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Microstructural abnormalities of the brain white
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Background: Attention-deficit/hyperactivity disorder (ADHD) is an early-onset neurodevelopmental disorder with multiple behavioural
problems and executive dysfunctions for which neuroimaging studies have reported a variety of abnormalities, with inconsistencies partly
owing to confounding by medication and concurrent psychiatric disease. We aimed to investigate the microstructural abnormalities of
white matter in unmedicated children and adolescents with pure ADHD and to explore the association between these abnormalities and
behavioural symptoms and executive functions. Methods: We assessed children and adolescents with ADHD and healthy controls using
psychiatric interviews. Behavioural problems were rated using the revised Conners’ Parent Rating Scale, and executive functions were
measured using the Stroop Colour-Word Test and the Wisconsin Card Sorting test. We acquired diffusion tensor imaging data using a
3 T MRI system, and we compared diffusion parameters, including fractional anisotropy (FA) and mean, axial and radial diffusivities, between the 2 groups. Results: Thirty-three children and adolescents with ADHD and 35 healthy controls were included in our study. In
patients compared with controls, FA was increased in the left posterior cingulum bundle as a result of both increased axial diffusivity and
decreased radial diffusivity. In addition, the averaged FA of the cluster in this region correlated with behavioural measures as well as executive function in patients with ADHD. Limitations: This study was limited by its cross-sectional design and small sample size. The
cluster size of the significant result was small. Conclusion: Our findings suggest that white matter abnormalities within the limbic network could be part of the neural underpinning of behavioural problems and executive dysfunction in patients with ADHD.

Introduction
Attention-deficit/hyperactivity disorder (ADHD) is one of the
most common neurodevelopmental disorders in childhood; it
has a reported prevalence of 5.3% in school-age children1 and
2.5% in adults2 worldwide. As well as behavioural problems (inappropriate hyperactivity and impulsivity, inattention symptoms), patients show deficits in executive functions (interference
control, cognitive flexibility, working memory, planning and organization)3 that can impair academic and vocational perform
ance.4 This disorder is a childhood-onset condition, so the pathophysiological profile in adult patients is more likely to be
complicated by interactions with other factors during neuromaturation.5 Studies of children and adolescents with ADHD may
therefore give a clearer view of its pathogenesis.

Neuroimaging methods have been useful in exploring
ADHD pathophysiology. Much has been learned from
macrostructural MRI about abnormalities in grey matter
structures, such as the basal ganglia, prefrontal lobe, tem
poral and parietal cortices,6 and from fMRI about abnormal
activation patterns in frontostriatal, frontotemporal and
frontoparietal regions.7 This functional work has led to the
notion of abnormal large-scale brain circuits in ADHD —
notably the frontal–striatal–cerebellar circuit,8 with more recent evidence implicating the default mode (DMN), limbic
and visual networks.9 Attention has also turned to white
matter microstructural alterations in patients with ADHD8
and to models involving abnormal connections between
multiple functional units in neural networks conceived as
ensembles of neuronal bodies and axonal pathways.10 The
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importance of white matter deficits in patients with ADHD
is supported by the observation that the effect sizes for volume reductions in total brain and lobar volumes are larger
in white matter (0.30–0.64) than in grey matter (0.27–0.35).11
Diffusion tensor imaging (DTI) offers a sensitive and
neurobiologically relevant way to characterize microstructural white matter alterations in vivo.12 Of several DTI-
derived indices, fractional anisotropy (FA) is the most commonly used, reporting the local and regional directional
coherence of water diffusion.13 Additional information is
provided by the decomposition of FA into axial diffusivity
(AD) and radial diffusivity (RD), which reflect diffusion
parallel to and perpendicular to the axons, respectively, and
by mean diffusivity (MD), which reflects the magnitude of
diffusion in white matter pathways.13 Of the various analytic approaches to DTI, whole-brain analysis provides the
best unbiased measure of brain regions that may be missed
by region of interest (ROI) analysis based on a priori assumptions and thus offers greater reliability in screening
distributed anomalies in patients with ADHD.14
Nine published DTI studies have used whole-brain approaches in children and adolescents with ADHD,5,15–22 reporting altered FA over diverse white matter structures.
Such discrepancies may be owing to the differences in sample sizes, demographic characteristics and analysis pipelines (see the Appendix, Table S1, available at jpn.ca). Two
of these factors deserve particular attention. Most of these
studies included patients who either were currently taking
medication or who had a history of taking medication; as
medication has been reported to normalize white matter
deficits,11 the potential effect of medication is an important
confounding factor. The other main confounding factor is
comorbid presentation with other psychiatric and/or de
velopmental disorders that may have unique etiological
pathways or share pathophysiology with ADHD.23
Another important issue about ADHD is the poorly understood association between the atypical brain circuitry
revealed with neuroimaging methods and the executive
dysfunctions measured with neuropsychological tests.24 Although fMRI studies have suggested an association with the
aberrant frontoparietal circuit,7 debate remains about which
core deficits of brain function lead to the impairments of
ADHD.25 Diffusion tensor imaging may provide evidence of
microstructural abnormalities in the brain circuits underlying
specific executive deficits.
We therefore set out to study a relatively large sample of
medication-naive children and adolescents with pure ADHD,
defining white matter microstructural abnormalities through
a whole-brain DTI approach and testing for their correlations
with clinical symptoms and executive dysfunctions.

