusion tensor imaging results for typically developing (TD) versus ADHD
individuals with no history of medication treatment (ADHD-Free). Measures included:
fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial dif-
fusivity (AD). Results shown for the following comparisons: TD Right versus ADHD-Free
Right hemisphere, (Right) TD Left verses ADHD-Free Left Hemisphere (Left), and both
directional Asymmetry Index (AI) and absolute Asymmetry Index (abs(AI)) for TD and
ADHD-Free groups. All reported p-values have been adjusted to correct multiple com-
parisons, to a false discovery rate of 0.05. All significant p values are shown in bold, and a
+ sign indicates that the value was higher in the ADHD group.

Fiber Tract Measure Right Left AI Abs(AI)

Uncinate
fasciculus

FA 0.880 0.390 p < 0.001 + p < 0.001 +
MD 0.225 0.655 0.333 0.001
RD 0.303 0.487 0.542 0.001 +
AD 0.191 0.766 0.001 + p < 0.001

Cingulum FA 0.618 0.596 p < 0.001 0.810
MD 0.691 0.444 p < 0.001 + p < 0.001+
RD 0.941 0.792 p < 0.001 + p < 0.001+
AD 0.372 0.201 0.005 + p < 0.001+

Inferior
longitudinal
fasciculus

FA 0.785 0.816 0.038 0.307
MD 0.206 0.290 p < 0.001+ p < 0.001
RD 0.511 0.669 p < 0.001+ p < 0.001
AD 0.107 0.093 p < 0.001+ p < 0.001

Inferior fronto-
occipital

FA 0.397 0.770 0.042 + 0.001
MD 0.319 0.168 0.198 0.039 +
RD 0.704 0.418 0.128 0.051
AD 0.105 0.048 0.412 0.028 +

Anterior thalamic
radiation

FA 0.956 0.981 0.840 0.095
MD 0.088 0.025 + 0.050 p < 0.001 +
RD 0.207 0.145 0.155 0.002 +
AD 0.066 0.018 0.022 + p < 0.001+

Superior
longitudinal
fasciculus

FA 0.975 0.417 0.031+ 0.001+
MD 0.197 0.305 p < 0.001+ p < 0.001
RD 0.338 0.763 p < 0.001+ p < 0.001
AD 0.138 0.056 p < 0.001+ p < 0.001+

Corticospinal
tract

FA 0.266 0.825 0.001 0.435
MD 0.345 0.262 0.002+ p < 0.001+
RD 0.336 0.445 0.001+ p < 0.001+
AD 0.448 0.184 0.037+ 0.002
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5. Conclusions

Altered patterns of hemispheric asymmetry in ADHD youths were
observed across cortical and subcortical volumes, subcortical mor-
phology and white matter microstructure. Although neuroimaging is
not part of the typical diagnostic workup, this knowledge may allow us
to better appreciate the spectrum of ADHD behavioral traits as they
evolve through treatment and across the lifespan.
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