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Abstract Abnormalities in the white matter microstruc-
ture of the attentional system have been implicated in the
aetiology of attention deficit hyperactivity disorder
(ADHD). Diffusion tensor imaging (DTI) is a promising
magnetic resonance imaging (MRI) technology that has
increasingly been used in studies of white matter
microstructure in the brain. The main objective of this
work was to perform an exploratory analysis of white
matter tracts in a sample of children with ADHD versus
typically developing children (TDC). For this purpose, 13
drug-naive children with ADHD of both genders under-
went MRI using DTI acquisition methodology and tract-
based spatial statistics. The results were compared to those
of a sample of 14 age- and gender-matched TDC. Lower
fractional anisotropy was observed in the splenium of the
corpus callosum, right superior longitudinal fasciculus,
bilateral retrolenticular part of the internal capsule, bilat-
eral inferior fronto-occipital fasciculus, left external cap-
sule and posterior thalamic radiation (including right optic
radiation). We conclude that white matter tracts in atten-
tional and motor control systems exhibited signs of
abnormal microstructure in this sample of drug-naive
children with ADHD.
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Introduction

Attention deficit hyperactivity disorder (ADHD) describes
a pattern of inattention and hyperactivity behaviours pre-
sent in different settings and leads to impaired performance
in social, educational and work settings (American Psy-
chiatric Association 2013). A large number of published
studies have investigated the white matter microstructure
of patients with ADHD, using diffusion tensor imaging
(DTI) techniques.

DTI allows the visualisation of connections between
different parts of the brain, thus providing relevant infor-
mation regarding integrity and connectivity (Le Bihan
2003; Mori and Zhang 2006; Silk et al. 2009a). DTT is
sensitive to the direction and extent of water diffusion in
the brain and uses two key measures: the mean diffusivity
(MD) and fractional anisotropy (FA). MD represents the
magnitude of water diffusion in any direction within the
voxel and can be measured in millimetres squared per
second (Silk et al. 2009a). On the other hand, FA provides
information regarding the direction of water diffusion
within each voxel. FA values range from 0 to 1, with 0
representing isotropic diffusion and 1 representing a pre-
dominant direction of diffusion. Whereas diffusion in the
grey matter is predominately isotropic, diffusion in the
white matter can be highly anisotropic (Moseley et al.
1991). As water diffusion occurs in parallel with the
myelinated fibres, the FA values are higher in white matter.
Increases in normal FA may represent either an increase in
the density of myelinated fibres or a reduction in crossing
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fibres. Therefore, DTI makes it possible to examine con-
nections between different brain areas involved in attention
in patients with ADHD, whereas these connections could
not be identified using conventional magnetic resonance
imaging (MRI) (Conturo et al. 1999; Mori and Zhang 2006,
Konrad and Eickhoff 2010; Tamm et al. 2012; Van Ewijk
et al. 2012).

Previously, Ashtari et al. (2005) observed reduced FA in
the right supplementary motor area, anterior portion of the
right internal capsule, right cerebral peduncle, left middle
cerebellar peduncle and left cerebellum in a group of
patients with ADHD aged 7-11 years who were compared
with typically developing children (TDC). As the supple-
mentary motor area is related to the planning, initiation and
execution of motor actions, a reduction in FA in this area is
noteworthy (Amador and Fried 2004).

Using DTI, Silk et al. (2009a) observed an increase in
FA in the prefrontal and temporal left hemisphere and
parieto-occipital right hemisphere of patients with ADHD.
According to Suzuki et al. (2003), lower neuronal
branching caused by lower diffusion along the secondary
and tertiary directions could explain this change. In other
words, the increased FA values might indicate a reduction
in neuronal branching within the pathways that conduct the
fronto-temporal-parietal and occipital areas. Other previous
studies (Klingberg et al. 1999; Barnea-Goraly et al. 2005;
Ashtari et al. 2007) of patients with ADHD and controls
corroborated this increase in FA.

It is important to emphasise that Silk et al. (2009a) used
tract-based spatial statistics (TBSS), a method of analysis
specific to DTI studies; this method allows an analysis
restricted to the centres of major white matter tracts, rather
than an examination of the entire brain (Smith et al. 2006;
Woolrich et al. 2009). The results reported by Silk et al.
(2009a) partly corroborate the theory proposed by El-Sayed
et al. (2003), whereby ADHD represents a maturational
deficit that can be corrected with time.

Another study by Silk et al. (2009b) specifically inves-
tigated the basal ganglia, an important component of the
fronto-striatal network that has been implicated in the
pathophysiology of ADHD. In that work, the authors
observed an increase in FA with age within the whole-brain
volume in both the ADHD and control groups. However, in
the caudate nucleus, age-related developmental changes in
FA followed different pathways in the two groups. This
difference might represent a delay in brain development in
patients with ADHD.

