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Abstract

Background
Microstructural changes might underlie white matter (WM) pathology in attention de�cit hyperactivity
disorder (ADHD). To investigate WM alterations, particularly the changes in long-range �bers, in drug-
naive children with ADHD, we conducted tract-based spatial statistics (TBSS) analysis on diffusion tensor
imaging (DTI) data.

Materials and Methods
In this study, 57 children with ADHD and 41 healthy controls (HCs) were enrolled. None of the enrolled
ADHD children received any medication before data collection. The difference in fractional anisotropy
(FA), and in mean (MD), axial (AD), and radial diffusivity (RD) between both groups were calculated using
TBSS. WM changes were then correlated with clinical symptoms, including the hyperactivity index score
and the impulsivity score.

Results
Whole-skeleton analysis identi�ed several long-range �bers of decreased FA and increased RD in the
ADHD group as compared to the HC group. ADHD children demonstrated decreased FA in the right corpus
callosum (CC) splenium, left inferior fronto-occipital fasciculus, and intersection of the anterior and
posterior internal capsule. Moreover, higher RD was observed in the right CC splenium, superior
longitudinal fasciculus, and posterior corona radiata. No regions of increased FA or reduced RD were
observed, and no differences in MD or AD were noted.

Conclusion
Our results demonstrate that microstructural WM alterations and changes in the long-range WM
connections are present in children with ADHD. We speculate that these changes may relate to the
symptoms of hyperactivity and impulsivity.

1. Introduction
ADHD is a common childhood psychological disorder characterized by inattention, impulsiveness, and
hyperactivity. Accumulating evidence indicates that abnormalities in brain structure may play an
important role in the pathophysiology of ADHD. However, the role of altered development of brain white
matter (WM) in ADHD has not yet been fully elucidated.
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Diffusion tensor imaging (DTI) is an e�cacious tool for providing information on WM features in vivo at
the microscopic level, and can reveal the brain substrates of pathological changes in structural
connectivity. Tract-based spatial statistics (TBSS) analysis is an approach that involves �rst determining
a mean fractional anisotropy (FA) skeleton, and then mapping DTI data from each participant directly
onto the skeleton for group comparisons1. As the centers of the major tracts are easily de�nable despite
anatomical heterogeneity across individuals2, TBSS has been widely used in research on various
diseases, including multiple sclerosis, schizophrenia, epilepsy, neonatal disease, as well as ADHD.

Previous literature using TBSS has demonstrated solid microstructural changes in neuronal development
among children with ADHD as compared with typically developing controls. Recent studies have also
reported evidence of changes in a number of different networks involving large-scale brain regions, such
as the interhemispheric pathways, the occipital and temporal lobes3, the corpus callosum (CC), and the
sagittal stratum (SS) in ADHD. A quantitative meta-analysis found that the most robust WM alterations
identi�ed in ADHD-TBSS studies were located in the splenium of the CC, right SS, and left tapetum, as
well as in the tracts of the right cingulum, right inferior longitudinal fasciculus (ILF), and bilateral inferior
fronto-occipital fasciculus (IFOF)4.

Interestingly, methylphenidate (MPH), a psychostimulant used to treat ADHD, which effectively reduces
symptoms of inattention, hyperactivity, and impulsivity in up to 80% of children with ADHD5, has been
shown to increase the WM volume in children with ADHD, as compared to unmedicated children with
ADHD6. Moreover, a study of stimulant treatment history in ADHD found that cumulative stimulant intake
correlated negatively with orbitofrontal-striatal mean diffusivity (MD) on DTI, suggesting higher structural
connectivity with more and/or longer stimulant treatment7. Thus, the history of drug use will have marked
effects on studies of the pathogenesis of ADHD. Nevertheless, TBSS studies of drug-naïve children with
ADHD are rare. In a meta-analysis, data on seven non-adult patients were included in 20168. Additionally,
one other study focused on the maturation of brain WM in treatment-naive male ADHD children9, but
found no WM alterations in treatment-naive children.

Long-range �bers are de�ned as connections between regions across different lobes and/or hemispheres.
The long-range �bers, including but not limited to the area of the CC, SS, and superior longitudinal
fasciculus (SLF), play essential roles in ADHD. Recently, the studies of WM microstructure have
mentioned that primarily higher MD and radial diffusivity (RD) in WM microstructure, particularly in long-
range �bers, could in�uence attention and executive functioning in some psychiatric disorders, such as
schizophrenia and autism10–11. Attention and executive functioning is generally regarded as the main
performance issues in ADHD. This provides a solid theoretical basis for ADHD research on long-range
�bers.