Methods
Participants
We recruited patients with ADHD from the Department of
Psychiatry at West China Hospital, Sichuan University. Diagnosis of ADHD was determined by 2 experienced clinical

psychiatrists (L.G. and N.H.; 28 and 5 yr of experience in clinical psychiatry, respectively) using the Chinese modified version of Structured Clinical Interview for DSM-IV-TR Axis I
Disorders, Research Version (SCID-I, patient edition).26 We
excluded patients with oppositional defiant disorder, conduct disorder, Tourette disorder or any other Axis I psychiatric comorbid disorders. Other exclusion criteria were a fullscale IQ lower than 90 based on an age-appropriate Wechsler
Intelligence Scale for Children — Chinese Revision,27 current
use of or history of taking psychotropic medication, lefthandedness as assessed using the Annett Hand Preference
Questionnaire,28 pregnancy or substantial physical illness and
standard MRI scanning contraindications.
We recruited healthy controls via advertisement in local
schools; controls were also screened using the Chinese
modified version of SCID-I (nonpatient edition) to exclude
any Axis I psychiatric diagnosis and use of any psychotropic medications. Controls were required to have no family
history of psychiatric illness in first-degree relatives. Other
exclusion criteria were the same as those for the ADHD
group.
Two neuroradiologists (L.C. and X.H., 3.5 and 3 yr of ex
perience in neuroimaging, respectively) inspected conventional MRIs of all participants to exclude gross abnormalities.
Approval for this study was granted by the ethical committee of Sichuan University and the research ethics board
at the West China Hospital of Sichuan University. All participants and their parents were fully informed about the
purpose and procedures of this study, and written informed
consent was obtained from the parents.

Behavioural measures and executive function tests
We used the Chinese version of the revised Conners’ Parent
Rating Scale (CPRS)29 to measure the behavioural problems
of ADHD patients. The CPRS is a battery of questions to
evaluate problematic behaviour across areas such as sleep,
temper and peer relationships. The parent rates each behaviour on a 4-point L
 ikert-type scale; the behaviours are aggregated into 6 factors: conduct problems, study problems,
psychosomatic, impulsive–hyperactive, anxiety and hyperactivity index. Higher scores indicate more severe problems.
The Stroop Colour-Word (Stroop-CW) Test30 and the Wisconsin Card Sorting Test (WCST)31 are commonly used
neuropsychiatric tests of executive abilities. The Stroop-CW
Test, in which the participant is shown a list of names of
colors printed in mismatching colors and is asked to name
the colour instead of the word, is often used to measure executive interference control;32 the dependent variables are
number right, number error, number correction and total
time. The WCST (64-card version), in which the participant
is asked to change matching strategies after correctly matching a card according to a certain stimulus feature (number,
colour, form) for 10 consecutive trials, mainly reflects cognitive flexibility,33 involving perceptual learning, set-shifting,
working memory and executive control; the dependent
variables are perseverative errors, nonperseverative errors,
total errors and categories completed.
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Data acquisition
Whole brain MRI data were acquired in the West China Hospital, Sichuan University, using a Siemens Trio 3 T MRI system
with an 8-channel phase-array head coil. Sequences included a
spoiled gradient-recalled echo sequence to acquire the T1weighted images (repetition time [TR] 1900 ms, echo time [TE]
2.26 ms, section thickness 1 mm; matrix 256 × 256; field of view
[FOV] 256 mm) and a single-shot echo-planar sequence (TR
6800 ms, TE 93 ms, section thickness 3 mm with no intersection
gaps, matrix 128 × 128, FOV 230 mm) to obtain DTIs in 50 axial
planes with 20 noncollinear diffusion sensitization gradients
(b = 1000 s/mm2) as well as a reference image with no diffusion
weighting (b0 image). Earplugs were used, and participants lay
supine with their heads fixed by foam pads to minimize head
movement. We took several steps to ensure optimal scan quality: good communication with participants and their parents allayed any worries and helped the participants cooperate during
scanning. If monitoring detected any movement, the scanning
sequence was halted and repeated; the acquired images were
checked immediately by 2 neuroradiologists (L.C. and X.H.),
and those with suspected artifacts were rescanned. Finally, during preprocessing all DTI maps were checked for artifacts in
order to discard all data from the affected participants.

