Neuropsychopharmacology (2017) 42, 572-580
© 2017 American College of Neuropsychopharmacology. Al rights reserved 0893-133X/17

www.neuropsychopharmacology.org

White Matter Microstructural Alterations in Children with
ADHD: Categorical and Dimensional Perspectives

Zhao-Min Wu''234, Janita Bralten®*, Qing-Jiu Cao'?, Martine Hoogman3’4, Marcel P Zwiers®, Li An'?,
Li Sun'?, Li Yang'?, Yu-Feng Zang®, Barbara Franke***’ and Yu-Feng Wang™" %’

'Institute of Mental Health, National Clinical Research Center for Mental Disorders, Peking University Sixth Hospital, Beijing, China; “Key
Laboratory of Mental Health, Ministry of Health, Peking University, Beijing, China; *Department of Human Genetics, Radboud University Medical
Center, Nijjmegen, The Netherlands; *Donders Institute for Brain, Cognition and Behavior, Njjmegen, The Netherlands; °Center for Cognition
and Brain Disorders, Hangzhou Normal University; Zhejiang Key Laboratory for Research in Assessment of Cognitive Impairments, Hangzhovu,
China; ®Department of Psychiatry, Donders Institute for Brain, Cognition and Behavior, Radboud University Medical Center, Nijmegen,

The Netherlands

Studies of brain alterations in children with attention-deficit/hyperactivity disorder (ADHD) have shown heterogeneous results. The aims
of the current study were to investigate white matter microstructure in children using both categorical and dimensional definitions of
ADHD and to determine the functional consequences of observed alterations. In a large single-site sample of children (aged 8—15 years)
with ADHD (n=83) and healthy controls (n=122), we used tract-based spatial statistics on diffusion tensor imaging data to investigate
whole-skeleton differences of fractional anisotropy (FA), mean, axial, and radial diffusivity (MD, AD, RD), and mode of anisotropy related
to ADHD status (categorical) and symptom severity (dimensional). For categorical differences observed, we analyzed their association with
cognitive functioning in working memory and inhibition. Compared with healthy controls, children with ADHD showed decreased FA and
increased RD in widespread, overlapping brain regions, mainly in corpus callosum (CC) and major tracts in the left hemisphere. Decreased
FA was associated with inhibition performance in the participants with ADHD. Using dimensional definitions, greater hyperactivity/
impulsivity symptom severity was associated with higher FA also in widespread regions, mainly in CC and major tracts in the right
hemisphere. Our study showed white matter alterations to be related to ADHD status and symptom severity in patients. The coexistence
of decreased FA and increased RD in the absence of alterations in MD or AD might indicate altered myelination as a pathophysiological

factor in ADHD.

INTRODUCTION

As one of the most prevalent childhood-onset neurodevelop-
mental disorders, attention-deficit/hyperactivity disorder
(ADHD) affects both children and adults. It is characterized
by developmentally inappropriate levels of inattention and/
or hyperactivity/impulsivity, and has an overall estimated
prevalence of 7.2% in children (Thomas et al, 2015) and 2.5%
in adults (Simon et al, 2009). Brain imaging studies have
identified alterations in both gray matter and white matter in
the brain in patients with ADHD (Thapar and Cooper,
2015). Findings from recent genetic studies also support
the involvement of white matter alterations in ADHD, as
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genes involved in neuronal migration, axonal guidance, and
myelination have been repeatedly found amongst the top-
hits in hypothesis-free, genome-wide gene-finding studies
(Poelmans et al, 2011; Thapar and Cooper, 2015; Yang et al,
2013).

