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Abstract: Objective: Autism spectrum disorder (ASD) and attention deficit hyperactivity disorder
(ADHD) are not only often comorbid but also overlapped in behavioral and cognitive abnormalities.
Little is known about whether these shared phenotypes are based on common or different underlying
neuropathologies. Therefore, this study aims to examine the disorder-specific alterations in white mat-
ter (WM) structural property. Method: The three comparison groups included 23 male adults with
ASD (21.4 6 3.1 years), 32 male adults with ADHD (23.4 6 3.3 years), and 29 age-matched healthy male
controls (22.4 6 3.3 years). After acquisition of the diffusion spectrum imaging (DSI), whole brain trac-
tography was reconstructed by a tract-based automatic analysis. Generalized fractional anisotropy
(GFA) values were computed to indicate tract-specific WM property with adjusted P value< 0.05 for
false discovery rate correction. Results: Post hoc analyses revealed that men with ASD exhibited signif-
icant lower GFA values than men with ADHD and male controls in six identified fiber tracts: the right
arcuate fasciculus, right cingulum (hippocampal part), anterior commissure, and three callosal fibers
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(ventrolateral prefrontal cortex part, precentral part, superior temporal part). There was no significant
difference in the GFA values of any of the fiber tracts between men with ADHD and controls. In men
with ASD, the GFA values of the right arcuate fasciculus and right cingulum (hippocampal part) were
negatively associated with autistic social-deficit symptoms, and the anterior commissure GFA value
was positively correlated with intelligence. Conclusions: This study highlights the disorder-specific
alteration of the microstructural property of WM tracts in male adults with ASD. Hum Brain Mapp
38:384–395, 2017. VC 2016 Wiley Periodicals, Inc.

Key words: autism spectrum disorder; attention deficit/hyperactivity disorder; diffusion spectrum
imaging; tractography; white matter
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INTRODUCTION

Autism spectrum disorder (ASD) and attention deficit/
hyperactivity disorder (ADHD) are two common neurode-
velopmental disorders [American Psychiatric Association,
2013]. ASD is characterized by impairment in social com-
munication and interaction, alongside restricted, and
repetitive behaviors/interests/activities. The core symp-
toms of ADHD include inattention, hyperactivity, and
impulsivity. Despite the distinct diagnostic prototypes
between ASD and ADHD, these two disorders also have
some overlaps, in terms of clinical presentations [Leitner,
2014], neuropsychological functioning [Rommelse et al.,
2011], and familial/genetic influences [Musser et al., 2014].
Yet, commonalities and distinctions of neuroimaging cor-
relates between these two disorders have been infrequent-
ly studied and revealed inconclusive results [Brieber et al.,
2007; Chantiluke et al., 2014; Christakou et al., 2013; Di
Martino et al., 2013; Lim et al., 2015; Ray et al., 2014].

Parallel examinations of structural and functional neural
substrates of ASD and ADHD highlight disrupted structur-
al [Travers et al., 2012] and functional [Di Martino et al.,
2013] brain connectivity of widespread circuitries in each
condition, despite apparent inconsistencies across disorders
and studies. Examining ASD and ADHD in the same study
is warranted to determine any similar neural substrates in
these two disorders [Christakou et al., 2013]. Limited stud-
ies directly comparing ASD and ADHD have only found
some potential commonalities and noticeable disorder-
specificity in the neural correlates [Christakou et al., 2013;
Di Martino et al., 2013]. For example, task-based functional
magnetic imaging (fMRI) studies demonstrated both com-
mon and disorder-specific hypo-/hyperactivations in task-
related brain regions during the sustained attention [Chris-
takou et al., 2013] and temporal discounting task [Chanti-
luke et al., 2014]. Other studies also reported both shared
and disorder-specific abnormality in the degree of centrality
derived from intrinsic functional connectivity [Di Martino
et al., 2013] and structural changes in the regional volumes
[Brieber et al., 2007; Lim et al., 2015]. Although these stud-
ies focused on regional abnormalities, the widely distribut-
ed patterns further support the notion of aberrant
circuitries in both disorders [Ecker et al., 2015].

A recent diffusion MRI study, combining resting-state
fMRI, further suggests that ASD and ADHD exhibited dis-
tinct brain network organization in middle childhood [Ray
et al., 2014]. Relative to typically developing children, chil-
dren with ASD had over-connectivity inside regions dem-
onstrating rich-club organization, that is, the hubs of a
brain network tend to be more densely connected among
themselves than nodes of a lower degree, whereas children
with ADHD exhibited under-connectivity in rich-club
areas [Ray et al., 2014]. Nonetheless, to our knowledge,
only this study [Ray et al., 2014] used high angular resolu-
tion diffusion imaging to identify shared versus distinct
white matter (WM) connectivity between ASD and ADHD,
highlighting the pressing need to implement the state-of-
the-art technique to investigate microstructural connectivi-
ty atypicality among both disorders.