Statistical analysis
Diffusion-weighted images of each participant were analyzed
using the Diffusion Toolbox FSL software version 1.1 (FMRIB
Software Library). First, the data were corrected for head motion and eddy currents using affine registration to the b0 image
volume. Next, brain extraction was performed to delete nonbrain tissue from the whole head image. Finally, we calculated
parameter maps for FA, MD, AD and RD using “ dtifit,” which
fits a diffusion tensor model to each voxel and estimates the
principal directions of diffusion. Voxel-based analysis was
then performed using SPM8 (Welcome Trust Centre for
Neuroimaging; http://fil.ion.ucl.ac.uk) running in MatLab
2012 (MathWorks). Each b0 image was nonlinearly normalized
using the echo-planar imaging template supplied with SPM8
to estimate the normalization parameter, which was applied to
all parameter maps, each voxel being 2 × 2 × 2 mm3. Finally,
the normalized parameter maps were smoothed using an isotropic Gaussian filter (6 mm full-width at half-maximum).
We performed a voxel-wise comparison of FA and MD between patients with ADHD and controls using a 2-sample
t test in SPM8 with age and sex as covariates. The threshold
was taken as p < 0.05 for false discovery rate (FDR) correction. The resultant clusters were defined as ROIs through the
MarsBaR toolbox in SPM8, and we extracted their averaged
FA and MD values. We performed a 2-tailed Pearson correlation analysis in the ADHD group between the extracted values and multiple measurements, including CPRS, Stroop-CW
Test and WCST results, using SPSS version 20.0 (IBM).
We extracted AD and RD values from clusters identified
with significant FA differences through the MarsBaR toolbox and compared them between the ADHD and control
groups using a 2 sample t test in SPSS.

282

As adolescents are undergoing rapid brain development,
we performed a subgroup analysis on participants younger
than 12 years. To minimize sex influences, we also performed a subgroup analysis on male participants.

Results
Participants
Our study included 33 patients aged 7–16 years with ADHD
(all combined subtype) who were drug-naive and did not
have any comorbidities. We also included 35 healthy
controls aged 7–14 years. All participants were from the
Chinese Han population and were right-handed. As shown
in Table 1, demographic variables, including age, sex, IQ
scores, birth weight and parental education years were not
significantly different between the 2 groups.

Behavioural measures and executive function tests
Table 1 shows the results of behavioural measures and executive function tests. As expected, patients with ADHD had more
severe behavioural problems and worse executive function than
controls. In the CPRS, patients scored higher than controls in all
indices (p < 0.001) except anxiety (p = 0.30). In the Stroop-CW
test, patients had fewer right answers (p < 0.001), more errors
(p < 0.001) and corrections (p < 0.001) and longer total time (p <
0.001) than controls. In the WCST, patients achieved fewer total
correct reponses (p = 0.002) and categories completed (p = 0.001)
and made more total errors (p = 0.001), perseverative errors (p =
0.001) and nonperseverative errors (p = 0.006) than controls.

Group differences in diffusion characteristics and
correlation analysis
As shown in Figure 1, relative to controls, patients with ADHD
had 1 cluster showing increased FA in the left posterior cingulum bundle (MNI coordinates: x, y, z = –6, –20, 32, t = 5.23, cluster size 8 voxels). In no instance did patients with ADHD show
significantly lower FA than controls, and there were no significant differences in MD between the ADHD and control groups.
For the cluster with significant FA differences, the ADHD group
had significantly higher AD and lower RD than controls (AD:
ADHD 12.00 ± 0.60 v. control 11.42 ± 0.57, p < 0.001; RD: ADHD
7.17 ± 0.53 v. control 7.42 ± 0.40, p = 0.036; all units 10-4 mm2/s).
As shown in Figure 2, the average FA of the cluster in the
left posterior cingulum bundle showed significant negative
correlations with the scores for the CPRS study problems
factor (r = –0.41, p = 0.019) and the WCST total errors factor
(r = –0.41, p = 0.017) and positive correlations with the
WCST total correct factor (r = 0.48, p = 0.005) and the categories completed factor (r = 0.36, p = 0.046). No other sig
nificant correlation was detected.

Subgroup analysis
Our subgroup analysis of participants younger than 12 years
included 26 patients (mean age 8.7 ± 1.3 yr, all boys) and
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Table 1: Demographic characteristics, behavioural measures and executive functions of patients with
ADHD and healthy controls
Group, mean ± SD*
Characteristic
Age, yr
Male:female, no.
IQ scores

Patients (n = 33)