Therefore, we focused on a sample of drug-naive Chinese children with ADHD and sex-, age-, and
intelligent quotient (IQ)-matched controls. In this study, we used TBSS and whole-brain deterministic
tractography to perform a hypothesis-free search for WM differences in children with ADHD, as compared
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to typically developing controls. We hypothesized that, compared with the HC group, children with ADHD
would show signi�cantly altered parameters of WM in long-range WM connections, speci�cally in the
portions of the tract that pass through the brain regions previously shown to be abnormal in ADHD,
including the SS and the tracts of the basal ganglia and CC. We further hypothesized that these
abnormalities would be signi�cantly associated with ADHD symptoms.

2. Material And Methods

2.1. Subjects and procedures
Ninety-eight children (57 patients with ADHD, 41 healthy controls [HCs]) were recruited from the First
A�liated Hospital of the Wenzhou Medical University between December 2012 and September 2014.
None of the ADHD children had received any ADHD medication before data collection.

An estimated full-scale IQ > 75, right-handedness, and the absence of known neurological, cognitive, or
chronic medical diseases were required for all subjects. The Diagnostic and Statistical Manual of Mental
Disorders (fourth edition) diagnosis of ADHD was assessed by licensed clinicians or supervised trainees,
based on the Schedule of Affective Disorders and Schizophrenia for Children—Present and Lifetime
Version, which was administered to each child and their parent.

The exclusion criteria included: (1) left-handedness; (2) a history of stimulants or any other drugs or
therapy for ADHD; (3) a full-scale IQ score < 75, according to the Wechsler Intelligence Scale for Chinese
Children-Revised [14]; (4) a history of head trauma with loss of consciousness; (5) a history of
neurological disorders or other severe diseases, such as pediatric stroke and seizure disorder; and (6) a
history of psychiatric disorders, including affective disorders, emotional disorders, oppositional de�ant
disorder, Tourette’s syndrome, conduct disorder, or any other Axis I psychiatric disorder.

This study was conducted in accordance with the latest version of the Declaration of Helsinki. The
protocol was reviewed and approved by the ethics committee of the First A�liated Hospital of Wenzhou
Medical University. Written informed consent was obtained from the guardians of all subjects.

2.2. Clinical symptom assessment
Each participant was assessed by the parents, using a Conner’s Parent Symptom Questionnaire—Chinese
revised version, to evaluate hyperactivity and impulsivity symptoms of ADHD. The 48 items covered six
aspects of ADHD: (1) conduct problems; (2) learning problems; (3) physical and psychological problems;
(4) impulsivity–hyperactivity; (5) anxiety; and (6) hyperactivity index.

2.3. Acquisition of diffusion-weighted images
Images were acquired on a 3.0 T GE Signa HDx scanner (GE Healthcare, Milwaukee, WI) with Echo speed
gradients using a custom-built whole-head coil. DT image acquisition was accomplished with single shot
spin-echo echo-planar imaging sequence with diffusion sensitizing gradients applied on either side of the
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180° refocusing pulse. Imaging parameters for the diffusion-weighted sequence were as follows: �eld-of-
view, 24 cm; matrix size, 128 × 128; TE/TR, 76.2/8000 ms; 30 axial-oblique slices; slice thickness 4 mm
with 0 mm interslice spacing; and fractional k-space acquisition. A spectral-spatial excitation RF-pulse
was used to select water protons only and served to avoid ghost artifacts from lipid-bound protons. The
scan was prescribed from the top of the brain and included only the most superior part of the cerebellum.
Diffusion gradient duration was 32 ms, and diffusion weighting was b = 1000 s/mm2. In addition, one
reference scan (b0-scans) was performed and averaged for each slice with the diffusion-encoding
gradients turned off. All subjects underwent T2-weighted imaging scans before DTI to exclude basic
structural brain lesions.

To reduce any in�uence of movement that could confound the results, we visually inspected the raw
diffusion images of all subjects for head movement and excluded subjects with signi�cant alterations.
Additionally, we �xed the patients’ position by placing cushions inside the head coil of the MR scanner to
reduce any head movement. Finally, a radiologist was present throughout the examination to detect
strong movements.

