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Altered white matter tract property related to impaired
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impulsivity and vigilance in attention-deficit/
hyperactivity disorder
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Background: The neural substrate for clinical symptoms and neuropsychological performance in individuals with attention-deficit/
hyperactivity disorder (ADHD) has rarely been studied and has yielded inconsistent results. We sought to compare the microstructural
property of fibre tracts associated with the prefrontal cortex and its association with ADHD symptoms and a wide range of attention per-
formance in youth with ADHD and healthy controls. Methods: We assessed youths with ADHD and age-, sex-, handedness-, coil- and
intelligence-matched controls using the Conners’ Continuous Performance Test (CCPT) for attention performance and MRI. The 10 tar-
get tracts, including the bilateral frontostriatal tracts (caudate to dorsolateral prefrontal cortex, ventrolateral prefrontal cortex and orbito-
frontal cortex), superior longitudinal fasciculus (SLF) and cingulum bundle were reconstructed using diffusion spectrum imaging tractog-
raphy. We computed generalized fractional anisotropy (GFA) values to indicate tract-specific microstructural property. Results: We
included 50 youths with ADHD and 50 healthy controls in our study. Youths with ADHD had lower GFA in the left frontostriatal tracts, bi-
lateral SLF and right cingulum bundle and performed worse in the CCPT than controls. Furthermore, alteration of the right SLF GFA was
most significantly associated with the clinical symptom of inattention in youths with ADHD. Finally, youths with ADHD had differential as-
sociation patterns of the 10 fibre tract GFA values with attention performance compared with controls. Limitations: Ten of the youths
with ADHD were treated with methylphenidate, which may have long-term effects on microstructural property. Conclusion: Our study
highlights the importance of the SLF, cingulum bundle and frontostriatal tracts for clinical symptoms and attention performance in youths

with ADHD and demonstrates the involvement of different fibre tracts in attention performance in these individuals.

Introduction

Attention deficit is one of the core symptoms of attention-
deficit/hyperactivity disorder (ADHD) that lasts throughout
adulthood.! Children with ADHD tend to have deficits in fo-
cused attention, cognitive and behavioural inhibition, sus-
tained attention (the ability to maintain focus on a task over
time) and vigilance (the attentional capacity to remain alert
even when less stimulated, such as through the stimuli of
nontargets).? To differentiate individuals with or without
ADHD,? the Continuous Performance Test (CPT) has been
widely used to measure attention performance.?

Some neuropsychological functions have been proposed as
potential endophenotypes for ADHD as they are more closely
linked to the neurobiological substrate of ADHD than clinical
symptoms*® and are associated with gene susceptibility for
ADHD.* Using the CPT and derived tasks, high reaction time
(RT) variability has been associated with an absence of the
7-repeat allele in the dopamine receptor 4 gene (DRD4%).58
Higher commission errors, impulsive responses and high RT
variability were also correlated to those homozygous for the
10-repeat allele in the dopamine transporter gene.”’ In Korean
children with ADHD, associations have been discovered be-
tween fewer commission errors and homozygosity of the
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4-repeat allele at DRD4." On the other hand, more commission
errors were reported for those with the G1287A genotype of
the norepinephrine transporter gene.'? Therefore, the CPT may
provide information more closely related to the underlying
neuropathology of ADHD than the clinical symptoms do.

Increasingly, studies have adopted imaging techniques to
explore the neuropathology of ADHD. Structural and func-
tional neuroimaging findings have highlighted that prefrontal
cortex abnormality may contribute to dysfunction in atten-
tion regulation, resulting in the behavioural manifestation of
ADHD.® Among the subdivisions of the prefrontal cortex,
the dorsolateral prefrontal cortex (DLPFC) plays a specific
role in attention and executive functions,* the ventrolateral
prefrontal cortex (VLPFC) in behavioural inhibition,'>!¢ the
orbitofrontal cortex (OFC) in motivation and reward, and the
anterior cingulate cortex (ACC) in reward-based decision
making."” Volumetric and functional MRI studies have also
consistently reported reduced cortical thickness' and activa-
tion in these prefrontal areas in children and adults with
ADHD, respectively, during the CPT.*?° Although alteration
in the frontostriatal tracts was the first to be proposed as a
possible neuropathology of ADHD,'*1621.22 jts association
with clinical symptoms and neuropsychological performance
has rarely been studied and produces inconsistent results.
For example, alteration in the frontostriatal tracts may be cor-
related not only with symptoms of inattention, but also with
intraindividual variability of RT and executive functions in
individuals with ADHD as well as typically developing con-
trols.?? However, attention performance was noted only in
controls — not in children** or adults* with ADHD.