p value

Statistic

9.7 ± 2.2

Controls (n = 35)
10.5 ± 1.8

0.12

t66 = –1.67

32:1

33:2

0.59

F1 = 0.29

104.2 ± 5.2

107.1 ± 6.4

0.05

t66 = –1.99

Birth weight, kg

3.3 ± 0.8

3.6 ± 0.9

0.26

t66 = –1.14

Parental education, yr

12.2 ± 3.0

11.2 ± 2.9

0.15

t66 = 1.45

Conduct problem

13.1 ± 7.4

5.6 ± 4.9

< 0.001

t54 = 4.69

Study problem

7.7 ± 2.9

3.1 ± 2.3

< 0.001

t66 = 6.83

Psychosomatic

1.3 ± 1.4

0.4 ± 0.8

< 0.001

t49 = 2.88

Hyperactivity–impulsivity

6.2 ± 3.0

2.4 ± 2.0

< 0.001

t54 = 5.92

Anxiety

1.4 ± 1.7

1.7 ± 1.8

0.304

t66 = –1.01

Hyperactivity index

14.0 ± 6.2

5.4 ± 4.3

< 0.001

t55 = 6.39

Conners’ Parent Rating Scale

Stroop Colour-Word Test
Total time, s

291 ± 99

186 ± 48

< 0.001

t46 = 5.40

No. right

94.5 ± 7.6

105.1 ± 4.0

< 0.001

t47 = –7.00

No. errors

17.5 ± 7.6

6.0 ± 4.1

< 0.001

t49 = 7.56

No. corrections

9.3 ± 5.7

3.1 ± 2.2

< 0.001

t41 = 5.79

Total correct

27.4 ± 10.1

33.8 ± 5.2

0.002

t47 = –3.20

Total errors

Wisconsin Card Sorting Test

19.2 ± 11.7

11.0 ± 7.2

0.001

t53 = 3.42

Perseverative errors

5.5 ± 5.4

2.1 ± 2.3

0.001

t43 = 3.30

Nonperseverative errors

13.8 ± 8.0

8.9 ± 5.6

0.006

t55 = 2.81

Categories completed

3.8 ± 1.9

5.1 ± 1.2

0.001

t52 = –3.26

ADHD = attention-deficit/hyperactivity disorder; SD = standard deviation.
*Unless otherwise indicated.

T=6

T=0
x=109

y=105

z=104

Fig. 1: Regions with significantly increased fractional anisotropy (FA) in patients with attention-deficit/hyperactivity disorder
(ADHD). One cluster with increased FA in the left posterior cingulum bundle in patients compared with controls, corrected
for multiple comparison (p < 0.05 after false-discovery rate correction).
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Discussion

23 controls (age 9.7 ± 1.2 yr, all boys); there was a significant
age difference between the 2 groups (p = 0.013). Voxel-wise
comparison of FA between the 2 groups revealed no cluster
with significant FA differences after multiple comparison correction (p < 0.05 for FDR correction). At a relaxed threshold of
p < 0.001 for voxel level, 1 cluster was revealed to have higher
FA in patients with ADHD than controls and was located close
to the cluster identified by the whole group analysis in the left
posterior cingulum bundle (MNI coordinates: x, y, z = –6, –22,
32, t = 4.17, cluster size 20 voxels). In the whole-group analysis
the larger sample size probably enhanced the effect size of this
cluster so that it survived multiple comparison correction.
Our subgroup analysis of boys only included 32 patients
(mean age 9.6 ± 2.3 yr) and 33 controls (mean age 10.6 ±
1.7 yr), with no significant age difference between the
2 groups (p = 0.07). After multiple comparison correction
(p < 0.05 for FDR correction), 1 cluster was revealed to have
elevated FA in the ADHD group and was located close to
the cluster identified by the whole group analysis in the left
posterior cingulum bundle (MNI coordinates: x, y, z = –6,
–22, 32, t = 5.28, cluster size 14 voxels).
No cluster with decreased FA was found in the ADHD
group in either subgroup analysis.