2.4. Preprocessing and skeletonization of diffusion-
weighted images
Voxelwise statistical analysis of FA, MD, AD, and RD was performed using TBSS12, a part of the FSL12–13.
First, all FA images were registered into a common space using nonlinear registration. A study-speci�c
child template was used as a registration target image. Next, the transformed images were averaged to
create a mean FA image and then a study-speci�c skeleton was generated. The FA threshold was set to
0.3 in order to include the major WM pathways, while avoiding peripheral tracts, which are more
vulnerable to inter-subject variability and/or partial volume effects with gray matter. Each participant’s
normalized FA images were then projected onto this common skeleton to minimize any residual
misalignment of tracts.

Differences in WM DTI metrics were corrected for multiple comparisons, family-wise error and used
Threshold-Free Cluster Enhancement, which avoids arbitrary initial cluster forming thresholding. Data
from FA maps were compared to detect differences between participants with ADHD and HCs. The same
transformations applied to the FA images were then applied to the AD and RD images.

2.5. Statistical analysis
Two independent sample t-tests and chi-square tests were performed using SPSS 22.0 (SPSS Inc,
Chicago, IL) to investigate differences in age, IQ, and sex between the ADHD group and the HC group. A
two-tailed p value < 0.05 was considered statistically signi�cant.

For the purpose of de�ning the region of WM alterations and improving the interpretation of these
microstructural alterations, the JHU White-Matter Tractography Atlas of WM labels was registered to the
mean FA image that showed signi�cant differences between groups, to estimate the association with
neuropsychological measures. We de�ned each signi�cant cluster of FA between the two groups as a
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region-of-interest (ROI), and averaged FA values were extracted to perform correlation analysis with the
clinical scale score. The association of FA values (extracted from signi�cant regions between groups
from FSL analysis) with disease severity indexes were evaluated using linear regression.

3. Results

3.1 Demographic variables and neuropsychological
assessment results
After data preprocessing, controlling for the subject's head movement, and removing image artifacts and
other confounding factors, the subjects who �nally met the requirements for this study were as follows.
The ADHD group consisted of 57 subjects (46 males and 11 females), with an average age of 9.33 ± 1.75
years, and an average IQ of 116.05 ± 16.84. The HC group consisted of 41 subjects (23 males and 18
females), with an average age of 9.63 ± 1.48 years, and an average IQ of 120.9 ± 14.84. There were no
signi�cant differences between the two groups in terms of age (p = 0.36), IQ (p = 0.65), or sex (p = 0.25).
As expected, children with ADHD showed a higher hyperactivity index score and impulsivity score. Table 1
summarizes the participants' characteristics.

Table 1
Clinical demographics differences between the ADHD-group and HC-group.

  ADHD (n = 57) Control (n = 41) P-value

Sex (female/male) 11/46 18/23 0.25

Age (years)

IQ

Hyperactivity index score

Impulsivity score

Right-hand

8 ± 1.85

116.05 ± 16.84

1.55 ± 0.57

1.65 ± 0.66

57(100%)

8.41 ± 1.66

120.9 ± 14.84

0.46 ± 0.39

0.48 ± 0.48

41(100%)

0.36

0.65

<0.05

<0.05

ADHD, attention-de�cit/hyperactivity disorder; HC, healthy control; IQ, intelligence quotient

3.2 WM differences between children with ADHD and HCs
We compared different eigenvalues between the ADHD and HC groups. Whole-skeleton voxel-based
analysis identi�ed several clusters of decreased FA (Table 2, Figure 1) and increased RD in the ADHD
group as compared to the HCs (Table 2, Figure 2). This revealed that the right CC splenium, left inferior
fronto-occipital fasciculus (IFOF), and intersection of the anterior and posterior internal capsule (p < 0.05,
FDR) seemed to have a lower FA value, while higher RD was observed in the right CC splenium, superior
longitudinal fasciculus (SLF), and posterior corona radiata (PCR) (p < 0.05). No regions of increased FA or
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reduced RD were observed, and no differences were observed for MD or AD. All results remained
signi�cant after correction for multiple testing.

Table 2
Clusters showing signi�cant differences in FA and RD between the ADHD-group and HC-group.

TBSS WM tracts Size (voxels) Coordinate

FA CC Splenium R 65 28.1-57.216

Intersection of anterior and posterior Internal capsule L 203 -10.7-0.887-0.611

Inferior fronto-occipital fasciculus L 226 -28.331.49.94

RD CC Splenium R 104 22.3-62.629.3

Posterior corona rad R 148 30.7-67.8 3.37

Superior longitudinal fasciculus R 761 36.8-64.5 30.8

Green color indicates white matter skeleton where no signi�cant results were found; red regions indicate
where participants in the ADHD-group (n = 57) had signi�cantly lower FA than those in the HC-group (n =
41). Arrows indicate the speci�c cluster of interest for each column. CC: corpus callosum; IFOF, Inferior
fronto-occipital fasciculus.