Overall, the current literature presented with heteroge-
neous findings, which may arise from the following rea-
sons. Despite no overlap in the core diagnostic criteria,
some levels of inattention and hyperactivity/impulsivity
in ASD, whereas some levels of impaired social communi-
cation in ADHD, are noted [Rommelse et al., 2011], and
ASD and ADHD co-occur commonly. These have not been
adequately accounted for in prior studies investigating
these two disorders [Brieber et al., 2007; Chantiluke et al.,
2014; Christakou et al., 2013; Di Martino et al., 2013; Lim
et al., 2015; Ray et al., 2014], and may be partly addressed
by the design of comparing participants with the pure
ASD and ADHD without comorbidity. In addition, sex dif-
ferences in clinical presentations and neuroanatomy of
both disorders have been reported [Lai et al., 2015].
Among the previous imaging studies about ASD, most of
the studies recruited all male participants [Brieber et al.,
2007; Chantiluke et al., 2014; Christakou et al., 2013; Lim
et al., 2015] or predominantly male participants [Di
Martino et al., 2013], but most of the ADHD imaging stud-
ies included a substantial proportion of female participants
[Chiang et al., 2015]. Lastly, neuroanatomical abnormalities
in ASD and ADHD are substantially age-dependent [Lin
et al., 2015a; Shaw et al., 2007], introducing further hetero-
geneity in the literature. Intriguingly, none of the related
literature has recruited adult participants to compare both
disorders. To confine the studied age range to adulthood
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may better account for the different neurodevelopmental
stages, that is, distinctly precocious or delayed maturation
across disorders [Ecker et al., 2015], when comparing indi-
viduals with ASD, as well as those with ADHD, with typi-
cally developing controls.

This study, therefore, aimed to compare the whole-brain
WM microstructural property of male adults with ASD
and those with ADHD as compared to healthy male
adults, based on the state-of-art diffusion spectrum imag-
ing (DSI) tractography, which may be advantageous as
compared to Diffusion Tensor Imaging (DTI) in terms of
resolutions of crossing fibers [Chen et al., 2015]. We
hypothesized that men with ASD would have both similar
and distinct WM microstructural properties with respect
to men with ADHD and healthy controls. We did not hold
specific hypotheses regarding the identified WM tracts giv-
en elusive and inconclusive evidence.

METHODS

Participants

This work was approved by the Research Ethics
Committee of National Taiwan University Hospital
(201003087R, 201201006RIB), and all the participants pro-
vided their written informed consents after detailed
explanations before study implementation. The sample
consisted of 23 men with ASD, 32 men with ADHD, and
29 healthy male adults (controls), aged from 18 to 30 years
old (Table I). The ASD and ADHD groups were recruited

consecutively at the Department of Psychiatry, National
Taiwan University Hospital, Taipei, Taiwan. They were
clinically diagnosed according to the DSM-IV diagnostic
criteria by the corresponding author (SSG). The healthy
men, recruited via advertisements, were enrolled only if
there was neither medical and neuropsychiatric illness,
nor current or past history of using psychotropic agents.
All the participants received the same evaluation proce-
dures including the semi-structured Conners’ Adult
ADHD Diagnostic Interview as described in the DSM-IV
(CAADID, Multi-Health Systems) [Conners et al., 1999] for
current ADHD, and the modified adult version of the
ADHD supplement of the Chinese version of the Schedule
for Affective Disorders and Schizophrenia–Epidemiological
Version (K-SADS-E) for current and past ADHD [Ni et al.,
2013] and SADS for other psychiatric disorders [Lin et al.,
2015b], the Wechsler Adult Intelligence Scale-Revised
[Wechsler, 1981], and MRI assessments. In addition,
parents of participants with a clinical diagnosis of ASD
received the Autism Diagnostic Interview-Revised (ADI-R)
to confirm ASD diagnosis [Gau et al., 2011]. Because none
of participants had comorbidity of ASD and ADHD, only
men with ASD reported on the Chinese version of the
Autism Spectrum Quotient (AQ-Chinese) [Lau et al., 2013],
and their parents completed the Chinese version of the
Social Responsiveness Scale (SRS-Chinese) [Gau et al.,
2013] for the autistic-like social deficits of the participants.
All the participants who had psychosis, mood disorders,
learning disability, substance use, neurological disorders,
or comorbid diagnosis of ASD (for the ADHD and control