Using whole brain DTI analysis we have characterized white
matter microstructural abnormalities in a relatively large
sample of medication-naive children and adolescents with
pure ADHD. Compared with healthy controls, patients
showed increased FA in the left posterior cingulum bundle.
Furthermore, the elevated FA in this cluster also showed significant correlations with behavioural measures on the CPRS
and executive function scores on the WCST, supporting a
role for white matter microstructure abnormalities in the
pathophysiology of ADHD. This anomalous microstructure
was also found in subanalyses of boys only and of children
younger than 12 years, suggesting the independence of sex
and maturation effects.
The cingulum bundle is the longitudinally oriented aggregate of myelinated axons underlying the cingulate cortex,
whose projections connect different parts of the cingulate cortex with other brain areas, especially the medial frontal lobe,
the temporal lobe and the parahippocampal gyrus.34 As an important component of the limbic system, the cingulum bundle
is involved in emotions and cognitive functions, including attention, memory and motivation,35,36 and shows abnormalities
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Fig. 2: Correlations of fractional anisotropy (FA) in left posterior cingulum bundle (CB). The averaged FA of the cluster in
the left posterior CB showed significant negative correlations with the study problem scores on the Conners’ Parents Rating
Scale (CPRS) and the total errors scores on the Wisconsin Card Sorting Test (WCST; upper panels) and positive correlations with the total correct and categories completed scores on the WCST (lower panels).
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in psychiatric disorders, including schizophrenia, major depression and obsessive–compulsive disorder.37–39
Previous DTI studies of ADHD have reported FA abnormalities in the cingulum bundle, but the results have been inconsistent. Four studies have reported decreased FA.10,40–42
Makris and colleagues10 found decreased FA in the right cingulum bundle in adults with childhood ADHD compared
with healthy controls, suggesting the persistence of structural
abnormalities into adulthood. Konrad and colleagues40 replicated this finding with a larger sample of medication-naive
adult patients.40 Two studies using diffusion spectrum im
aging tractography41 and DTI tractography,42 respectively,
also found lower FA in the bilateral cingulum bundle in
youths with ADHD. In contrast, our study and 2 others16,32 reported increased FA of the cingulum bundle in children and
adolescents with ADHD; 1 study,16 based on a detailed analysis of eigenvalues (l1, l2 and l3), further proposed reduced
neural branching as an explanation for this FA increase.
Finally, several studies have reported no abnormalities in the
cingulum bundle in patients with ADHD.43–45 These discrepancies might be explained by variations in methodology and
demographic characteristics (e.g., medication status, different
comorbidities and subtypes) of participants. To minimize
such confounding, the present study included only drug-
naive patients with the combined ADHD type, and participants were carefully screened for comorbidities.
Our finding of increased FA in the cingulum bundle at the
posterior cingulate gyrus region is therefore consistent with
those of 2 previous studies.16,21 Little consideration has been
given in the pathophysiology of ADHD to dysfunction of
the posterior cingulum bundle, although it is a plausible hypothesis given that this carries the major efferent and afferent fi
 bres to the posterior cingulate cortex, which participates in the regulation of attention46 and internally directed
cognition47 and is a key component of the DMN. The DMN
is a brain network associated with self-reflection, self-
referential cognitions and mind-wandering. It is active in a
state of rest and deactivated during tasks that make cognitive demands, with stronger deactivation corresponding to
increasing attentional demands.48,49 Increasingly, ADHD is
considered as a DMN disorder50 in which attentional lapses
derive from an inappropriate persistence of DMN activation49; for example, a study using a stop signal task found
that failure to suppress the DMN was associated with
greater errors.51 Recent pathophysiological models of ADHD
recognize it as a disorder encompassing large-scale neural
networks, such as the cognitive control network and limbic
networks, not only abnormal connectivity within the DMN
itself. For instance, studies have found a negative correlation
between the cognitive control network and the DMN in controls, whereas this inverse correlation was attenuated in patients with ADHD.52 In this conception, the interplay of the
DMN with other neural networks is likely crucial to suboptimal neural functioning.9 As the posterior cingulum bundle is
a junction containing reciprocal connections between the
prefrontal cortex, anterior cingulate cortex and posterior cingulate cortex,53 the abnormality we have identified is in
agreement with this hypothesis.

Our correlation analysis provides further support for a
pathophysiological role of the posterior cingulum bundle in
patients with ADHD and is consistent with the hypothesis
that components of executive functions may be associated
with the limbic system in addition to the prefrontal regions.54,55 However, it is interesting to note that in our study
patients with higher FA displayed better executive functions,
albeit still worse than those of healthy controls. This phenomenon was first noted in one of our previous studies, 19 in
which we found a positive correlation between increased FA
of right frontal white matter and the Stroop-CW Test scores
in another group of children with ADHD.
As for the reason why FA is increased in patients with
ADHD, further analysis of AD and RD showed that this resulted from both increased water mobility along the principal
fibre direction (AD) and decreased mobility perpendicular to
the fibre direction (RD), with the former component being
predominant. Numerous factors, such as fibre myelination,
fibre crossings, fibre density and caliber, influence AD and
RD, so the exact pathological mechanism of the increased FA
is uncertain. Some previous studies identifying increased FA
in patients have suggested abnormally decreased dendritic
branching or anomalous white matter development.16,21
However, as both the present study and our earlier study
published in 201019 found better executive function in patients with higher FA, we are more inclined to postulate a
compensatory mechanism in children and adolescents with
ADHD; for (hypothetical) example, excessive myelin hyperplasia in initially defective fibres, perhaps partially compensating for the cognitive deficits.

Limitations
Our study has some limitations. First, the sample size was
small, although it was larger than those of previous whole
brain DTI studies in children and adolescents with ADHD.
Second, the adoption of FDR correction enhanced the impact of
our result, but the small cluster size (8 voxels) limited its interpretation. FInally, a cross-sectional study cannot shed light on
the development of the condition; longitudinal studies are
therefore required to confirm and extend our conclusions.

Conclusion
We found that medication-naive children and adolescents
with ADHD (combined type) have increased FA in the left
posterior cingulum bundle and that the FA value of this cluster was associated with behavioural problems as well as ex
ecutive dysfunctions. Our results suggested that, beyond the
frontal–striatal–cerebellar circuit, children and adolescents
with ADHD also have pathophysiological abnormalities in
the limbic network. Moreover, such microstructural alterations might be a potential substrate for abnormal behaviours
and executive deficits in patients with ADHD.
Acknowledgments: This study was supported by the National Nat
ural Science Foundation (Grant Nos. 81030027, 81227002,81171488
and 81220108013), National Key Technologies R&D Program

J Psychiatry Neurosci 2015;40(4)

285

Chen et al.