Green color indicates white matter skeleton where no signi�cant results were found; blue regions indicate
where participants in the ADHD-group (n = 57) had signi�cantly higher RD than those in the HC-group (n =
41). Arrows indicate the speci�c cluster of interest for each column. CC, corpus callosum; PCR, posterior
corona radiata; SLF, superior longitudinal fasciculus.

3.3 WM alterations correlated with symptom in children
with ADHD
The mean FA values were derived from every cluster and assessed for Pearson correlation with the
clinical score. We found that higher hyperactivity/impulsivity symptom scores were negatively correlated
with the mean FA value in the right CC splenium, left IFOF, and the intersection of the anterior and
posterior internal capsule (Figures 3, 4).

4. Discussion
In this study, we explored changes in brain WM microstructural properties of drug-naïve children with
ADHD. We found that, compared to HC children, drug-naive ADHD children showed signi�cantly reduced
FA in the right CC splenium, left IFOF, and the intersection of the anterior and posterior internal capsule, as
well as increased RD in the right CC splenium, SLF, and PCR; however, there were no differences in AD and
MD. These data supported the hypothesis that the function of long-distance connectivity in WM,
particularly the connections among the occipital, temporal, and frontal lobes and the cingulum, are
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essential for the development of ADHD. We also con�rmed that the higher the hyperactivity/impulsivity
symptom score, the lower the FA value of long-range �bers in drug-naïve patients.

In the current study, we found reduced FA and increased RD in the right splenium of the CC. The CC is the
largest WM bundle in the brain and is responsible for interhemispheric communication4. This tract
connects the bilateral cerebral hemispheres, transferring excitatory and inhibitory signals14. The splenium
of the CC connects interhemispheric somatosensory, auditory, occipital, and motor areas, which are
important for visual object recognition and discrimination15. Moreover, the splenium of the CC in�uences
the speed of visual information transmission and dynamic distribution of processing resources16–17.
Thus, the de�cits along the splenium pathway might be related to the inattention, distractibility, and
visual dysfunctions observed among patients with ADHD. Decreased FA in the splenium of the CC is likely
to result from axonal damage, or can be found in areas with decreased or delayed myelination. Moreover,
RD has been suggested to indicate increased freedom of cross-�ber diffusion and re�ect variations in
myelination18. The impaired WM microstructure in the CC splenium might impede interhemispheric
communication and activity in the posterior brain circuitries, particularly the occipital- and temporal-lobe-
related pathways, and it might be a pathological component of attention dysfunction in ADHD.

In addition to the CC splenium, we found reduced FA in the left intersection of the anterior and posterior
internal capsule; these observed differences in the posterior regions of the corona radiata are consistent
with the �ndings of previous ADHD studies in childhood19. The posterior regions of the corona radiata are
continuations of the posterior limb of the internal capsule to the sensorimotor cortex, and contain axons
primarily involved in low-level motor functions. The internal capsule includes connections to cortical
areas and subcortical areas, such as the brain stem, thalamus, and basal ganglia, in addition to
connections with the corticospinal tract, which conducts nerve impulses from the motor cortex to the
spinal cord20. A recent study has found that decreased FA in the right intersection of anterior and
posterior internal capsule might contribute to sensorimotor de�cits in adult ADHD21.

Our �nding of reduced FA in the left intersection of the anterior and posterior internal capsule further
underscores the possible role of dysfunctions within the visual system in ADHD. Changes in the corona
radiata and internal capsule may explain the attention, visual processing, and motor function in ADHD.
Higher RD is thought to re�ect decreased myelination, while lower AD re�ects axonal damage or
degeneration. Our �ndings of decreased FA in the left intersection of the anterior and posterior internal
capsule, as well as increased RD in the left PCR connections point to involvement of the basal ganglia in
the pathophysiology of ADHD14, which is consistent with previous TBSS studies involving ADHD children
and adolescents18, 21.