The parietal cortex, especially the superior parietal lobule
and inferior parietal lobule, has also been linked to visual at-
tention in both shifting attention and sustained attention.”” The
superior parietal lobule participates in the transmission of spa-
tial information for body parts, the caudal part of the inferior
parietal lobule is responsible for visual attention, and the in-
ferior parietal lobule plays a role in working memory.”® The
superior longitudinal fasciculus (SLF) as well as the intercon-
necting frontal, parietal and temporal cortices are involved in
attention performance® and working memory® in control chil-
dren. Alteration in the SLF has been demonstrated in chil-
dren®* and adults*** with ADHD. All in all, positive correla-
tions between attention performance and the microstructural
property of the right SLF have been found in adults with
ADHD* and in control children,” but not in healthy adults.®

The cingulum bundle is determined by fibre tracts extending
from the ACC to the posterior cingulate cortex (PCC) and con-
nects the frontal lobe with the precuneus, PCC, hippocampus
and parahippocampus.” The anterior portion of the cingulum
bundle allows for communication between regions of the limbic
system and has been related to the evaluation of rewards.* On
the other hand, the posterior part of the cingulum bundle inter-
connects the cognitive functions.® The microstructural property
of the right cingulum bundle is related to sustained attention
and working memory in healthy adults.* However, alteration
in the cingulum bundle that was noted in children® and
adults** with ADHD was not supported by some recent
studies in children®* and adults*® with ADHD. While some

studies suggest the involvement of the cingulum bundle in
intraindividual variability of RT in children with ADHD,” at-
tention processing in patients with Parkinson disease® and
elderly adults without dementia,** other studies have failed to
demonstrate such an association in adults with ADHD. %3

Diffusion spectrum imaging (DSI) is one of the high angu-
lar resolution diffusion imaging techniques that aims to ad-
dress the limitations of diffusion tensor imaging (DTI) in or-
der to resolve crossing fibres.* Compared with DTI, which
acquires diffusion-weighted images of varying directions at
fixed diffusion sensitivity (b value, typically 1000 s/mm?),
DSI acquires diffusion-weighted images of varying directions
and different b values (typically from zero to a few thousand
seconds/mm?).22 Whereas DTI reconstructs water molecular
diffusion through a diffusion tensor based on the Gaussian
model of translational displacement,*® DSI reconstructs water
molecular diffusion as an average propagator based on a
Fourier relation between the diffusion signal and average
propagator.*'# The advantage of DSI lies in the fact that the
directions of the maxima of the average propagator corres-
pond to the underlying crossing fibre directions,* whereas
the principal direction of the DTI points to a direction that is
somewhere between the crossing fibres.

Generalized fractional anisotropy (GFA) is a DSI analogue of
the fractional anisotropy (FA) in DTL* Whereas FA is defined as
the standard deviation (SD) of the eigenvalues of the diffusion
tensor normalized by the norm of the eigenvalues,* GFA is de-
fined as the SD of the orientation distribution function (ODF)
values divided by their norm.* Here, the ODF value in a par-
ticular direction can be calculated as the second moment of the
average propagator, indicating the displacement probability in
that particular direction.”? Similar to FA, GFA is a nonspecific
index often used to indicate the microstructural property of
white matter as determined by the diameter, packing density,
directional coherence and myelination of the axons.

The inconsistency in the literature can be explained by
small sample sizes, different neuropsychological tasks and
varying methods to define the region of interest (ROI), result-
ing in little overlap of ROIs across studies. Among the con-
structed fibre tracts, the frontostriatal tracts, SLF and cingu-
lum bundle have all been reported to be altered in
individuals with ADHD. However, their associations with at-
tention performance remain unclear. Therefore, the present
study compared the white matter microstructural property
associated with the prefrontal cortex and its association with
ADHD symptoms as well as a wide range of attention per-
formance between youths with ADHD and individually
matched controls. We chose 10 white matter tracts, including
the bilateral frontostriatal tracts (caudate-DLPFC, caudate—
VLPFC and caudate-OFC; Fig. 1); the SLF (Fig. 2) and the
cingulum bundle (Fig. 2). We also used DSI, instead of DTI,
to reconstruct tractography and measure the microstructural
property of selected fibre tracts for a better resolution of the
crossing fibres.* We hypothesized that the microstructural
property of these target tracts could differ between youths
with ADHD and controls and that altered diffusion anisot-
ropy of these target tracts could correlate with the severity of
ADHD core symptoms and impaired attention performance.
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Methods
Participants