Diffusion tensor imaging (DTI) is frequently used to
investigate the microstructural properties of the human
brain in vivo. Derived scalar characteristics, like fractional
anisotropy (FA, the normalized variance of the diffusion over
the three orthogonal axes), are thought to reflect axonal
growth or myelination characteristics of axons (Feldman
et al, 2010; Walhovd et al, 2014). A growing body of work
using DTI has shown altered white matter characteristics in
widespread regions in the brain in participants with ADHD.
Early meta-analysis of previous studies (most of relatively
small sample size) delineated that patients with ADHD
present altered FA in widespread regions, most consistently
in anterior corona radiata, forceps minor, and internal
capsule (van Ewijk et al, 2012). More recent studies in larger
cohorts (over 200 participants) also found disturbed white
matter microstructure in widespread brain regions in
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adolescent and adult participants with ADHD, including
corpus callosum, superior longitudinal fasciculus, and
internal capsule (Onnink et al, 2015; van Ewijk et al, 2014).
The most recent meta-analysis also identified reduced FA in
participants with ADHD compared with controls in corpus
callosum (CC), right cingulum and sagittal stratum, and left
tapetum (Chen et al, 2016). In addition, the FA value of the
CC in patients with ADHD was found to negatively correlate
with age. Although sample sizes have been increasing in the
past years, the larger samples have often included partici-
pants with a wide age range and/or from multiple
scanning sites.

Over the past decade, the perception on the nature
of ADHD has shifted. The ADHD symptoms are now seen
as being present on a dimensional, quantitative continuum
in the general population, on which the clinical disorder
lies at the extreme right end (Chen et al, 2008; Lubke et al,
2009). Studies investigating associations of dimensional
measures of ADHD with white matter characteristics
are scarce and heterogeneous. Positive association of
ADHD symptom counts with FA in widespread brain
regions was found in a cohort of adolescents and young
adults with ADHD (van Ewijk et al, 2014), while no
such correlation was seen in an adult ADHD cohort
(Onnink et al, 2015). A tractography-based study (n=50)
also showed that the integrity of the frontostriatal fiber
pathway correlated with symptoms in children with ADHD
(Wu et al, 2014).

Here, with standardized diagnostic procedure, advanced
artifact removal algorithm and post-hoc exploring of
functional consequence, and potential effects of confounders,
we analyzed DTI measures in a large sample of children
with ADHD and healthy individuals (aged 8-15 years), using
categorical and dimensional definitions of behavior. We
hypothesized children with ADHD to show microstructural
alterations compared with typically developing controls
(categorical), as well as correlation between symptom
severity and white matter microstructural characteristics
(dimensional). As an exploratory analysis, a hybrid model
comprising both categorical and dimensional effects was also
tested. The hybrid model, as for example, used earlier in
functional MRI (Chabernaud et al, 2012; Elton et al, 2014),
includes both categorical and dimensional predictors, and
sometimes also their interaction regressor, in the same
regression model, to better evaluate the existence of potential
complementary, coexisting categorical or dimensional
effects. Although FA is sensitive to alterations in white
matter microstructure, there is no one-to-one relationship
between FA and a particular physical or pathological
property. Combining FA with other measures generated
from DTI has been suggested to provide additional
information and help to interpret the results (Walhovd
et al, 2014). Thus, mean diffusivity (MD), radial diffusivity
(RD), axial diffusivity (AD), and mode of anisotropy (MO)
measures were also included here. Furthermore, grounded in
the altered functional connectivity found in patients with
ADHD in working memory (Bedard et al, 2014) and
inhibition tasks (van Rooij et al, 2015), we also investigated
the association of observed ADHD-related structural con-
nectivity features with cognitive functioning, hypothesizing
that they would be related to working memory and/or
inhibition performance.
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MATERIALS AND METHODS
Participants