TABLE I. Demographic and clinical characteristics

ASD ADHD Control
ANOVA

Post hoc
Mean 6 SD (n 5 23) (n 5 32) (n 5 29) F value P-value analysisa

Age (range: 17.5–30 y/o) 21.396 6 3.05 23.359 6 3.348 22.424 6 3.328 2.44 0.094
Right-handed (%) 21 (91.3%) 30 (93.8%) 29 (100%) 2.391b 0.303
Intelligence quotient (IQ)

Verbal IQ 98.27 6 21.54 108 6 10.05 113.93 6 9.61 7.97 <0.001 ASD< ADHD, Control
Performance IQ 97.27 6 23.97 110.5 6 13.32 112.93 6 12.6 6.24 0.003 ASD< ADHD, Control
Full-scale IQ 97.82 6 22.51 109.69 6 10.58 114.59 6 11.06 8.27 <0.001 ASD< ADHD, Control
(Range of Full-scale IQ) 45–130 87–137 86–134

The adult autism spectrum quotient
Socialness 38.33 6 5.59 — 24.93 6 8.52 32.54 <0.001
Mindreading 23.29 6 4.98 — 14.60 6 1.84 41.27 <0.001
Patterns 12.24 6 4.00 — 9.80 6 2.26 4.52 0.041
Attention to details 11.00 6 1.95 — 9.73 6 1.67 4.15 0.049
Attention switching 17.33 6 3.31 — 14.07 6 3.20 8.78 0.006
Total score 102.19 6 12.74 — 73.15 6 7.83 <0.001

Adult ADHD Self-Report Scale
Inattention — 26.44 6 4.74 12.12 6 3.61 136.63 <0.001
Hyperactivity/Impulsivity — 20.72 6 5.33 7.97 6 4.66 77.29 <0.001

Head motionc (signal dropout count) 40.30 6 18.07 24.34 6 17.56 32.83 6 21.55 4.73 0.012 ASD> ADHD

aPairwise comparison by post hoc analysis with Scheff�e Test.
bChi-square test.
cHigh signal dropout count imply more head motion.
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groups) and ADHD (for the ASD and control groups)
were excluded from the study. In the ADHD group, 14
participants had ever been treated with methylphenidate
for ADHD symptoms.

Clinical Assessments

The adult ADHD supplement of the Chinese version

of the K-SADS-E

In addition to clinical assessment, all participants were
confirmed by the Chinese K-SADS-E interview to obtain
the information on clinical symptoms and diagnoses of
ADHD in childhood and adulthood according to the
DSM-IV diagnostic criteria. The K-SADS-E is a semi-
structured interview scale for the systematic assessment of
both lifetime and current (past 6 months) diagnosis of
mental disorders, including childhood and current diagno-
sis of ASD and ADHD. The Child Psychiatry Research
Group in Taiwan developed the Chinese K-SADS-E via a
two-stage translation [Gau et al., 2005], and the ADHD
supplement was modified into adult version by the corre-
sponding author (SSG) [Chang et al., 2013]. The Chinese
K-SADS-E and SADS are reliable and valid instruments to
assess child [Chiang et al., 2015] and adult [Chang et al.,
2013; Lin et al., 2016] psychiatric disorders in Taiwan. The
details of the K-SADS-E interview training and best esti-
mate of each DSM-IV psychiatric diagnosis have been
described elsewhere [Gau et al., 2010] and are provided
upon request.

The Chinese version of the ADI-R

The clinical diagnosis of ASD of participants with ASD
was further confirmed by interviewing the parents using the
Chinese version of the ADI-R. The ADI-R is a standardized,
semi-structured diagnostic interview scale to obtain data on
past and current autistic symptoms, which is provided by
parents or main caregivers. The algorithm focuses on recip-
rocal social interaction (cut-off 5 10), verbal communication
(cut-off 5 8), nonverbal communication (cut-off 5 7), and
restricted/repetitive/stereotyped patterns of behaviors (cut-
off 5 3). The Chinese ADI-R was approved by Western Psy-
chological Services in 2007 [Gau et al., 2011].

The Chinese version of the AQ (AQ-Chinese)

The AQ [Baron-Cohen et al., 2001] is a 50-item adult
self-report measure of autistic traits with a 4-point Likert
scale ranging from 1 to 4. Higher score indicates the autis-
tic end of the continuum. Exploratory and confirmatory
factor analyses revealed that a 35-item, 5-dimensional fac-
tor solution of the AQ-Chinese has favorable psychometric
characteristics [Lau et al., 2013]. These five dimensions
include the socialness (poor social skills and dislike social
interaction), mindreading (difficulty in understanding

other’s intentions or feeling) and other three subscales
(patterns, attention to details, and attention switching).