We recruited youths with ADHD from the Department of
Psychiatry, National Taiwan University Hospital; ADHD was
clinically diagnosed according to DSM-IV criteria, and 1 of us
(S.S.-F.G.) further confirmed the diagnosis through psychiatric
interviews using the Chinese Kiddie epidemiologic version of
the Schedule for Affective Disorders and Schizophrenia
(K-SADS-E).*” We recruited sex-, age-, handedness-, IQ- and
coil-matched control youths from the same school districts as
the ADHD group; the control youths were referred by school
principals and teachers. Controls and their parents also
underwent the Chinese K-SADS-E interview to confirm that
they did not have a lifetime or current diagnosis of ADHD or
other psychiatric disorders.*** Youths with psychosis, mood

disorders, learning disabilities, substance use, autism-
spectrum disorders, neurologic disorders or a full-scale 1Q
score lower than 80 were excluded from the study.

The Research Ethics Committee of National Taiwan Univer-
sity Hospital approved our study protocol. Written informed
consent was obtained from both participants and parents after
clearly explaining the purpose and detailed experimental pro-
cedures of this study. All participants received the same
psychiatric, neuropsychological and MRI assessments.

The Conners” Continuous Performance Test

The Conners” Continuous Performance Test (CCPT) is a
14-minute computerized task for individuals aged 6 years and
older.® It requires participants to tap on the spacebar when
any character except “X” is shown on the screen. There are
6 blocks in the CCPT, including 3 sub-blocks that each contain

Fig. 1: Regions of interest (ROIs) and reconstructed targeted tracts in the left hemisphere. (A) The ROlIs at the dorsolat-
eral prefrontal cortex (purple), caudate nucleus (yellow) and the dorsolateral prefrontal-caudate tract (yellow). (B) The
ROls at the ventrolateral prefrontal cortex (light blue), orbitofrontal cortex (green), caudate nucleus (yellow), ventrolateral
prefrontal-caudate tract (light blue) and orbitofrontal—caudate tract (pink).

Fig. 2: Regions of interest (ROIs) and reconstructed targeted tracts in the left hemisphere. (A)The ROls in the frontal lobe
(yellow), parietal lobes (green) and superior longitudinal fasciculus | (yellow), I (pink) and IlI (blue). (B) The ROls at the
anterior cingulate cortex (purple), posterior cingulate cortex (blue) and cingulum bundle (light green).
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20 letter presentations, for a total of 360 trials. The sub-blocks
differ in interstimulus intervals (ISI) of 1, 2, and 4 s, and the se-
quence of ISI conditions is presented randomly. There are
12 indexes covering different domains of CCPT performance:
omission errors (the number of times not responding to a tar-
get), commission errors (the number of times responding to a
nontarget), RT (the period of time between the presentation of
the stimulus and the response), variability (intraindividual
variability in RT), perseveration (RT < 100 ms), detectability
(the ability to discriminate between targets and nontargets), hit
RT standard errors (consistency of RT), response style (a func-
tion of the ratio of hit target [hit rate] to hit non-target [false
alarm rate] stimuli), Hit RT changed by blocks (the slope of
change in RT over 6 blocks as the test progresses), standard er-
rors of hit RT changed by blocks, hit RT changed by ISIs
(whether performance decreases with longer ISIs), and stan-
dard errors of hit ISI change (whether performance becomes
more variable with longer ISIs).

Based on the factor analysis by Egeland and Kovalik-
Gran,” indexes of CCPT can be grouped into 4 dimensions:
focused attention (RT variability and hit RT standard errors,
detectability and omission errors), hyperactivity /impulsivity
(commission errors, RT, response style and perseverations),
sustained attention (hit RT changed by blocks and standard
errors of hit RT changed by blocks) and vigilance (hit RT ISI
change and standard errors of hit ISI change).