In total, 205 individuals (83 children with ADHD and 122
healthy controls; all right hand dominant (Oldfield, 1971))
participated in the current study. All ADHD probands were
recruited from child psychiatric clinics at Peking University
Sixth Hospital/Institute of Mental Health. The diagnosis of
ADHD and/or other psychiatric disorders was made by
clinicians with a clinical interview and a semi-structured
interview based on the Schedule for Affective Disorders and
Schizophrenia for school-Age Children-Present and Lifetime
version (Kaufman et al, 1997) (K-SADS-PL). In addition to
the interviews, the ADHD rating scale-IV (DuPaul et al,
1998) was applied providing quantitative measures of
hyperactivity/impulsivity and inattention symptoms. The
parent who knew the child best was regarded as the primary
informant. Exclusion criteria for the ADHD group were 1) a
diagnosis of schizophrenia, affective disorder, Tourette
syndrome, pervasive developmental disorder, or intellectual
disability; 2) history of head injury with loss of conscious-
ness; 3) neurological abnormalities; 4) drug or substance
abuse; 5) a full-scale IQ below 80. For the healthy controls,
any evidence of current or past major psychiatric disorders
in the K-SADS-PL assessment and/or the presence of
neurological disorders led to exclusion. Additionally, visible
abnormalities (eg, enlargement of ventricle) on the magnetic
resonance images, which were examined by an experienced
radiologist, led to exclusion of cases and controls (N=2, one
from the ADHD group). This work was approved by the
Ethics committee of Peking University Health Science
Center. Informed consent was obtained from parents of
children prior to the study.

Cognitive Assessments

A battery of cognitive assessments was applied, comprising
the Behavior Rating Inventory of Executive Function
(BRIEF) (Gioia et al, 2000), the Wechsler Intelligence Scale
for Chinese Children-Revised (WISCC-R) (Gong, 1993), a
Stroop color-word test, and the Rey-Osterrieth Complex
Figure Test (RCFT). Combining parent ratings (BRIEF)
and indices of cognitive performances on standardized
tests can quantify cognitive functions in different environ-
ments (everyday vs in-lab), which has been revealed to aid in
the identification of children with attention problems
(Dewey et al, 2003). Besides, there is ample evidence that
the BRIEF measures a concept of inhibition that is relevant to
ADHD (Ezpeleta and Granero, 2015; Skogan et al, 2015).
Details about all assessments are listed in Supplementary
Methods Supplementary Table S1. The analysis of the
relationship between white matter mean FA values and
cognitive function was performed for five indicators of
performance, working memory indicated by the BRIEF
(WM_P1), the immediate structure score of the figure from
RCFT (REYSI), the digit span (DS) from WISCC-R,
inhibition indicated by the BRIEF (IB_P1), and the word
interference score of the Stroop color-word test (Winf). We
used the standardized Digit Span score from the Chinese
version of the Wechsler Intelligence Scale for Children
(C-WISC) third edition, which was generated by summing
up the digit span forward and backward, and subsequent
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standardization according to the norms. Other indicators
from BRIEF were not included due to our specific interest on
working memory and inhibition.

Imaging Protocols

All MR images were acquired on the same 3 T Siemens Tim
Trio MRI scanner with a standard 12 channel head coil in
the Imaging Center for Brain Research, Beijing Normal
University. High-resolution 3D T1-weighted images were
acquired and served as high resolution anatomical reference
for DTI data. Diffusion MRI single-shot echo planar imaging
sequences were axially applied with 64 optimal nonlinear
diffusion-weighted directions and b0= 1000 s/mm? (details
in Supplementary Methods).

Preprocessing and Skeletonization of
Diffusion-Weighted Images

The diffusion-weighted data were preprocessed using the
PATCH algorithm (Zwiers, 2010) (details in Supplementary
Methods). Later, DTIFIT from the FMRIB’s Diffusion
Toolbox (part of FMRIB’s Software Library (FSL)) was used
to create the FA images and further feed them into the TBSS
pipeline (Smith et al, 2006), with a sample-specific template
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS). Briefly, individual
FA images were mapped onto the created skeleton resulting
in a skeletonized FA image for each individual. Finally, each
participant’s FA, MD, AD, RD, and MO image was projected
onto the skeleton, and the resultant data were used for voxel-
wise statistics.