Furthermore, we found that the left part of the IFOF, which is a part of the SS, presented signi�cantly
lower FA in children with ADHD than in controls. The SS is a large WM tract that is oriented in a sagittal
plane along the temporal occipital lobes and cingulum, and it has been associated with altered FA in
patients with ADHD, according to voxel-based analyses and ROI studies14, 16. This tract contains �bers of
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the IFOF and ILF. The IFOF is a large WM tract connecting the frontal, temporal, and occipital lobes. The
IFOF also constitutes one of the major efferent and afferent neuronal projections to the frontal lobes.
Additionally, IFOF is implicated in attention-shifting abilities, which are de�cient in individuals with
ADHD17, 22–23. We found markedly decreased FA in the left IFOF in ADHD children; these changes in the
IFOF may explain the attention, visual processing, and language problems involved in ADHD.

Moreover, as in previous studies24, we identi�ed a large area of markedly higher RD in the right SLF in our
study. The SLF is a WM bundle spanning the posterior and anterior regions of the cerebrum and contains
connections to the frontal, temporal, parietal, and occipital lobes25. The association between the SLF and
verbal and spatial working memory has already been reported in healthy children, adolescents, and young
adults26–27. In addition, the left SLF also connects Broca’s and Wernicke’s areas, which are responsible for
language comprehension and production. Increased RD is associated with dysmyelination of the nerve
sheath in the left SLF, which might also be related to the visual and auditory de�cits of ADHD children.

We found that the hyperactivity/impulsivity symptom severity was negatively correlated with FA values in
the right CC splenium, left IFOF, and the intersection of the anterior and posterior internal capsule. This
result was consistent with previous studies that have shown that WM differences in ADHD are related to
disease severity26–27. Given that previous studies in young children with ADHD suggested reduced or
delayed myelination, we surmise that our results may re�ect alterations of myelination in ADHD. The
regions in which there were signi�cant between-group differences in our study were similar to those
reported in the previous diffusion studies in ADHD25.

Our study had several limitations. Our sample size was relatively small, resulting in reduced power to
examine other potential confounding effects on the DTI metrics. This was because of the strict selection
criteria we had adopted. A further study of drug-naive children, without a history of other psychiatric
disorders, could provide more reliable results. Additionally, further longitudinal studies involving the same
patient cohort would be required to establish the generalizability of our �ndings. In addition, TBSS has
limitations in analyzing small �ber tracts, regions of crossing �bers, and tract junctions. In later studies,
we hope to be able to combine the data of structural and functional data with the help of deep learning to
further explore the changes in the brain networks of ADHD children.

5. Conclusions
Our results demonstrated WM microstructural alterations and long-range WM connections in children
with ADHD, which may relate to the symptoms of hyperactivity and impulsivity. Our study contributes to
the existing controversy regarding the in�uence of microstructural alterations to ADHD pathophysiology.
The results of decreased FA along with increased RD imply that deviant myelination of WM may play a
pathogenic role in the emergence and development of ADHD. Although the small sample size may have
affected our results, our results encouraged the future investigations of the changes in brain structural
connectivity in ADHD. In the near future, we plan to conduct a longitudinal study to investigate ADHD
development and evaluate the e�cacy of drug treatment objectively.
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Figure 1

Regions of signi�cantly lower fractional anisotropy (FA) in the ADHD-group as compared to the HC-group
(q < 0.05, FDR-corrected for multiple comparisons).

Green color indicates white matter skeleton where no signi�cant results were found; red regions indicate
where participants in the ADHD-group (n = 57) had signi�cantly lower FA than those in the HC-group (n =
41). Arrows indicate the speci�c cluster of interest for each column. CC: corpus callosum; IFOF, Inferior
fronto-occipital fasciculus.
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Figure 2

Regions of signi�cantly higher radial diffusivity (RD) in the ADHD-group than in the HC-group (q < 0.05,
FDR-corrected for multiple comparisons).
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Figure 3

Signi�cant correlations between the hyperactivity index score and the mean FA value of the right CC
splenium, left intersection of the anterior and posterior internal capsule, and inferior fronto-occipital
fasciculus. The abscissa of the mean FA value was derived from every cluster and assessed for
correlation with the clinical score. The hyperactivity symptom score was negatively correlated with the
mean FA value of clusters 1‒3. CC, corpus callosum; IFOF, inferior fronto-occipital fasciculus. 
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Figure 4

Signi�cant correlations between the impulsivity score and mean FA value of the right CC splenium, left
intersection of the anterior and posterior internal capsule, and inferior fronto-occipital fasciculus. The
impulsivity score showed a negative correlation with the mean FA value of clusters 1‒3. CC, corpus
callosum; IFOF, inferior fronto-occipital fasciculus.
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