The association between the brainstem and neocortex
was also evaluated by Pavuluri et al. (2009). In that study,
patients with ADHD and bipolar disorder were investigated
using DTI, and the former group exhibited reduced FA in
the anterior corona radiata, which appears to be related to
fronto-striatal dysfunction.
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The aim of the present study was to perform an explora-
tory analysis of the white matter microstructure in a sample
of drug-naive children with ADHD and TDC. Given the
previous findings of dysfunction in the attentional systems in
studies of ADHD, we expected that children with ADHD
would exhibit different FA properties.

Methods

A sample of 13 children aged 7-10 years and of both
genders was recruited at the ADHD outpatient clinic of the
Federal University of Rio de Janeiro. All recruits were drug
naive and met the criteria for ADHD according to the 4th
edition of the Diagnostic and Statistical Manual of the
American Psychiatric Association (DSM-1V) (1994). The
ADHD module of the Kiddie-Schedule for Affective
Disorders and Schizophrenia (K-SADS) was used in order
to confirm the diagnosis (Chambers et al. 1985; Brasil and
Bordin 2010). The DSM-V had not yet been published
when the data were collected, but it is worth mentioning
that there were no changes in the criteria and number of
symptoms required for diagnosis when compared with the
DSM-IV.

A control group comprising 14 age- and gender-matched
TDC was recruited from the general paediatrics outpatient
clinic of our university. The exclusion criteria included an
intelligence quotient (IQ) of <70 and the presence of any
type of non-progressive encephalopathy. IQ was estimated
using the Vocabulary and Block Design subtests from the
Wechsler Intelligence Scale for Children—3rd edition
(Wechsler 1991; Faraone et al. 1996; Greene et al. 1996).

The only comorbidities allowed for the group of ADHD
patients were other externalising conditions such as oppo-
sitional defiant disorder (ODD) and conduct disorder (CD).

MRI acquisition parameters

The patients underwent MR imaging on a 3-T system
(Verio; Siemens, FErlangen, Germany), which applied
standard T1- and T2-weighted sequences and an optimised
DTI sequence (ecoplanar diffusion-weighted sequence
along 30 gradient directions; repetition time/echo time
[TR/TE] = 13,200/98, readout bandwidth = 1710 pixels/
Hz, voxel size =2.1 mm®; no gap). The sequence
parameters were as follows: T1, TR/TE = 500/8.4, 30
slices, matrix = 512 x 480, slice thickness = 4 mm and
distance between slices = 5 mm; T2 flair, TR/TE = 9000/

80, inversion time (TI) = 2500 ms, slice thick-
ness = 4 mm, spacing between slices = 4 mm,
matrix = 256 x 240; and diffusion-weighted imaging

(DWI), 1b = 0 and 30b = 1000.
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The Johns Hopkins University White Matter Tractog-
raphy Atlas (Mori et al. 2005; Wakana et al. 2007) was
used to report anatomical locations.

For voxelwise diffusion modelling, diffusion data were
analysed using the FMRIB Diffusion Toolbox (http://www.
fmrib.ox.ac.uk/fsl) within FSL 5.0 (Smith et al. 2004).
After performing eddy current correction and brain
extraction, FA images for all subjects were created by fit-
ting a tensor model to the raw diffusion data.

A voxelwise statistical analysis of FA data was con-
ducted using tract-based spatial statistics (TBSS) (Smith
et al. 2006), a component of FSL. FA data of all subjects
were aligned in a common space using the nonlinear reg-
istration tool FNIRT, which uses a b-spline representation
of the registration warp field. Next, a mean FA image was
created and thinned to create a mean FA skeleton repre-
senting the centres of all tracts common to the group. Each
subject’s aligned FA data was then projected onto this
skeleton, and the resulting data were fed into voxelwise
cross-subject statistics for all voxels, with a FA cut-off
of >0.20 to exclude peripheral tracts with significant inter-
subject variability and/or partial volume effects with grey
matter. The voxelwise analysis was conducted using per-
mutation-based inference and threshold-free cluster
enhancement (TFCE), with a threshold of p < 0.05 and
correction for multiple comparisons (family-wise error).
Corrected TFCE p value images were computed to enable
the detection of differences in FA between patients and
healthy controls. Every FA image was aligned to every
other image to identify the most representative image,
which was used as the target image. This target image was
then affine-aligned into a MNI152 standard space, and
every image was transformed into a 1 mm® MNI152 space
by combining the nonlinear transform to the target FA
image, using the affine transform from that target to the
MNI152 space. This option is recommended if it is nec-
essary to generate a study-specific image, such as for the
young children in this study.