Statistical Analysis

To identify white matter alterations in children with an
ADHD diagnosis compared with healthy controls, we
performed a case-control comparison in a whole-skeleton
voxel-based manner with TBSS on FA, MD, AD, RD, and
MO values, adjusting for sex, age, and scan protocol.
Threshold-free cluster enhancement (TFCE) (Smith and
Nichols, 2009) was applied to obtain cluster-wise statistics
corrected for multiple comparisons, providing P-values
corrected for whole-skeleton family-wise error (FWE).
Post-hoc explorations of potentials confounders, being IQ,
sex, and head motion parameters were performed (details in
Supplementary Methods). To investigate the effects of
ADHD severity, whole-skeleton voxel-wise regressions with
symptom severity scores of the two dimensions (inattention
and hyperactivity/impulsivity) from the ADHD Rating Scale-
IV as two separate predictors were performed within the
ADHD group, adjusting for sex, age, and scan protocol. We
did not perform similar analyses in the healthy controls,
given the low symptom counts in this group. In addition, we
explored the hybrid hypothesis of coexistence of categorical
and dimensional effects by building hybrid models with both
the categorical and dimensional scaling as predictors on the
FA images (as this measure had the most significant findings
in both categorical and dimensional analyses; details in
Supplementary Methods).

To explore the functional consequences of the white
matter alterations and to improve the interpretation of these
microstructural alterations, the ICBM-DTI-81 atlas of white
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matter labels (Mori et al, 2008) was registered to the mean
FA image to delineate the tracts of interest (details in Supple-
mentary Methods). Averaged FA values were extracted
from these regions of interest in each subject, and partial
correlation analyses were performed with the aforemen-
tioned cognitive variables, adjusting for sex, age, and
scanning protocol. The analyses were performed separately
in the ADHD and control groups. The FDR correction was
used to correct for multiple comparisons, and the signifi-
cance level was set to FDR-corrected 0.05.

RESULTS
Demographic, Clinical and Cognitive Measures

Across the two groups, there were no significant differences
in participant’s age. However, more female participants were
present in the control group, and the children with ADHD
showed lower IQ than the healthy controls. As expected,
children with ADHD showed higher symptom counts and
impaired cognitive function. The details are summarized in
Table 1.

Table I Demographic, Clinical, and Cognitive Characteristics of the
Children with ADHD and Healthy Controls

ADHD Control P-value

(n=83) (n=122)
Gender (Males/Females) 73/10 60/62 <0.001
Age (years) I10£199 106+ 181 0.18
Q 107.1 + 1441 1187+132 <0.001
RMD 08040293 0750228 0.171
Comorbid ODD/CD (%) 30.1 0 —
Comorbid anxiety (%) 24 0 —
Comorbid tics (%) 6.0 0 —
Medication naive (%)? 829 100% —
Inattention (mean + SD)° 183+4.16 6.6+3.74 <0.001
Hyperactivity/impulsivity 12.5+6.58 49+398 <0.001
(mean +SD)°
WM_PI (mean+SD)* 2294278 123+258 <0.001
IB_PI (mean +SD)? 18.6 +4.90 148 +3.54 <0.00!
REYSI (mean + SD)© 33193 42+ 1.60 0.001
Winf (mean + SD)* 234+1220 179 +837 <0.001
DS (mean +SD)® [12+297 126 +£3.07 0.002

Abbreviations: CD, conduct disorder; ODD, oppositional defiant disorder;

IQ, intellectual quotient; RMD, relative motion displacement.

“The percentage of patients with no ADHD-related pharmacological treatment
history (both stimulant and non-stimulant included); All patients were stimulant-
medication free for at least | month before the MRI scan.

®As measured with the ADHD-DSM-IV parent Rating Scale; sample size

81 vs 101.

“WM_PI is the working memory indicator from BRIEF; sample size 53 vs 86.
YB_PI is theinhibition indicator from BRIEF; sample size 53 vs 86.

“REYSI is the Rey geometric figure structural score: immediately (working
memory); sample size 76 vs 102

Winf is the word interference from Stroop Color and Word Test (inhibition);
sample size 76 vs 102.