MRI assessments

We obtained MRIs using a Siemens Trio 3 T MRI system with
a 32-channel phased array head coil, except 3 dyads with a
16-channel phased array head coil. All participants were
asked to lie still on the table, and head movement was re-
stricted with expandable foam cushions. We acquired trans-
axial sections covering the whole brain, with the imaging
planes parallel to the line that connects the anterior commis-
sure and the posterior commissure on the sagittal localizer.

We acquired T,-weighted images of the whole head using
a 3-dimensional magnetization-prepared rapid gradient echo
(MPRAGE) sequence with the following parameters:
repetition time (TR) 2530 ms, echo time (TE) 3.4 ms, slice
thickness 1.0 mm, matrix size 256 x 256, field of view (FOV)
256 x 256 mm. Diffusion-weighted images (DWIs) were
acquired using a pulsed-gradient spin-echo echo-planar
imaging sequence with a twice-refocused balanced echo.”
The DWI volumes were acquired by applying diffusion-
sensitive gradients with different strengths and directions to
fill isotropic grid points in the diffusion-encoding space
(g-space).*? A total of 102 DWI volumes corresponding to the
grid points within a half sphere of the g-space (DSI102) were
acquired with the maximum diffusion sensitivity value
(bmax) set to 4000 s/mm?. The acquisition scheme was a
modified version (a half sphere rather than a full sphere) of
the optimal g-space sampling method, DSI 203, as previously
described.® Other acquisition parameters were as follows: TR
9600 ms, TE 130 ms, matrix size 80 x 80, FOV 200 x 200 mm?,
and slice thickness 2.5 mm without gap. The scan time for
each DSI acquisition was approximately 16.5 min.

DSI reconstruction and template-based tract-specific analysis

Having acquired DSI data, we obtained the diffusion probabil-
ity density function (PDF) on the basis of the Fourier association
between the PDF and g-space signal. > Within each voxel, there
were 102 samples at the grid points within a half sphere of the
g-space. These 102 samples were first projected around the ori-
gin to fill the other half sphere based on the fact that the q-space
data were symmetric around the origin. The 8 corners outside
of the sphere were filled with zeros, resulting ina 7 x 7 x 7
data grid in the g-space. A Hanning filter with a width of
17 units was applied to the g-space data and followed by a
3-dimensional Fourier transformation of the g-space signal to
obtain the PDF. The ODF (¥(u)) was computed by obtaining the
second moment of the PDF along each of the 362 radial direc-
tions (6-fold tessellated icosahedron). At each voxel, GFA was
quantified in terms of SD(¥)/RMS(¥), where SD is the standard
deviation and RMS is the root mean square. The GFA indicates
the directionality of the ODF and ranges from zero (when the
diffusion is completely isotropic) to 1 (when the diffusion is re-
stricted to only 1 direction).®® To determine the local tract direc-
tions in each voxel, we used an iterative approach to decompose
the ODF into several constituent Gaussian ODFs.® The resulting
local tract direction field was obtained for tractography.

To avoid subjective variation arising from manual tractog-
raphy, we used a template-based approach. First, a study-
specific DSI template (SSDT) was constructed from all the re-
cruited participants using a coregistration method under the
framework of large deformation diffeomorphic metric map-
ping.* Two of us (W.-Y.LT., Y.-C.L., who has more than 7 years’
experience in DSI tractography) reconstructed 10 target tracts,
namely the bilateral frontostriatal tracts (i.e., caudate-VLPFC,
caudate-DLPFC, caudate-OFC, Fig. 1), SLF (Fig. 2) and cingu-
lum bundles (Fig. 2), under consensus. They placed appropriate
ROIs on the SSDT to segment the target tracts. The appropriate
ROIs were defined in the automated anatomic labelling (AAL)
system” using the WFU PickAtlas version 3.0.4. The coordinates
of these ROIs in AAL were transformed to SSDT after perform-
ing the coregistration between SSDT and the International Con-
sortium for Brain Mapping 152 template using a Dartel toolbox
in SPM12. We performed a streamline-based fibre tracking algo-
rithm with whole brain seeding using DSI studio (http://dsi
-studio.labsolver.org) based on the local tract directions. Having
obtained tractography of each target tract on SSDT, the co-
ordinates of streamlines were aligned along the proceeding
direction of each tract bundle and were saved as the sampling
coordinates of GFA. The sampling coordinates of target tracts
were then transformed from SSDT to individual DSI data set ac-
cording to the established transformation between SSDT and
native DSI space. Finally, the GFA values of each target tract
were sampled on the corresponding sampling coordinates in
the native DSI space.