To reduce any influence of movement that could con-
found the results, we visually inspected the raw diffusion
Images of all subjects for head movement and excluded
subjects with significant alterations. Additionally, we fixed
the patients by placing cushions inside the head coil of the
MR scanner to reduce any head movement. Finally, a
radiologist was present throughout the exam to detect
strong movements.

Results

Both groups (patients with ADHD and TDC) were com-
parable with regard to age, gender, parental level of edu-
cation and IQ (Table 1).

Table 1 Comparison between the profile of the group of ADHD
patients and TDC

Variable ADHD TDC p value
Gender (male/female) 10/3 10/4 1.000
Age?* 8 (1.2) 9(1.3) 0.187
1Q* 105 (11.5) 106 (17.7) 0.789

4 Median (standard deviation)

The most prevalent presentation of ADHD was com-
bined, followed by inattentive and hyperactive, with fre-
quencies of 61.6 % (n =8), 30.7 % (n =4) and 7.7 %
(n = 1), respectively.

Psychiatric comorbidities of ADHD were present in
53.8 % (n =7) of cases; ODD, which was present in
46.1 % (n = 6) of cases, was most prevalent, followed by
CD in 15.4 % (n = 2) of cases.

When compared with TDC, patients with ADHD had a
lower FA in the following regions (Figs. 1, 2, 3): splenium
of the corpus callosum, right superior longitudinal fasci-
culus, bilateral retrolenticular part of internal capsule,
bilateral inferior fronto-occipital fasciculus, left external
capsule and posterior thalamic radiation (including right
optic radiation). All results survived correction for multiple
testing.

Fig. 1 Axial view. Reduced FA is observed in the following regions
in red: bilateral inferior fronto-occipital; left external capsule; and
posterior thalamic radiation fasciculus (including right optic radia-
tion). Green lines represent FA skeleton
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Fig. 2 Coronal view. Lower FA is observed in the following regions
in red: right superior longitudinal fasciculus and bilateral retrolentic-
ular part of internal capsule. Green lines represent FA skeleton

Fig. 3 Sagital view. Lower FA is observed in the splenium of corpus
callosum in red. Green lines represent FA skeleton

Discussion

In the present exploratory study, we observed reduced FA
in fibres normally associated with connections between the
anterior and posterior attentional systems (Bush 2010). To
the best of our knowledge, this is the first study to replicate
these findings in a Brazilian sample of drug-naive children
with ADHD.

There is a paucity of studies concerning DTI in drug-
naive children and the effects of drug treatment on the
white matter microstructure in young patients with ADHD.
Recently, De Luis-Garcia et al. (2015) published a study of
DTI in patients treated with methylphenidate in which a
reduction in MD was observed in medicated patients with
ADHD, although no statistically significant differences
were observed in FA.

@ Springer

Most studies concerning ADHD neurobiology address
the anterior cingulate cortex, dorsolateral prefrontal cortex,
prefrontal cortex and ventral-lateral parietal cortex. These
areas form the cingulate-fronto-parietal attention and cog-
nition network and are normally involved in attention,
cognition, executive function, motor control, response
inhibition, working memory and reward mechanisms,
according to Bush (2010).

The sensory association cortices are located in the
occipital, temporal and parietal lobes in the posterior
region of the brain. The association cortices project sensory
information to the prefrontal cortex (PFC), which regulates
attention based on relevance. The PFC maintains several
projections for the association cortices in order to suppress
irrelevant information, sustain attention and switch atten-
tion according to task performance (Knight et al. 1989;
Arnsten 2006). In a study by Mazaheri et al. (2009)
involving the use of EEG during a visual attention task,
patients with ADHD exhibited a disconnection between the
frontal cortex, which is involved in the inhibitory control of
attentional circuits, and the occipital cortex.

The corpus callosum, which is the largest white matter
tract in the human brain and connects homologous areas in
the cerebral hemispheres, plays a significant role in sus-
tained attention, the division of attention between different
tasks and the distribution of information between the two
hemispheres under conditions of high attentional demands
(Hoptman and Davidson 1994; Banich 2003; Innocenti and
Bressoud 2003). The corpus callosum also operates in
motor response control by transferring information to the
opposite hemisphere in order to coordinate bilateral
movements and inhibit contralateral motor activity during
unilateral movement (Geffen et al. 1994; Barkley 1997;
Bloom and Hynd 2005; Midorikawa et al. 2006). The
importance of the corpus callosum in motor control is
evidenced by the presence of reduced synchronisation in
motor planning and the motor responses observed in
patients with agenesis of the corpus callosum (Serrien et al.
2001; Caille et al. 2005).