The Chinese version of the SRS

The SRS is a 65-item rating scale measuring the severity
of autism spectrum symptoms [Gau et al., 2013], rated on
a 4-point Likert scale from “0” (not true) to “3” (almost
always true), and a higher score depicts more autistic fea-
tures. Confirmatory factor analyses revealed that the Chi-
nese version of the SRS, officially approved by Dr.
Constantino in 2008, after removing 5 items, has a 4-factor
structure (i.e., socio-communication, autism mannerisms,
social awareness, and social emotion) [Gau et al., 2013].

MRI Assessments

Image acquisition

MRI was performed on a 3T MRI system (TIM Trio, Sie-
mens, Erlangen, Germany) with a 32-channel phased array
head coil. All participants lied still on the table with head
movement restricted by expandable foam cushions. T1-
weight images covering the whole head were acquired
using a 3D magnetization-prepared rapid gradient echo
sequence: repetition time (TR) 5 2,000 ms, echo time
(TE) 5 2.98 ms, inversion time 5 900 ms, field of view
(FOV) 5 256 3 192 3 208 mm3, matrix size 5 256 3 192 3

208, yielding an isotropic resolution of 1 3 1 3 1 mm3.
DSI was acquired using a pulsed-gradient spin-echo EPI
sequence with a twice-refocused balanced echo [Reese
et al., 2003]. Diffusion acquisition scheme with 102
diffusion-weighted image volumes corresponding to the
grid points within a half sphere of the 3D diffusion-
encoding space (q-space) were applied with the maximum
diffusion sensitivity value (bmax) of 4,000 s/mm2. The
parameters were: TR/TE 5 9,100 ms/142 ms, FOV 5

200 mm 3 200 mm, matrix size 5 128 3 128, slice
thickness 5 2.5 mm without gap, and slice number 5 54.

Substantial in-scanner head motion may occur during
DSI acquisitions due to relatively long scanning time. In
the presence of strong diffusion-sensitive gradients, espe-
cially those with high b-values, jerky head motion induces
signal loss in the diffusion-weighted images. Our DSI
datasets underwent a quality assurance procedure by
counting the number of diffusion-weighted images that
had a significant signal dropout. All of the acquired DSI
datasets (3,264 images per person) were scrutinized by cal-
culating the signals in the central square (20 3 20 pixels)
of each image. Data with more than 90 images of signal
losses had significant reductions of generalized fractional
anisotropy (GFA) values and was discarded [Chen et al.,
2015]. The data used in the final analyses met the above-
mentioned criteria for quality control.
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DSI image reconstruction

The diffusion probability density function (PDF) at each
voxel was reconstructed based on the Fourier relationship
between the PDF and q-space signal [Callaghan et al.,
1991]. Three-dimensional Fourier transform was per-
formed on the q-space signal, applied with a Hanning fil-
ter of 17 units in width, to reconstruct the PDF. The
orientation distribution function (ODF, w(u)) was deter-
mined by computing the second moment of the PDF along
each of the 362 radial directions (sixfold tessellated icosa-
hedron). The GFA value at each voxel was determined
with the formula: SD(w)/RMS(w), where SD is the stan-
dard deviation and RMS is the root mean square of the
ODF [Tuch, 2004]. The GFA corresponds to FA used in
DTI studies, which may represent multiple dimensions
regarding the microstructural property of the WM fiber
tracts, including degree of myelination, fiber diameters,
fiber density, or fiber coherence [Johansen-Berg and Beh-
rens, 2014].

Whole brain tract specific analysis

For the whole brain tract specific analysis, we used the
tract-based automatic analysis (TBAA) method developed
by Chen et al. [2015] to enable efficient tract-based analysis
of the major fiber tracts over the entire brain. The TBAA

method relies on a high quality DSI template [Hsu et al.,
2015] and a list of tract coordinates on the template [Chen
et al., 2015]. These two components allow us to sample the
GFA values of each tract on each individual’s diffusion
dataset given known transformation between the DSI tem-
plate and the individual DSI. The details of the construc-
tion of DSI template and tract coordinates are described
elsewhere [Chen et al., 2015]. In brief, the DSI template,
called NTU-DSI-122, is a DSI dataset averaged over 122
registered DSI datasets of healthy adults, and was built in
the standard ICBM152 space. A total of 74 tracts were pre-
defined on the template by performing streamline-based
deterministic tractography with multiple regions of inter-
ests using in-house software (DSI Studio: http://dsi-stu-
dio.labsolver.org). The coordinates of streamlines were
aligned along the proceeding direction of each tract bun-
dle, interpolated into 100 steps, and saved as the sampling
coordinates of GFA.