DS =Digit span test in the Wechsler Intelligence Scale (working memory);
sample size 80 vs 105.
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Table 2 Clusters Showing Significant Differences in FA and RD Between ADHD and Control Group

Cluster White matter tracts® (size of overlap > 10 voxels) Size (voxels)® MNI coordinate of the P-value®
Index peak voxel (x; y; z;)
Clusters with significantly lower FA in ADHD participants
| Genu, Body and splenium of corpus callosum, posterior limb of internal capsule (L), 9323 —33;4; 21 0014
retrolenticular part of intemnal capsule (L), anterior corona radiata (L), superior corona
radiate (L), posterior corona radiata (L), posterior thalamic radiation (including optic
radiation) (L), sagittal stratum (including inferior longitudinal fasciculus & inferior
fronto-occipital fasciculus) (L), external capsule (I), superior longitudinal fasciculus (L)
2 Anterior thalamic radiation (L), superior corona radiata (L) 302 —15;39;28 0037
3 Posterior thalamic radiation (L) 64 38,—46,— 13 0.043
4 Splenium of corpus callosum 79 17,—5124 0.045
Clusters with significantly higher RD in ADHD participants
| Retrolenticular part of internal capsule (L), posterior corona radiata (L), posterior 1382 —33;,—42;30 0.036
thalamic radiation (including optic radiation) (L), superior longitudinal fasciculus (L)
2 Superior corona radiata (L), superior longitudinal fasciculus (L) 740 —28; 10; 25 0.033
3 Anterior corona radiata (L) 70 —23;23,6 0.049
4 Posterior corona radiata (L) 56 - 19, -39, 34 0.049
5 Posterior corona radiata (L) 52 —20; —28; 34 0.049

*White matter tracts as defined with the JHU ICBM-DTI-81 White-Matter Labels. "Cluster size > 50 voxels. ‘P <0.05, FWE-corrected, controlling for gender, age, and

scan acquisition protocol.

White Matter Differences between Children with ADHD
and Healthy Controls

Whole-skeleton voxel-based analysis identified several clus-
ters of decreased FA and increased RD in the ADHD group
compared with the healthy controls (Table 2 and Figure 1).
No regions of increased FA or reduced RD were observed,
and no differences were observed for MD, MO, or AD. FA
differences between children with ADHD and controls were
located in widespread regions, including the corpus callo-
sum, the left superior longitudinal fasciculus, and the left
anterior and superior corona radiata. For RD, overlapping
but more restricted regions were found. Adjusting for IQ,
sex, and head motion parameters did not alter the results
(details in Supplementary Results, Supplementary Table
S4-S7 and Supplementary Figure S1).

White Matter Alterations Linked to Symptom Severity in
Children with ADHD

Whole-skeleton voxel-based regression was run in the
ADHD group only, because the controls were selected based
on low symptom scores and therefore would show floor-
effects in this analysis. We identified several clusters, where
higher hyperactivity/impulsivity symptom scores were asso-
ciated to higher FA (Table 3 and Figure 1). The areas
observed were mainly located in the right hemisphere,
encompassing corpus callosum, right superior longitudinal
fasciculus, and right anterior and superior corona radiata. No
additional significant associations were observed for the
hyperactivity/impulsivity or inattention symptom severity,
and FA, RD, MD, MO, or AD. However, supporting the
finding for FA, RD, and MO in the same regions also showed
a trend towards association (P=0.05-0.10) with the
symptom severity for hyperactivity/impulsivity (negative

for RD and positive for MO; details in Supplementary
Results, Supplementary Table S8 and Supplementary
Figure S2).

Exploring a Potential Hybrid Nature of the
ADHD-Related White Matter Microstructural
Alterations

In the exploratory hybrid model test, with a dimensional
regressor for the total score from the ADHD rating
scale added to the primary categorical model, case-control
differences persisted, but no additional variance was
explained by the total dimensional ADHD score. No hybrid
effect was observed either, when diagnosis was included in
the dimensional model (details in Supplementary Results,
Supplementary Table S9 and Supplementary Figure S3).

Functional Consequences of the Observed White Matter
Alterations

ROIs based on categorical analysis. 'The Winf score was
negatively correlated with FA values in the left anterior and
superior corona radiata, and left internal capsule (r=-0.28,
—0.33, and —0.30, respectively; all Pg4,=0.02). Worse inhi-
bitory control (larger Winf) was linked to decreased FA in
these regions in children with ADHD (Figure 2), while in the
healthy controls the Winf score was not correlated with the
FA values in those ROIs. None of the other tests were
correlated with FA values extracted from the ROIs either
in the ADHD or control groups (all Pg,>0.10; details in
Supplementary Results Supplementary Table S10).