Statistical analyses
We conducted statistical analyses using SAS version 9.2 soft-

ware (SAS Institute). The o value was preselected at the level of
p < 0.05. The descriptive results are displayed as the mean + SD
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for continuous variables. Because of the matched case—control
study design, we used the paired f test to compare the mean
scores of IQ and ADHD symptom counts, CCPT performance,
and GFA values of the white matter tracts between the ADHD
and control groups. We computed the Cohen d to indicate small
(0.2-0.5), medium (0.5-0.8) and large (= 0.8) effect sizes.

To control for the inflation of type I error in computing
multiple bivariate correlations, we used multiple linear re-
gression models with the backward elimination procedure
to determine the association between the attention meas-
ures (i.e., ADHD symptoms and CCPT indexes) as depend-
ent variables and the GFA values of the 10 target tracts as
independent variables. We used the backward elimination
procedure to identify the fitted model containing variables
from these 10 tracts, which maintained significant effects on
each of the attention measures. We calculated R?* values to
present the proportion of the variance of each attention
measure that can be explained by the microstructural prop-
erty, presented by the GFA values, of some of the fibre
tracts in the final fitted model.

Results
Participants

The sample consisted of 50 youths with ADHD and 50 controls.
The demographic and clinical characteristics of participants are
shown in Table 1. Among the 50 youths with ADHD, 26 (52%)
had the combined type and 24 (48%) had the predominantly in-
attentive type. Seventeen of the youths with ADHD had co-
morbid oppositional defiant disorder (ODD), 2 youths had
comorbid conduct disorder, and 3 youths had both comorbid
ODD and conduct disorder. Two of the control youths had
ODD. Both the ADHD and control youths were well-matched
at the individual level, with no significant group differences in
the distribution of sex, handedness, age, full-scale IQ or type of
coil used during MRI assessment. Despite no group difference

in performance IQ, youths with ADHD had lower verbal IQ
than controls (Table 1).

Microstructural property

Youths with ADHD had significantly lower mean GFA values
than control youths in the 3 left frontostriatal tracts (i.e.,
caudate-VLPFC, caudate-DLPFC, caudate-OFC tracts), the bi-
lateral SLF and the right cingulum bundle (Table 2). The effect
sizes were higher than 0.3 in these 6 tracts. We further analyzed
the group differences in mean GFA values after removing the
6 participants using a different type of coil or the 2 left-handed
participants. All findings remained significant, even after com-
paring the 47 youths with ADHD to the 47 control youths who
used a 32-channel phased array head coil (See the Appendix,
Table S1, available at jpn.ca). We found that the results were
generally consistent when comparing the 49 right-handed
youths with ADHD and the 49 right-handed control youths,
with the exception that the effect size of the group difference in
the mean GFA value of the left caudate-OFC tract decreased
(p =0.06, Cohen d —0.268; Table S3).

Attention performance

Youths with ADHD generally performed worse than con-
trol youths across the 4 dimensions of attention perform-
ance assessed using the CCPT (Table 3), with effect sizes
higher than 0.5 except in the indexes of response style and
standard error of RT ISI change. Compared with control
youths, youths with ADHD had more omission errors,
higher standard errors of hit RT and variability and lower
detectability (impaired focused attention); youths with
ADHD also had more commission errors and a higher rate
of perseverations (impulsivity), higher scores with standard
errors of hit RT changed by blocks (impaired sustained at-
tention) and longer hit RT with higher standard errors (p =
0.06) and increased ISIs (declined vigilance) than controls.

Table 1: Demographic and clinical characteristics of study participants

Group, mean + SD*

Characteristic ADHD (n = 50) Control (n = 50) t p value
Male sex, no. (%) 38 (76) 38 (76) — —
Handedness, right:left 49:1 49:1 — —
Coil, 32:16 47:3 47:3 — —
Age, yrt 11.26 +2.93 11.22 +2.79 0.40 0.69
Full-scale 1Q 110.28 + 11.52 111.78 £ 11.02 -0.89 0.38
Performance 1Q 109.38 + 13.54 108.54 + 13.19 0.40 0.69
Verbal IQ 109.62 + 10.44 113.44 +9.88 —2.66 0.011
DSM-1V symptom countt
Inattention (0-9) 7.74 +1.34 0.38 £ 0.94 31.78 <0.001
Hyperactivity (0—6) 3.18 +1.96 0.15+0.44 10.88 <0.001
Impulsivity (0-3) 1.71 1.1 0+0 10.88 < 0.001

ADHD = attention-deficit/hyperactivity disorder; SADS-E = Schedule for Affective Disorders, epidemiologic

version; SD = standard deviation.
*Unless otherwise indicated.
tRange 7-18 yr.