Our results were quite distinct from those of Cao et al.
(2010), whose study combined DTI and volumetry to
evaluate the microstructure of the corpus callosum and its
subdivisions in 28 adolescents with ADHD and 27 controls.
In patients with ADHD, volumetric changes were observed
in the corpus callosum as a whole, the body region and the
isthmus. According to the authors, the volumetric reduction
in the entire corpus callosum might reflect a reduction in
the overall brain size and metabolism in patients with
ADHD (Zametkin et al. 1993; Castellanos and Tannock
2002; Mostofsky et al. 2002). On the other hand, lower FA
values were observed in the isthmus and these might be
related to problems in the transmission of sensory infor-
mation from posterior regions of the brain.
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In the present study, the observation of lower FA in the
right superior longitudinal fasciculus is noteworthy. This
tract has important connections with the anterior cingulate,
and consequently, other brain areas involved in attention
such as the dorsolateral prefrontal cortex, parietal cortex,
premotor cortex and striatum (Bush 2010). The anterior
cingulate cortex integrates information proceeding from
various sources and modulates the activity related to
executive functions (Bush 2010). The anterior cingulate
cortex, a component of the reward network that includes
the striatum, nucleus accumbens and orbitofrontal cortex,
acts by increasing decision-making efficiency (Galvan
et al. 2005; Haber and Brucker 2009).

In our study, we observed a lower FA in the bilateral
retrolenticular part of the internal capsule, a component of
the pyramidal tract that is involved in motor control.
Commonly, patients with ADHD have a comorbid devel-
opmental coordination disorder (DCD). This condition is
characterised by poor motor coordination that interferes
with activities of daily living and academic performance
and is present in about 5 % of school-age children (Wann
2007; Zwicker et al. 2009). Symptoms of DCD persist
during adolescence, and approximately 50 % of patients
with DCD have comorbid ADHD (Kadesjo and Gillberg
1999; Gillberg et al. 2004; Sergeant et al. 2006; Watem-
berg et al. 2007). When compared with healthy children,
people with DCD exhibit strong activation of the anterior
cingulate cortex and weak activity between the striatum
and the parietal lobe. Possibly, increased activity in the
anterior cingulate cortex, a region responsible for detecting
errors during task execution (Casey et al. 1997; Mathalon
et al. 2003), represents compensation for the low activity in
the parietal lobe (Querne et al. 2008).

Our results were similar to those of Hamilton et al.
(2008), who reported reduced FA in both the corticospinal
tract and the bilateral superior longitudinal fasciculus in a
sample of children and adolescents with ADHD, which was
compatible with deficits in motor control and attentional
networks in hyperactive patients.

We emphasise that our results might have been influ-
enced by the gender distribution in our sample. Most
studies of ADHD include only males. Therefore, the
inclusion of females makes our sample more representative
of the population. On the other hand, it might explain some
of the differences between our findings and those of the
previous literature. Some studies of healthy subjects have
demonstrated gender-based differences in white matter
microstructure (Bava et al. 2011; Herting et al. 2012; Wang
et al. 2012). Recently, King et al. (2015) showed that the
white matter microstructure differs between male and
female patients with ADHD. When compared to healthy
controls, ADHD males exhibited lower FA in the right
hemisphere regions of the corticospinal tract, inferior and

superior longitudinal fasciculus and temporal portion of the
superior longitudinal fasciculus, whereas females exhibited
higher values in these regions. However, our small sample
prevented an analysis of gender-based groups.

We must also emphasise other limitations of this study
besides the small sample. We did not use intracranial
volume as a covariate in our statistical analysis, although
we agree that it would be a relevant parameter. Similarly,
movement control and gender-specific brain volume dif-
ferences were not included as confounding variables in the
statistical analysis, and this might represent a limitation of
the present study.

It is important to highlight limitations regarding the use
of DTI in studies of the brains of individuals with neuro-
logical and psychiatric conditions. First, we must mention
the absence of pre-existing normality values for white
matter tracts that could serve as comparison parameters
(Weyandt et al. 2013). Therefore, it becomes imperative to
use a TDC sample for comparison purposes in DTI studies.
In addition, the findings are not necessarily the cause of
hyperactive or inattentive behaviour and often the same
finding is observed in different clinical conditions
(Hamilton et al. 2008; Davenport et al. 2010.). Finally,
most studies involving DTT are cross-sectional, and there is
no guarantee that those findings will be seen again at a
subsequent time point (Weyandt et al. 2013).

Our findings demonstrate that drug-naive children with
ADHD exhibit white matter microstructural anomalies in
the following distinct brain networks: (a) the attentional
network, which involves frontal brain regions such as the
posterior thalamic radiation (including right optic radia-
tion) and splenium of the corpus callosum; (b) networks
encompassing fibres that connect anterior and posterior
attentional systems such as the right superior longitudinal
fasciculus, bilateral inferior fronto-occipital fasciculus and
left external capsule; and (c) the corticospinal tract, which
comprises the bilateral retrolenticular part of internal cap-
sule, an area involved in motor control that is frequently
altered in patients with ADHD, especially those with
comorbid DCD.
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