(Program No. 2012BAI01B03) and Program for Changjiang Scholars
and Innovative Research Team in University (Grant No. IRT1272) of
China. Dr Gong would also like to acknowledge his Visiting Adjunct
Professor appointment in the Department of Psychiatry at the Yale
School of Medicine, Yale University, USA.

for analyzing gray matter differences in schizophrenia. Schizophr
Res 2005;74:135-47.
15.

Ashtari M, Kumra S, Bhaskar SL, et al. Attention-deficit/hyperactivity
disorder: a preliminary diffusion tensor imaging study. Biol Psychiatry
2005;57:448-55.

16.

Silk TJ, Vance A, Rinehart N, et al. White-matter abnormalities in
attention deficit hyperactivity disorder: a diffusion tensor imaging
study. Hum Brain Mapp 2009;30:2757-65.

17.

Davenport ND, Karatekin C, White T, et al. Differential fractional
anisotropy abnormalities in adolescents with ADHD or schizophrenia. Psychiatry Res 2010;181:193-8.

Competing interests: None declared.

18.

Contributors: L. Chen, X. Huang, L. Guo and Q. Gong designed the
study. L. Chen, X. Huang, D. Lei, N. He, X. Hu, Y. CHen, Y. Li and
J. Zhou acquired the data, which L. Chen, X. Huang, D. Lei, N. He,
L. Guo, G. Kemp and Q. Gong analyzed. L. Chen and X. Huang, wrote
the article, which all authors reviewed and approved for publication.

Kobel M, Bechtel N, Specht K, et al. Structural and functional imaging approaches in attention deficit/hyperactivity disorder: Does
the temporal lobe play a key role? Psychiatry Res 2010;183:230-6.

19.

Li Q, Sun J, Guo L, et al. Increased fractional anisotropy in white
matter of the right frontal region in children with attention-
deficit/hyperactivity disorder: a diffusion tensor imaging study.
Neuroendocrinol Lett 2010;31:747-53.

20.

Qiu MG, Ye Z, Li QY, et al. Changes of brain structure and function in ADHD children. Brain Topogr 2011;24:243-52.

21.

Peterson DJ, Ryan M, Rimrodt SL, et al. Increased regional fractional anisotropy in highly screened attention-deficit hyperactivity
disorder (ADHD). J Child Neurol 2011;26:1296-302.

22.

Chuang TC, Wu MT, Huang SP, et al. Diffusion tensor imaging
study of white matter fiber tracts in adolescent attention-deficit/
hyperactivity disorder. Psychiatry Res 2013;211:186-7.

23.

Banaschewski T, Hollis C, Oosterlaan J, et al. Towards an understanding of unique and shared pathways in the psychopatho
physiology of ADHD. Dev Sci 2005;8:132-40.

24.

Chabernaud C, Mennes M, Kelly C, et al. Dimensional brain-
behavior relationships in children with attention-deficit/
hyperactivity disorder. Biol Psychiatry 2012;71:434-42.

25.

Biederman J, Faraone SV. Attention-deficit hyperactivity disorder.
Lancet 2005;366:237-48.

26.

Wang Z, Yang S, Jiang C, et al. Structured Clinical Interview for
DSM-IV-TR Axis I Disorders, Research Version, Chinese Revision.
Beijing: Beijing Suicide Research and Prevention Center; 2009.

27.

Gong Y, Cai T. Wechsler Intelligence Scale for Children, Chinese
Revision. Chin J Clin Psychol 1994;2:1-6.

28.

Annett M. A classification of hand preference by association analysis. Br J Psychol 1970;61:303-21.

Affiliations: From the Huaxi MR Research Center, Department of
Radiology, West China Hospital of Sichuan University, Chengdu,
China (L. Chen, Huang, Lei, Hu, Gong); Department of Psychiatry,
State Key Laboratory of Biotherapy, West China Hospital of Sichuan
University, Chengdu, China (He, Y. Chen, Li, Zhou, Guo); Magnetic
Resonance and Image Analysis Research Centre and Institute of Ageing and Chronic Disease, University of Liverpool, UK (Kemp).

References
1.

Polanczyk G, de Lima MS, Horta BL, et al. The worldwide prevalence
of ADHD: a systematic review and metaregression analysis. Am J
Psychiatry 2007;164:942-8.

2.

Simon V, Czobor P, Balint S, et al. Prevalence and correlates of
adult attention-deficit hyperactivity disorder: meta-analysis. Br J
Psychiatry 2009;194:204-11.

3.

Chamberlain SR, Robbins TW, Winder-Rhodes S, et al. Translational
approaches to frontostriatal dysfunction in attention-deficit/
hyperactivity disorder using a computerized neuropsychological
battery. Biol Psychiatry 2011;69:1192-203.

4.

Biederman J, Faraone SV, Monuteaux MC, et al. Gender effects on
attention-deficit/hyperactivity disorder in adults, revisited. Biol
Psychiatry 2004;55:692-700.

5.