}Based on psychiatric interview using the Kiddie-SADS-E interviews of current symptoms.
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Correlations of fibre tract property with clinical symptoms
and CCPT performance

The GFA values of the right caudate-VLPFC, bilateral
caudate-DLPFC, SLF and cingulum bundle were negatively
correlated with inattention symptoms in youths with ADHD
(Appendix, Table S2), but the significant effects remained
only for the right SLF in the final model (regression coeffi-
cient estimate § = —-26.33, p < 0.001, R? = 0.23).

Table 4 presents different association patterns of the micro-
structural property of fibre tracts, as indicated by the GFA
values and CCPT indexes in the final fitted model, using the
backward elimination method in control youths and youths
with ADHD separately. Generally speaking, the CCPT in-
dexes were significantly associated with all tracts of interest
in the control group, whereas no CCPT indexes were signifi-

cantly related to the frontostriatal tracts to connect to the
VLPEC in youths with ADHD. The GFA values of the right
caudate—-VLPFC, left caudate-DLPFC and left caudate-OFC
explained the dimension of focused attention in control
youths, while only significant associations in the left
caudate-DLPFC and right caudate-OFC tracts were attrib-
uted to ADHD. The severity of the impulsivity dimension
was related to the GFA values of all 3 frontostriatal tracts,
right SLF and right cingulum bundle in control youths, but
only to those of the left caudate-OFC tract, right SLF and left
cingulum bundle in youths with ADHD. Sustained attention
was related to the GFA values of the left caudate-VLPFC,
right caudate-—-DLPFC tracts, left caudate—-OFC and left
cingulum bundle in control youths, and to those of the bilat-
eral caudate-DLPFC tracts, right SLF and right cingulum
bundle in youths with ADHD. The GFA values of the left

Table 2: Comparisons of the generalized fractional anisotropy values of 10 fibre tracts between youths with ADHD and

controls
Group, mean = SD
Target tracts Side ADHD (n = 50) Control (n = 50) t p value Cohen d
Caudate—ventrolateral prefrontal cortex Left 0.236 + 0.016 0.241 +0.015 —-2.22 0.031 -0.32
Right 0.235 +0.019 0.238 +0.017 -1.15 0.25 -0.17
Caudate—dorsolateral prefrontal cortex Left 0.221 £ 0.017 0.227 +0.017 -2.12 0.039 -0.35
Right 0.227 + 0.022 0.232 + 0.019 -1.42 0.16 -0.24
Caudate—orbitofrontal cortex Left 0.213 +£0.012 0.217 £ 0.011 —2.06 0.044 -0.35
Right 0.212 £ 0.015 0.216 + 0.015 -1.44 0.16 -0.27
Superior longitudinal fasciculus Left 0.198 + 0.023 0.206 + 0.022 -2.38 0.021 —-0.36
Right 0.223 + 0.025 0.231 + 0.021 -2.08 0.040 -0.35
Cingulum Left 0.301 + 0.027 0.307 + 0.023 -1.35 0.19 -0.24
Right 0.279 + 0.029 0.288 + 0.019 -2.39 0.021 -0.37

ADHD = attention-deficit/hyperactivity disorder; SD = standard deviation.

Table 3: Comparisons of performance factors on the Conner’s Continuous Performance Test between