We used the TBAA method as follows (Fig. 1). The DSI
data of all 84 participants were registered to create a study-
specific template (SST), which was then registered to the
NTU-DSI-122 template. Sampling coordinates of the pre-
defined 74 major WM tracts (as specified in Supporting Infor-
mation Table S1) were transformed from the NTU-DSI-122
template to individual DSI via the transformation between
the NTU-DSI-122 and SST, and the transformation between
SST and individual DSI. GFA values were sampled in native

Figure 1.

The analysis workflow of template-based approach. Abbreviations: DSI, diffusion spectrum imag-

ing; SST, study-specific template; GFA, generalized fractional anisotropy. [Color figure can be

viewed at wileyonlinelibrary.com.]
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DSI space using the transformed sampling coordinates from
the NTU-DSI-122. In this study, the mean GFA value was cal-
culated for each tract bundle in each participant.

Statistical Analyses

Data analysis was conducted by using SAS 9.2 version
(SAS Institute, Cary, NC). The alpha value was preselected
at the level of P< 0.05. The descriptive results were dis-
played as mean and SD for the continuous variables. The
analyses of variance (ANOVAs) were used for continuous
variables to compare the clinical measures and the mean
GFA values of the whole-brain WM tracts among the
ASD, ADHD, and TD groups. To control for inflation of
Type I error in multiple tests in 74 fiber tracts, a false dis-
covery rate (FDR, q) correction was set at q< 0.05. To fur-
ther discriminate the differences among the three study
groups, post hoc pairwise analysis with Scheff�e test was
used. Pearson correlation (r) was used to correlate the
autistic traits and microstructural property of the identi-
fied WM tracts with significant group difference in the
ASD group. Multiple tests in the correlation analyses were
also adjusted with FDR correction. Because in-scanner
head motion has been shown to be an important con-
founder in analyses of diffusion, we also tested whether
the significant group differences in microstructural integri-
ty remained using the signal dropout count as an addi-
tional nuisance covariate in statistical analyses [Koldewyn
et al., 2014; Yendiki et al., 2013].

RESULTS

Sample Characteristics

There were no significant differences in age and
handedness among the ASD, ADHD, and control groups
(Table I). Men with ASD had lower IQ profiles than men
with ADHD and controls, with no difference between the
latter two groups. Compared with controls, men with ASD
showed significantly higher autism spectrum symptoms,
and men with ADHD demonstrated significantly higher
ADHD symptoms as expected. We identified that the ASD
group had significant higher levels of in-scanner head
motion, in terms of DSI signal dropout counts, as com-
pared to the ADHD group (Table I).

Microstructural Integrity of the WM Tracts

Among 74 WM tracts over the entire brain, ANOVA with
FDR correction identified six tracts with significant group
differences in GFA values (q-value< 0.05) (Table II and Sup-
porting Information Table S1). These six tracts included the
right arcuate fasciculus, right cingulum hippocampal part,
anterior commissure, and three callosal fibers (VLPFC part,
precentral part, superior temporal part) (Fig. 2). The left
arcuate fasciculus (q 5 0.063) and left medial lemniscus
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(q 5 0.063) exhibited trend-level significance in group com-
parisons (Supporting Information Table S1). Post hoc pair-
wise comparisons revealed that men with ASD had
significantly lower mean GFA values in the right arcuate fas-
ciculus and three callosal fibers (VLPFC part, precentral
part, superior temporal part) than men with ADHD and
controls; and in the right hippocampal cingulum and anteri-
or commissure than men with ADHD (Table II). After con-
trolling for head motion level according to the signal
dropout count, the statistical significance of microstructural
property among the three groups did not have considerable
differences (Supporting Information Table S4). The only sig-
nificant difference was that men with ASD had lower mean
GFA values in the corpus callosum, precentral part, than
men with ADHD, and controls in the Post hoc comparisons.

A wide range of cognitive abilities, from intellectual dis-
ability to superior intelligence, was also noted in our par-
ticipants with ASD (full-scale IQ 45-130). Therefore, we
conducted a supplementary analysis to minimize the effect
of low IQ on the WM microstructural property in ASD.
We excluded four patients with ASD whose full-scale IQ
was lower than 70, and identified the similar findings in

terms of WM property. As shown in Supporting Informa-
tion Table 2, men with high-functioning ASD (n 5 19) still
had significantly lower GFA in all these six WM tracts
than men with ADHD (P< 0.05). But when compared to
controls, they only showed significantly lower GFA in the
right arcuate fasciculus and two callosal fibers (VLPFC
part and superior temporal part).