ROIs based on dimensional analysis. 'The IB_P1 score was
marginally correlated with FA values extracted from right
posterior corona radiata (r=0.34, Pgg, =0.07) in the children
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Figure | Results from categorical (top and middle panel) and dimensional (bottom panel) tract-based spatial statistics analyses displayed with TBSS_fill on
the FSL MNII52_TI_Imm. Hot colors represent increased values, cool colors represent decreased values in healthy controls compared with children
with ADHD. Decreased FA, and increased RD are shown in children with ADHD compared with healthy controls (TFCE, P<0.05, corrected).
FA in widespread regions are shown to correlate with hyperactivity/impulsivity symptom counts in children with ADHD positively (TFCE, P<0.05, corrected).

Table 3 Clusters Showing Significant Correlation Between FA and Symptom Counts in the ADHD Group

Cluster White Matter Tracts® (Size of Overlap > 10 voxels) Size (voxels)® MNI Coordinate of the P-value®
Index Peak voxel (x; y; z;)

FA clusters with significantly positive correlation with the Hyperactivity/impulsivity symptom counts in ADHD participants

I Body and splenium of corpus callosum, cerebral peduncle (R), anterior limp of internal 3943 33; —60;3 0.027
capsule (R), retrolenticular part of intemal capsule (R), superior corona radiata (R),
posterior corona radiata (R), posterior thalamic radiation (R), stratum (including
inferior longitudinal fasciculus & inferior fronto-occipital fasciculus) (R), fomix (cres)/
stria terminalis (R), superior longitudinal fasciculus (R), superior fronto-occipital
fasciculus (R), tapetum (R)

2 Genu and body of corpus callosum, anteior corona radiata (R), Superior corona 1050 18; 22; 25 0.023
radiata (R)

3 Posterior thalamic radiation (L), sagittal stratum (including inferior longitudinal 171 —35 =57, -1 0.044
fasciculus & inferior fronto-occipital fasciculus) (L)

4 Anterior corona radiata (L) 139 =27, 21; 16 0.048

5 Posterior corona radiata (L) 120 —24, -54,24 0.037

6 Anterior corona radiata (L) 98 -21;29; 1 0.047

7 Forceps minor? 52 - 18 51; 12 0.049

*White matter tracts as defined with the JHU ICBM-DTI-81 White-Matter Labels, ®Cluster size > 50 voxels. P < 0.05, FWE-corrected, controlling for gender, age and
scan acquisition protocol. “Region not classified in the ICBM-DTI-81 labels and thus the JHU White-Matter Tractography Atlas was used here.
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Cormelation between Wind and FA values in Left Anlericr Corona Radiata

R 0.28; P

FA walues in Left Anterior Corona Radists

Ward isterferemor in Simop Color-Woed Fast

Correlation between Winf and FA values in Left Supenor Cosona Radiata

i 0.43; P 0. 02

FAl values in Left Superior Corona Radiats

Word inferference in Strocp Colori¥ord Test

Correlabon between Winf and FA values in Left Intemal Capsuie

Fl valies in Left intemal Capsise

R 0.30; P 0. 02

Werd intorfarsnce in Stroop Cafor-ord Test

Correlation betwean IB_P'1 and FA values in Right Postericr Covcna Radiata

R'= 034, F 0.07 ees

ADHD
HeamyControl

FAl vatues in Right Posterior Corona Radiata

Inhibstion Score in BRIEF

Figure 2 This figure shows the correlation between FA in the ROIs from the categorical/dimensional TBSS and cognitive function, that is, the left anterior/
superior corona radiata (the top two panels) and left internal capsule (third panel), and the inhibition (indicated by Winf from the Stroop color-word task) in
children with ADHD; the right posterior radiata (the bottom panel) and the inhibition indicator from BRIEF.

with ADHD. Worse inhibitory control (larger IB_P1 score)
was suggestively linked to increased FA in this region
(Figure 2). In the healthy controls, the IB_P1 score did not
correlate with any of the mean FA values, nor were any
additional correlations observed in the patients or the control
group (all Pg,>0.10; details in Supplementary Results
Supplementary Table S11).