Nagel BJ, Bathula D, Herting M, et al. Altered white matter microstructure in children with attention-deficit/hyperactivity disorder.
J Am Acad Child Adolesc Psychiatry 2011;50:283-92.

6.

Nakao T, Radua J, Rubia K, et al. Gray Matter volume abnormal
ities in ADHD: voxel-based meta-analysis exploring the effects of
age and stimulant medication. Am J Psychiatry 2011;168:1154-63.

7.

Cortese S, Kelly C, Chabernaud C, et al. Toward systems neuroscience of ADHD: a meta-analysis of 55 fMRI studies. Am J Psychiatry
2012;169:1038-55.

8.

van Ewijk H, Heslenfeld DJ, Zwiers MP, et al. Diffusion tensor imaging in attention deficit/hyperactivity disorder: a systematic review and meta-analysis. Neurosci Biobehav Rev 2012;36:1093-106.

29.

Conners CK, Sitarenios G, Parker JD, et al. The revised Conners’
Parent Rating Scale (CPRS-R): factor structure, reliability, and criterion validity. J Abnorm Child Psychol 1998;26:257-68.

9.

Castellanos FX, Proal E. Large-scale brain systems in ADHD: beyond the prefrontal–striatal model. Trends Cogn Sci 2012;16:17-26.

30.

Trenerry MRCB, Leber WR. Stroop Neuropsychological Screening
Test. Vol 1: Psychological Assessment Resource Inc; 1989.

10.

Makris N, Buka SL, Biederman J, et al. Attention and executive
systems abnormalities in adults with childhood ADHD: a DT-MRI
study of connections. Cereb Cortex 2008;18:1210-20.

31.

Nelson HE. A modified card sorting test sensitive to frontal lobe
defects. Cortex 1976;12:313-24.

32.

11.

Castellanos FX, Lee PP, Sharp W, et al. Developmental trajectories
of brain volume abnormalities in children and adolescents with
attention-deficit/hyperactivity disorder. JAMA 2002;288:1740-8.

Van Mourik R, Oosterlaan J, Sergeant JA. The Stroop revisited: a
meta-analysis of interference control in AD/HD. J Child Psychol
Psychiatry 2005;46:150-65.

33.

12.

Basser PJ. Inferring microstructural features and the physiological
state of tissues from diffusion-weighted images. NMR Biomed
1995;8:333-44.

Buchsbaum BR, Greer S, Chang WL, et al. Meta-analysis of neuroimaging studies of the Wisconsin Card‐Sorting Task and com
ponent processes. Hum Brain Mapp 2005;25:35-45.

13.

Beaulieu C. The basis of anisotropic water diffusion in the nervous
system — a technical review. NMR Biomed 2002;15:435-55.

34.

Mori S, Wakana S, Van Zijl PC, et al. MRI atlas of human white
matter. American Society of Neuroradiology; 2005.

14.

Giuliani NR, Calhoun VD, Pearlson GD, et al. Voxel-based morphometry versus region of interest: a comparison of two methods

35.

Mesulam MM. Large-scale neurocognitive networks and distributed processing for attention, language, and memory. Ann Neurol
1990;28:597-613.

286

J Psychiatry Neurosci 2015;40(4)

Microstructural abnormalities of the brain white matter in ADHD

36.

Schmahmann JD, Pandya D. Fiber pathways of the brain. Oxford
University Press; 2009.

37.

Lochner C, Fouche JP, du Plessis S, et al. Evidence for fractional
anisotropy and mean diffusivity white matter abnormalities in the
internal capsule and cingulum in patients with obsessive-
compulsive disorder. J Psychiatry Neurosci 2012;37:193-9.

38.

Wang F, Sun Z, Cui L, et al. Anterior cingulum abnormalities in
male patients with schizophrenia determined through diffusion
tensor imaging. Am J Psychiatry 2004;161:573-5.

39.

Zhang A, Leow A, Ajilore O, et al. Quantitative tract-specific meas
ures of uncinate and cingulum in major depression using diffusion
tensor imaging. Neuropsychopharmacology 2012;37:959-67.

40.

Konrad A, Dielentheis TF, El Masri D, et al. Disturbed structural
connectivity is related to inattention and impulsivity in adult attention deficit hyperactivity disorder. Eur J Neurosci 2010;31:912-9.

41.

Lin HY, Gau SS, Huang-Gu SL, et al. Neural substrates of behavioral variability in attention deficit hyperactivity disorder: based
on ex-Gaussian reaction time distribution and diffusion spectrum
imaging tractography. Psychol Med 2014;44:1751-64.

42.

Hong SB, Zalesky A, Fornito A, et al. Connectomic disturbances in
attention-deficit/hyperactivity disorder: a whole-brain tractog
raphy analysis. Biol Psychiatry 2014;76:656-63.

43.

Hamilton LS, Levitt JG, O’Neill J, et al. Reduced white matter integrity
in attention-deficit hyperactivity disorder. Neuroreport 2008;19:1705-8.

44.