To account for the possible medication effects on WM
property, we conducted another supplementary analysis
excluding 14 participants with ADHD who had taken meth-
ylphenidate (Supporting Information Table 3). The results
were similar with those shown in Table II. Drug-naive men
with ADHD (n 5 18) still had significantly higher mean
GFA in all these six WM tracts than men with ASD
(P< 0.05), and they did not show difference in the mean
GFA values in these six WM tracts compared to controls.

Correlations with Clinical Measures in ASD

We correlated the GFA values of 6 identified tracts with
autistic symptoms, assessed by self-reports on the AQ-

Figure 2.

Reconstruction of the white matter tracts with significant differences between autism spectrum

disorder and ADHD. These tracts include A) the right arcuate fasciculus, B) the right hippocam-

pal cingulum, C) the anterior commissure, D) the corpus callosum, connecting bilateral ventro-

lateral prefrontal cortices, E) the corpus callosum connecting bilateral precentral gyri, and F) the

corpus callosum connecting bilateral superior temporal parts. [Color figure can be viewed at

wileyonlinelibrary.com.]
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Chinese, and parents’ reports on the SRS-Chinese in the
ASD group. Although we did not find associations
between the property of WM tracts and the total score of
the AQ and the SRS, we did find significant associations
with scores of some subscales evaluating social deficits.
We found that the right arcuate fasciculus GFA value was
negatively correlated with the mindreading subscale of the
AQ-Chinese (r 5 20.595, q 5 0.01, Fig. 3A), meaning that
decreasing microstructural integrity of the right arcuate
fasciculus was associated with increasing difficulty in
understanding other’s intentions or feelings; and the rela-
tionship between the right hippocampal cingulum and the
socialness subscale in the AQ-Chinese reached nominal
significance (r 5 20.469, uncorrected P 5 0.032). Moreover,
the right hippocampal cingulum exhibited significant neg-
ative correlations with the social awareness subscale of the
SRS (r 5 20.593, q 5 0.013, see Fig. 3B). In general, the low-
er the mean GFA of these tracts exhibited, the more severe
social deficits were shown.

DISCUSSION

To the best of our knowledge, this is the first study to
directly compare the WM microstructural property of the
whole-brain fiber tracts in men with ASD and men with
ADHD using DSI tractography. This study had some nov-
el findings. First, men with ASD had distinctly lower
mean GFA values than men with ADHD in the right arcu-
ate fasciculus, right hippocampal cingulum, anterior com-
missure, and three callosal fibers (VLPFC part, precentral
part, superior temporal part). Second, mean GFA values of
the right arcuate fasciculus and right hippocampal

cingulum were negatively associated with autistic social-
deficit symptoms.

In accordance with earlier literature [Brieber et al., 2007;
Chantiluke et al., 2014; Christakou et al., 2013; Di Martino
et al., 2013; Lim et al., 2015; Ray et al., 2014], our study
examining whole brain fiber tracts microstructural proper-
ty among ASD and ADHD provides evidence to support
disease-specific abnormalities in ASD, despite involvement
of different brain regions. Inconsistency between our
results and others with regards to specific brain regions
associated with ASD-specific abnormalities may result
from heterogeneity on the spectrum [Lai et al., 2015], var-
ied imaging modalities and methodologies, different sam-
ple sizes, and differences in age investigated [Ecker et al.,
2015; Rommelse et al., 2011]. In contrast to previous func-
tional and structural imaging studies focusing on children
and adolescents [Brieber et al., 2007; Chantiluke et al.,
2014; Christakou et al., 2013; Di Martino et al., 2013; Lim
et al., 2015; Ray et al., 2014], this study is the first to exam-
ine diffusion imaging in adult male populations. Age
appears to be a significant factor influencing the variability
across imaging studies [Ecker et al., 2015; Rommelse et al.,
2011]. Our approach of restricting sample to adults may
better disentangle specific diagnostic effects, as the altered
WM integrity during different neurodevelopmental stages
among these two disorders diminish with maturation
[Ecker et al., 2015]. Conversely, despite elusive conclu-
sions, we should bear in mind that environment and expe-
riences would moderate myelination, related to GFA
values, in an inter-individually variable way [Tymofiyeva
et al., 2014]. This caveat may confound findings in WM
property in adult cohort to some extent, warranting fur-
ther investigation.

Figure 3.