DISCUSSION

In this study, we set out to investigate the microstructural
alterations in a large sample of children with ADHD and
healthy individuals, using both categorical and dimensional
definitions of ADHD. We found that compared with healthy
controls, children with ADHD showed decreased FA and

increased RD in widespread regions in the brain, encom-
passing the corpus callosum, the left superior longitudinal
fasciculus, and the left corona radiata. The decrease of FA in
left anterior and superior corona radiata, as well as left
internal capsule was found to be related to impaired
inhibition in the patients. We also showed that in children
with ADHD, hyperactivity/impulsivity symptom severity
was positively correlated with FA values mainly in the
right hemisphere, including the corpus callosum, right
superior longitudinal fasciculus, and the right corona radiata.
Exploratory analysis of hybrid models failed to demonstrate
the coexistence of categorical and dimensional effects.

The widespread pattern of altered white matter micro-
structure observed in the case-control comparison is
concordant with findings from the previous meta-analyses
(Chen et al, 2016; van Ewijk et al, 2012). In these reports,
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altered FA had been identified in corpus callosum, right
cingulum, right sagittal stratum, left tapetum, right anterior
corona radiata, right forceps minor, left cerebellum, and
bilateral internal capsule. Recently published voxel-based
whole-brain analyses in similarly large cohorts came from
multi-site studies or included broad/non-overlapping age
ranges (18-63 years & 8-30 years) (Onnink et al, 2015; van
Ewijk et al, 2014). Our study improved on this situation, as
we used a cohort of over 200 children with a relatively
narrow age range (all 8-15 years and right hand dominant),
who had been recruited at a single site and scanned with the
same 3T MRI machine. Encouragingly, the results from
those studies overlap with ours in finding widespread
regions, including decreased FA with or without increased
RD in overlapping regions. In contrast, other studies failed
to identify any regional alteration, in either children or
adults with ADHD compared with healthy controls, even
with comparable sample sizes (Ercan et al, 2016; Yoncheva
et al, 2016). Inconsistency might result from differences in
scanning, data processing, and quality assurance protocols,
differences in demographic characteristics of the partici-
pants, eg, age (Roalf et al, 2016), sex (Jacobson et al, 2015),
medication history (de Luis-Garcia et al, 2015), as well as the
heterogeneous nature of the disorder (Thapar and Cooper,
2015).

Our results demonstrated dimensional effects in addition
to diagnostic effects, thus showing a shift from healthy
individuals as well as a gradual change associated with
symptom severity. In a previous DTI study, dimensional
effects were detected for combined symptom counts of
inattention and hyperactivity/impulsivity on FA (positive)
and MD (negative) in widespread brain regions in ADHD
(van Ewijk et al, 2014). In the current study, we also found a
positive relationship between the hyperactivity/impulsivity
symptom severity score and FA measurements. We used
inattention and hyperactivity/impulsivity symptom severity
scores separately, and our sample had a more homogenous
age range, which may have contributed to the partly different
patterns of the results. The correlation between symptom
severity and FA values we observed was positive, whereas
decreased FA was found for the comparisons between
diagnostic groups, which appear counterintuitive. However,
the regions showing categorical effects did not overlap with
the regions showing dimensional effects. The marginally
significant correlation between symptom severity, and RD
and MO values, as well as between FA values derived from
the dimensional analysis and the IB_P1 score from the
BRIEF found in the current study, further supports the
positive correlation between FA and symptom severity.
Dimensional effects were not significant in the hybrid model,
which is most likely due to a floor effect brought about by the
low variation in scores within the control group, as shown in
Supplementary Figure S2. A population-based sample might
therefore be more optimal to test the existence of a hybrid
nature of white matter variation in ADHD.