youths with ADHD and controls

Group, mean + SD

Factor ADHD (n = 50) Control (n = 50) t p value Cohen d
Focused attention
Omission 1112 £11.97 4.02 +4.71 3.9 < 0.001 0.78
RT SE 12.20 + 7.08 6.72 + 3.27 5.21 < 0.001 0.99
Variability 26.24 + 19.54 11.16 £+ 9.84 4.99 < 0.001 0.98
Detectability 0.338 + 0.364 0.52 + 0.356 -3.03 0.004 -0.51
Impulsivity
Commission 23.04 +7.75 18.62 + 8.02 3.5 0.001 0.56
Reaction time 408.92 + 90.25 375.79 + 56.71 2.33 0.024 0.44
Response style 0.622 + 0.377 0.778 + 2.389 -0.47 0.64 —0.09
Perseveration 14.98 + 20.26 3.22 +6.42 4.02 < 0.001 0.78
Sustained attention
RT block change 0.023 + 0.036 0.007 + 0.025 2.62 0.012 0.52
RT SE block change 0.107 + 0.095 0.046 + 0.065 3.77 < 0.001 0.75
Vigilance
RT ISI change 0.098 + 0.048 0.064 + 0.031 4.23 < 0.001 0.84
RT SE ISI change 0.121 +0.188 0.059 + 0.126 1.94 0.06 0.39

ADHD = attention-deficit/hyperactivity disorder; I1SI = interstimulus interval; RT = reaction time; SD = standard deviation; SE =

standard error.
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caudate-DLPFC tract and right cingulum bundle correlated
with vigilance in control youths, while the microstructural
property of the left caudate—-DLPFC tract and left cingulum
bundle accounts for vigilance in youths with ADHD.

Discussion

Our findings provided the first data on the correlations be-
tween the microstructural property of the right SLF and
multiple dimensions of attention in youths with ADHD by
taking advantage of the strengths from using DSI tractog-
raphy analysis, comprehensively investigating several
major fibre tracts associated with ADHD, assessing multiple
dimensions of attention through clinical interviews and
CCPT, using a relatively larger sample size than previous
investigations and maintaining a strictly matched case-
control study design. We also found that youths with
ADHD had lower GFA in the left frontostriatal tracts, bilat-
eral SLF and right cingulum bundle; performed worse in
focused attention, sustained attention, inhibition and vigi-
lance; and had altered right SLF microstructural property
(which was most significantly associated with inattention
symptoms of ADHD) than controls. Moreover, the micro-
structural property of the target tracts generally was either
associated with or had differential patterns of associations
with attention performance in youths with ADHD than con-
trols in terms of the fewer attention components involved or
the lack of association with any of the attention perform-
ance, as detailed in the sections that follow.

Alteration of white matter microstruactual property

Most previous studies investigating white matter tract prop-
erty in individuals with ADHD focused mainly on the fron-
tostriatal tracts.?’**?> Our finding of decreased diffusion an-
isotropy in the left frontostriatal tracts in youths with ADHD
is consistent with those of some previous studies using
DTI???! and DSI,2'** but inconsistent with those of other
studies showing increased diffusion anisotropy in children
with ADHD.%% Most of the previous studies did not particu-
larly emphasize the difference between the left and right
sides of frontostriatal tracts.”>*! In addition, a previous study
from our group reported decreased diffusion anisotropy in
the bilateral frontostriatal tracts.?! However, the reduced cor-
tical thickness,” grey matter volume and white matter vol-
ume®! in the left prefrontal cortex of individuals with ADHD
provided collateral evidence to support the altered fronto-
striatal tracts on the left side in those with ADHD, as discov-
ered in our study.

Our findings of decreased diffusion anisotropy of the SLF
in youths with ADHD lends evidence to support previous
studies.* Despite the lack of change of the cingulum bun-
dle property in individuals with ADHD reported in our prior
investigation” and in another study® with a much larger in-
dependent sample and a different DSI tractography approach
from our earlier investigation, current studies support de-
creased diffusion anisotropy of the cingulum bundle in
youths with ADHD.!

Correlations between the SLF and ADHD symptoms and
attention performance

Because fibre tracts other than the frontostriatal tracts have
been less studied, the novelty of the present study is to dem-
onstrate that the right SLF, rather than the frontostriatal
tracts, was mostly associated with inattention symptoms in
youths with ADHD. The SLF connects areas in the dorsal at-
tention network, parietal lobe and frontal eye field.® This ex-
plains why the function of the SLF has been widely accepted
for spatial attention, although only a few human studies on
the structural connectivity of the SLF with regards to atten-
tion'” and working memory® have been conducted in con-
trol youths. Until now, only 1 previous study of ADHD re-
ported a correlation between attention performance and the
right SLF in adults with ADHD.3