Correlation between the mean generalized fractional anisotropy

values of the white matter tracts and social deficit and intelli-

gence in men with autism spectrum disorder. We found negative

associations between A) the right arcuate fasciculus GFA value

and the mindreading subscale of the AQ-Chinese, B) the right

hippocampal cingulum and the socialness subscale in the AQ-

Chinese, and C) the right hippocampal cingulum and the social

awareness subscale of the SRS. Abbreviations: AQ, the Chinese

version of the Autism Spectrum Quotient; SRS, the Chinese ver-

sion of the Social Responsiveness Scale.
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Our findings in the ASD group grossly concur with ear-
lier DTI studies, which showed altered microstructural
property in the arcuate fasciculus [Travers et al., 2012],
corpus callosum [Onnink et al., 2015; Travers et al., 2015],
and cingulum bundle [Ikuta et al., 2014; Travers et al.,
2012] in ASD, and with our recent DSI study, which iden-
tified altered microstructural integrity in the corpus cal-
losum in adolescents with ASD [Lo et al., 2011]. Such
decreased corpus callosal fractional anisotropy (FA) val-
ues, assessed by DTI, persists into adulthood [Travers
et al., 2015]. Regarding the sub-parts of the corpus cal-
losum, the VLPFC is responsible for top-down attentional
and inhibitory control, and the VLPFC part of the corpus
callosum may facilitate integration of processing verbal
and visual stimuli [Levy and Wagner, 2011]. The precen-
tral gyrus is implicated in planning and executing move-
ments [Mahajan et al., 2016]. The superior temporal part of
the corpus callosum may be important in integrating audi-
tory language comprehension involving the left hemi-
sphere, and processing emotional information from the
face and voice relying on the right superior temporal sul-
cus [Watson et al., 2014]. Moreover, the VLPFC and the
superior temporal sub-parts of the corpus callosum may
interconnect the key regions within the mirror neuron sys-
tem, which is hypothesized as one of core systems
involved in ASD [Perkins et al., 2015]. Communication
between bilateral hemispheres in these regions via corpus
callosum may help to integrate verbal and visual informa-
tion and facilitate top-down control in ASD [Levy and
Wagner, 2011; Watson et al., 2014]. Overall, our findings
regarding the corpus callosum could further support inter-
hemispheric dysconnectivity in ASD [Travers et al., 2012].

Only a few studies have explored relationships between
alterations in the WM and clinical and neuropsychological
performances in patients with ASD [Ikuta et al., 2014], lim-
iting our understanding on the clinical significance of
alterations in the WM tracts. The finding of reducing the
right arcuate fasciculus GFA values in men with ASD is
consistent with the earlier literature which shows aberrant
connectivity of the arcuate fasciculus in children [Poustka
et al., 2012] and adolescents [Fletcher et al., 2010] with
ASD. In contrast, young children with ASD showed wide-
spread increase of FA in major WM tracts, including the
arcuate fasciculus [Billeci et al., 2012]. This is possibly
explained by age range, different fiber tracking algorithms
or different metric definition of diffusion anisotropy
between DSI and DTI. Lewis et al. suggested that impaired
microstructure in the arcuate fasciculus of the patients
with tuberous sclerosis complex may indicate an increased
risk of ASD, because their DTI study revealed that tuber-
ous sclerosis complex patients with ASD had lower FA
than those without ASD [Lewis et al., 2013]. Although the
left arcuate fasciculus is well known to be responsible for
language function [Catani and Mesulam, 2008], the right
hemisphere is better able to process speech with emotional
prosody [Godfrey and Grimshaw, 2015]. FA of the right

arcuate fasciculus has been reported to be negatively cor-
related with the severity of communication symptoms in
children with ASD [Poustka et al., 2012], and negatively
associated with the pitch discrimination and pitch-related
learning abilities in healthy adults [Loui et al., 2011]. Our
result of the associations between the right arcuate fascicu-
lus and the ability to understand others’ intentions/feel-
ings is consistent with the previous literature and may
contribute to new clinical implications.

Regarding the hippocampal cingulum, the microstruc-
tural WM property is suggested to be related to the ability
of behavioral regulation in adolescents and young adults
with ASD [Ikuta et al., 2014], affective flattening in
patients with schizophrenia [Whitford et al., 2014], and
visual memory in patients with early Alzheimer’s disease
[Lin et al., 2014b]. Our work provides new evidence to
suggest the relationship between the microstructural prop-
erty of the hippocampal cingulum and social awareness/
social skills in ASD. This may partially correspond with
behavioral and emotional regulation in previous studies
[Ikuta et al., 2014].