Lawrence KE, Levitt JG, Loo SK, et al. White matter microstructure
in attention-deficit/hyperactivity disorder subjects and their siblings. J Am Acad Child Adolesc Psychiatry 2013;52:431-40.e4.

45.

Langevin LM, MacMaster FP, Crawford S, et al. Common white
matter microstructure alterations in pediatric motor and attention
disorders. J Pediatrics 2014;164(5):1157-64. e1.

46.

Hahn B, Ross TJ, Stein EA. Cingulate activation increases dynam
ically with response speed under stimulus unpredictability. Cereb
Cortex 2007;17:1664-71.

47.

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default
network: anatomy, function, and relevance to disease. Ann N Y
Acad Sci 2008;1124:1-38.

48.

Hoekzema E, Carmona S, Ramos-Quiroga JA, et al. An independ
ent components and functional connectivity analysis of resting
state fMRI data points to neural network dysregulation in adult
ADHD. Hum Brain Mapp 2014;35:1261-72.

49.

Posner J, Park C, Wang Z. Connecting the dots: a review of resting
connectivity MRI studies in attention-deficit/hyperactivity disorder. Neuropsychol Rev 2014;24:3-15.

50.

Sonuga-Barke EJ, Castellanos FX. Spontaneous attentional fluctuations in impaired states and pathological conditions: a neurobiological hypothesis. Neurosci Biobehav Rev 2007;31:977-86.

51.

Li CS, Yan P, Bergquist KL, et al. Greater activation of the “default”
brain regions predicts stop signal errors. Neuroimage 2007;38:640-8.

52.

Castellanos FX, Margulies DS, Kelly C, et al. Cingulate-precuneus
interactions: a new locus of dysfunction in adult attention-deficit/
hyperactivity disorder. Biol Psychiatry 2008;63:332-7.

53.

Jones DK, Christiansen KF, Chapman RJ, et al. Distinct subdivisions of the cingulum bundle revealed by diffusion MRI fibre
tracking: implications for neuropsychological investigations.
Neuropsychologia 2013;51:67-78.

54.

Bush G, Frazier JA, Rauch SL, et al. Anterior cingulate cortex dysfunction in attention-deficit/hyperactivity disorder revealed by
fMRI and the counting Stroop. Biol Psychiatry 1999;45:1542-52.

55.

Mayberg H. Depression, II: localization of pathophysiology. Am J
Psychiatry 2002;159:1979.

Service Information
Subscriptions and sales
Annual subscriptions are available at the following rates in
2015 (Canadian customers pay in Canadian funds and add applicable taxes; US and rest of world pay in US funds): Can$210
or US$247 individuals, Can$326 or US$378 institutions,
Can$42 for Canadian students or residents, and Can$25 or
US$25 for single or back issues. For more information or to
subscribe, please contact the Canadian Medical Association
Subscription Office, PO box 830350, Birmingham AL 352830350; phone 800 633-4931 (Canada and Continental US only) or
205 995-1567; fax 205 995-1588; cma@subscriptionoffice.com.
Change of address
Subscribers should send the new address and the effective
date of change to the CMA Member Service Centre at
cmamsc@cma.ca. Allow at least 8 weeks’ notice to ensure
uninterrupted service.
Reprints
Commercial and author reprints can be purchased through
Sheridan Press. To purchase commercial article reprints and
ePrints, or to request a quote, please contact Matt Neiderer,
Content Sales, Sheridan Content Services at 800 635-7181, ext.
8265; matt.neiderer@sheridan.com. Authors can order reprints by submitting an author reprint order form available
at the Sheridan Press Electronic Order Centre at sheridan
.com/cma/eoc or by contacting Lori Laughman, Customer
Service Representative, Sheridan Reprints Services; lori
.laughman@sheridan.com.
Permissions
Copyright for all material is held by 8872147 Canada Inc.,
wholly owned subsidiary of the Canadian Medical Association. We are a member of Access Copyright, The Canadian
Copyright Licensing Agency, who may grant organizations
and individuals, on our behalf, the right to respond to permissions requests. Please submit your request to Access
Copyright using the online permission request service at
http://discovery.accesscopyright.ca/. For more information on licensing or to obtain a price estimate, visit www
.accesscopyright.ca/permissions/
Microform, abstracting and indexing
The journal is abstracted or indexed in: MEDLINE/Index
Medicus, Current Contents, Bioresearch Index, Social Sciences
Citation Index, Biological Abstracts, E
 MBASE/Excerpta Medica,
e-psyche, Mental Health Abstracts, ISI Web of Science, Child
Development Abstracts and Bibliography, Standard Periodical
Directory, Arts and Humanities Citation Index, Research Alert
(formerly Automated Subject Citation Alert), Criminal Justice
Abstracts, Neuroscience C
 itation Index, Psychological Abstracts,
Sociological Abstracts. JPN is available on microform from Pro
Quest Information and Learning, PO Box 1346, Ann Arbor MI
48106-1346; il.proquest.com.

J Psychiatry Neurosci 2015;40(4)

287