To the best of our knowledge, this is the first study to dem-
onstrate the association between the SLF and the inattention
symptom/attention performance in youths with ADHD, and
such a positive association has been reported only in adults
with ADHD* and control children.?” Our findings of differ-
ent association patterns led us to conclude that the SLF
microstructural property was associated with cognitive and
behavioural inhibition and sustained attention in youths with
ADHD, but with focused attention in controls. Such a finding
lends evidence to support the hypothesis that those with
ADHD may engage in adaptive processing strategies to com-
pensate for impairments in other brain regions.*

Furthermore, our results are in line with those of studies in
healthy participants that demonstrate the importance of the
SLF, especially the right side, in attention performance® and
working memory,* which are considered to be major neuro-
psychological deficits in individuals with ADHD.% In addi-
tion, our findings raised a noteworthy issue: most studies re-
ported correlations between the frontostriatal tracts and
ADHD symptoms without considering the effects of other re-
lated white matter tracts.?'* Fibre tracts with different micro-
structural property and fibre tracts involved in neuropsycho-
logical impairment in patients with ADHD are important
candidates to examine in order to determine how these
altered pathways contribute to the etiology of ADHD.

Correlations between frontostriatal tracts and attention
performance in youths with ADHD

Our finding that the frontostriatal tracts property was associ-
ated with the performance of attention tasks in both youths
with ADHD and controls is consistent with those of some pre-
vious studies.®* Although the associations of the caudate—
VLPFC tract with all attention dimensions were noted in con-
trols, no such associations were found in youths with ADHD.
Our results support other recent evidence of such an associa-
tion noted only in control children and not in those with
ADHD.? One of the explanations for the different associa-
tion patterns between the ADHD and control groups is that
children with ADHD may compensate through the use of
other brain regions and tracts when performing attention
tasks.® For instance, our findings demonstrated that the
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performance of focused attention relied on the frontostriatal
tracts connecting the VLPFC, DLPFC and OFC in control
youths. However, youths with ADHD mainly relied on the
right caudate-OFC. Consequently, we hypothesized that the
tracts responsible for the performance of focused attention
shifted to the right caudate-OFC owing to alteration in the left
frontostriatal tracts in youths with ADHD.

Correlations between the cingulum bundle and attention
performance in youths with ADHD

The ACC is a critical region for executive attention, cognitive
control and self-regulation,® while the cingulum bundle is in-
volved in sustained attention® and executive functions® in
healthy individuals. However, only 1 previous study from
our group focused on this issue in patients with ADHD and
demonstrated the correlation between the cingulum bundle
and intraindividual variability of RT in youths with ADHD.?
The present study provided further evidence of the associa-
tion between cingulum bundle integrity and a wider range of
attention performance, such as inhibition, sustained attention
and vigilance, in both controls and youths with ADHD.

Limitations

Our findings should be interpreted in the context of some limi-
tations. First, owing to a cross-sectional study design, we could
not determine whether the different diffusion anisotropy of
white matter tracts between youths with ADHD and controls
reflects the underlying neuropathology of ADHD or the conse-
quences of a compensatory neurodevelopmental process.
Second, although 10 youths with ADHD had been treated
with methylphenidate before scanning and their last dose of
methylphenidate was at least 1 week before the neuropsycho-
logical and MRI assessment, long-term effects of medication
on microstructural property may still exist. Third, our sensitiv-
ity analysis produced almost consistent results after removing
the 6 participants in whom a different type of coil was used or
after removing the 2 left-handed participants. Therefore, the
significant group difference in the mean GFA for some tracts is
unlikely to be a chance variation. Finally, we did not correct
for multiple comparisons in our analyses given the scarce liter-
ature on this topic.” We presented original statistical results to
allow readers to evaluate their importance and significance.”
Research in an independent sample would be necessary to
replicate and validate the present findings.

Conclusion

This study provides strong evidence to support altered white
matter tract property in the left frontostriatal tracts, bilateral SLF
and right cingulum bundle in youths with ADHD. Besides the
frontostriatal tracts, our data suggest that the SLF and cingulum
bundle are also involved in the core neuropathological under-
pinnings of ADHD since the property of these tracts was associ-
ated with several attention components. In addition, such differ-
ential association patterns between youths with ADHD and
controls implied the possibility of a compensatory mechanism.

We suggest further studies to examine other fibre tracts theor-
etically associated with ADHD neuropathology and that such
studies use different tasks to assess more dimensions of neuro-
psychological functions, conduct subgroup analyses if the sam-
ple size is large enough and collect longitudinal data.
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