Beyond our anticipation, the present study only identi-
fied disorder-specific abnormalities in the WM microstruc-
tural property in ASD, but neither ADHD-specific nor
common atypicality was found. The negative finding is
inconsistent not only with studies comparing ADHD and
ASD [Brieber et al., 2007; Chantiluke et al., 2014; Christa-
kou et al., 2013; Di Martino et al., 2013; Lim et al., 2015;
Ray et al., 2014] but also with abnormality in the WM
tracts reported in studies comparing only ADHD and con-
trols [Onnink et al., 2015]. However, much less investiga-
tion has been conducted on adults with ADHD, compared
to child population [Onnink et al., 2015]. An earlier meta-
analysis suggests that adults with ADHD have less exten-
sive regions of brain structural abnormality than ADHD
children [Frodl and Skokauskas, 2012]. A recent DTI study
also reported the lack of significant regional WM differ-
ences, in terms of the FA values, in both children and
adults with ADHD [Yoncheva et al., 2016], supporting the
present negative results. Other explanations of this nega-
tive finding may involve sex/gender impacts [Villemon-
teix et al., 2015], in-scanner head motion [Koldewyn et al.,
2014], sample size, and medication effects [Lin et al.,
2014a]. We boldly speculate that the inconsistency may
partly arise from the sex/gender-based brain differences
in ADHD [Fan et al., in prep; Villemonteix et al., 2015].
Sex/gender-specific differences in grey matter volume
[Villemonteix et al., 2015] and surface area [Dirlikov et al.,
2015] have been reported between boys and girls with
ADHD. Our recent DSI study [Fan et al., in prep, in prepa-
ration] examining sex/gender differences in the WM tracts
in adults with ADHD showed that as compared to the
same-gender healthy adults, women with ADHD, relative
to men with ADHD, had more diffuse WM tracts showing
altered microstructural property. These female-specific dif-
ferences also overlapped with the findings from
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comparisons between men and women with ADHD [Fan
et al., in prep], suggesting less marked alterations in the
WM property in men with ADHD. Moreover, recruitment
of pure male participants in the present study may also
reduce sensitivity to detect brain differences in adults with
ADHD. This unique feature of the participants might also
in part explain the distinct findings from previous studies
[Onnink et al., 2015; Ray et al., 2014]. Additionally, varied
levels of in-scanner head motion may also partly contrib-
ute to conflicting results across studies, as motion would
introduce spurious group differences [Koldewyn et al.,
2014; Yendiki et al., 2013], and worryingly impact the
interpretations of earlier literature without reporting
motion extents. Following the published method [Chen
et al., 2015; Hsu et al., 2015], we visually scrutinized every
axial slice in DSI datasets to ensure restricted in-scanner
head motion in each participant in the present study.
Moreover, our sample size is smaller than some of large-
scale studies [Onnink et al., 2015], probably resulting in
insufficient statistical power to detect significant difference
after correcting for multiple comparisons in the ADHD
group. Additionally, although there has been no study
reporting the effect of ADHD medications on the develop-
ment and WM tracts in human, the potential effect of
ADHD medications on the development and WM tracts
needed to be addressed, despite our findings of similar
patterns in those treatment-na€ıve participants with ADHD.
Replications of the present findings await future studies
accounting for these varied issues in methodology.

LIMITATIONS

Despite the strengths of using DSI tractography analysis
to comprehensively investigate whole-brain fiber tracts
[Chen et al., 2015; Hsu et al., 2015], a relatively larger sam-
ple size than most of previous investigations [Brieber
et al., 2007; Chantiluke et al., 2014; Christakou et al., 2013;
Ray et al., 2014], as well as adult population with pure
male participants and narrow age range to minimize the
confounding effects of sex and age, the present study still
had two methodological limitations. First, sample restric-
tion to all male adults enhances the homogeneity but lim-
its the generalizability of our results to child and
adolescent patients and females with the disorders. Sec-
ond, the ASD group had a wide range of intellectual func-
tions. Our clinical reports revealed that ASD participants
with low intelligence had acceptable adaptive functioning
in daily life, consistent with the speculation that autism
spectrum intelligence is distinctly uneven and easily
under-estimated [Dawson et al., 2007]. Lastly, a lack of
data on assessments of co-occurring symptoms of ASD or
ADHD (i.e., no ADHD symptoms severity assessed in the
ASD group, and no autistic level assessed in the ADHD
group), alongside a lack of samples with co-occurring ASD
and ADHD limit the clinical implication for currently-
investigated brain-behavior relationships. Also, this

unavailability of dimensional behavioral data, together
with no inclusion of participants with co-occurring ASD
and ADHD, limit complete delineation of overlapping
neural profiles of these two disorders. This should be judi-
ciously accounted for in the future study.

CONCLUSIONS

This study provides strong evidence to support
disorder-specific alterations of the WM microstructure in
men with ASD. Clinical implications for these disorder-
specific alterations are further endorsed by brain-behavior
associations. To further advance understanding of
disorder-specific and common biomarkers, we suggest
future studies using a longitudinal study design, multi-
modal imaging methodology, a wide range of age groups,
and the four group comparison (adding the comorbid
ASD and ADHD group, and assessing comorbid symp-
toms of ASD and ADHD in all participants).
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