The current study showed an interesting lateralization of
effects in the diagnostic and dimensional analyses. A leftward
asymmetry (left greater than right) in generalized FA of
dorsolateral and medial frontostriatal fiber pathways in
healthy controls was previously revealed to be absent in
children with ADHD (Shang et al, 2013), which led to the
more pronounced reduction in FA in the left hemisphere and
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is in line with the leftward case-control differences observed
in the current study. Our result is also in line with the
findings from another study, which specifically looked at
tractography in frontal subregions of the striatum and
showed that adolescences with ADHD failed to present the
leftward asymmetry in caudate to orbitofrontal cortex found
in the control group (Silk et al, 2015). A recent whole-brain
white matter tractography analysis also delineated a right-
lateralized decreased white matter connectivity in children
with ADHD-combined subtype compared with children with
ADHD-inattention subtype (Hong et al, 2014). However,
more straightforward investigations of the lateralization of
microstructural findings in ADHD are warranted.

Besides FA, we also used other DTI measures, including
MD, AD, RD, and MO, which can aid in the interpretation of
the results. White matter primarily consists of densely
bundled nerve fibers each comprising an axon extending
from the neuronal cell body with a long, narrow, cylindrical
geometry, and surrounded by a myelin sheath. Variation in
axonal diameters or density, due to the de- or dys-
myelination of the axons, leads to differences in FA and
RD in DTI (Feldman et al, 2010; Walhovd et al, 2014). In our
result, we found (overlapping) regions of altered FA and RD,
which may suggest that altered myelination of axons
contributes to the pathophysiology of ADHD. In the few
other studies that have looked at DTI measures other than
FA, decreased FA has often been found accompanied by
increased MD and/or RD in patients with ADHD compared
with healthy controls (Konrad et al, 2010; Onnink et al, 2015;
Pavuluri et al, 2009), while there were also studies failing to
find synchronous alterations of different DTI measures in
overlapping regions (Bode et al, 2015; Tamm et al, 2012; van
Ewijk et al, 2014). We did not find categorical or dimensional
differences in MD. As RD has been suggested to reflect
variations in myelination (Alexander et al, 2011), we specu-
late that our results may point to alterations of myelination
in ADHD. This should be tested in future studies, for
example, in animal models of ADHD.

We found that the reduction of FA in children with ADHD
was linked to impairments in inhibition. Inhibition is one of
the core impaired cognitive domains in ADHD. Abnormal
functional activation and connectivity has been seen in
patients with ADHD in inhibition (van Rooij et al, 2015).
However, studies exploring the relationship between white
matter alterations and impairment in inhibition are scarce.
In adults, the reduction in FA values with ADHD also
correlated with impaired inhibition (Onnink et al, 2015),
although measured with a different instrument than used by
us. In addition, FA values in right prefrontal fiber tracts
correlated with both functional activity in the inferior frontal
gyrus and caudate nucleus, and performance on a go/no-go
task in parent-child dyads with ADHD (Casey et al, 2007).
The correlation between altered FA values and inhibition
observed by us adds to the evidence of the role of white
matter alterations in the pathophysiology of ADHD.

Our findings should be viewed in light of some strengths
and limitations. We improved upon previous studies by
including a relatively larger sample, with a narrow age range,
and a single scanning site. We also used a sample-specific
template to improve mapping in this cohort and advanced
head motion artifact removal algorithms. Our control group
had more female participants and had a higher IQ. We



controlled for sex and IQ, and our results did not appear to
be changed by adjusting for the parameters. The hybrid
modeling might include a floor effect for the control group,
and thus the lack of variation from the control group may
mask the dimensional effects. Future research using more
sensitive dimensional measures of ADHD symptoms in
population-based samples are needed to explore this.

In summary, in the current study, with a case-control
cohort of over 200 participants, we demonstrated white
matter microstructural alterations in children with ADHD.
The observed pattern partly correlated with cognitive
functioning. The current study contributes to the ongoing
debate regarding the contribution of microstructural altera-
tions to ADHD pathophysiology; we suggest a role of
alterations linked to both categorical and dimensional
definitions of ADHD in different but interacting biological
correlates. The coexistence of decreased FA and increased
RD, and the absence of alterations in MD or AD might
point to altered myelination as a pathophysiological factor
in ADHD.
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