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Background. Attention deficit hyperactivity disorder (ADHD) is recognized as an early-onset neuropsychiatric
disorder with executive dysfunctions and neurobiological deficits. The authors compared executive functions and
microstructural integrity of the frontostriatal circuit in children with ADHD and typically developing children.

Method. We assessed 25 children with ADHD and 25 age-, sex-, handedness- and intelligence-matched typically
developing children by using psychiatric interviews, the Wechsler Intelligence Scale for Children — third edition, and
the tasks involving executive functions in the Cambridge Neuropsychological Test Automated Battery. The
frontostriatal tracts were reconstructed by diffusion spectrum imaging tractography and were subdivided into four
functionally distinct segments, including dorsolateral, medial prefrontal, orbitofrontal and ventrolateral tracts. Tract-
specific and matched case-control analyses were used and generalized fractional anisotropy values were computed.

Results. Children with ADHD had lower generalized fractional anisotropy of all the bilateral frontostriatal fiber
tracts and poorer performance in verbal and spatial working memory, set-shifting, sustained attention, cognitive
inhibition and visuospatial planning. The symptom severity of ADHD and the executive functioning performance
significantly correlated with integrity of the frontostriatal tracts, particularly the left orbitofrontal and ventrolateral
tracts. Children with ADHD also demonstrated loss of the leftward asymmetry in the dorsolateral and medial
prefrontal tracts that was present in typically developing children.

Conclusions. Our findings demonstrate disturbed structural connectivity of the frontostriatal circuitry in children
with ADHD and add new evidence of associations between integrity of the frontostriatal tracts and measures of core
symptoms of ADHD and a wide range of executive dysfunctions in both groups.
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Introduction small effect size in the deficits in attentional set
shifting in ADHD (Chamberlain et al. 2011). The pre-
frontal cortex (Fuster, 1999), including the dorsolateral
prefrontal cortex (DLPFC) (Fuster, 2002), medial pre-
frontal cortex (MPFC) (Konishi et al. 2010), orbito-
frontal cortex (OFC) (Price, 1999) and ventrolateral
prefrontal cortex (VLPFC) (Wolf et al. 2009), plays a
major role in subserving executive functions (Curtis &
D’Esposito, 2003), such as the DLPFC for action plan-
ning (Fuster, 2002), the MPFC for shifting under novel

Attention deficit hyperactivity disorder (ADHD) is
recognized as an early-onset neuropsychiatric dis-
order with lifelong executive dysfunctions (Seidman
et al. 2006). A recent meta-analysis revealed medium to
large effect sizes of the impairment in response inhi-
bition, working memory, executive planning, and a
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The evidence that ADHD is associated with neuro-
biological deficits in the frontostriatal network
(Spencer et al. 2002) has been demonstrated from
morphometric studies showing reduced prefrontal
(Wang et al. 2007), caudate nucleus (Valera et al. 2007),
putamen (Wang ef al. 2007) and globus pallidus
(Overmeyer et al. 2001) volume and cortical thickness
(Shaw et al. 2006); and functional imaging studies
showing frontal (Kim et al. 2002) and striatal (Teicher
et al. 2000) hypoperfusion and hypoactivity (Dickstein
et al. 2006). Recently, diffusion tensor imaging (DTI)
has been used to investigate the microstructure integ-
rity of white matter tracts (Ashtari et al. 2005; Casey
et al. 2007 ; Hamilton et al. 2008 ; Makris et al. 2008 ; Silk
et al. 20094, b; Konrad et al. 2010; Cao et al. 2010; Nagel
et al. 2011). Fractional anisotropy (FA) is usually used
as an index to reflect white matter integrity (Johansen-
Berg & Behrens, 2009). Abnormal white matter
microstructures relevant to ADHD have been found
by DTI in various regions including the frontostriatal
tract (Ashtari ef al. 2005; Casey et al. 2007; Pavuluri
et al. 2009; Konrad et al. 2010; Liston et al. 2011),
cerebellum (Ashtari et al. 2005), superior longitudinal
fasciculus (Konrad et al. 2010) and the corticospinal
tract (Hamilton et al. 2008). Among those regions,
disturbed frontostriatal microstructural integrity is
recognized as the most consistent finding in ADHD. In
addition, FA values in the left striatum were signifi-
cantly associated with ADHD symptom severity in
children with ADHD (Peterson et al. 2011) but not in
adults with ADHD (Konrad et al. 2010).

Several lines of evidence support that the fronto-
striatal circuitry provides important signals related to
cognitive functions (Cubillo et al. 2011). For example,
maturation of frontostriatal connectivity contributed
to an increase in efficiency of go/no-go task perform-
ance in neurotypical participants (Liston et al. 2006).
FA in prefrontal fiber tracts was negatively correlated
with cognitive impulsivity assessed by the go/no-go
test in parent—child dyads with ADHD (Casey et al.
2007). Functional imaging studies showed that
abnormal frontostriatal activation was associated with
executive control (Konrad et al. 2006) and task
switching (Dibbets et al. 2010) in ADHD.

Despite considerable interest in both ADHD and
DTI research, to our best knowledge, there has been
no study to correlate the microstructural integrity of
frontostriatal tracts and a wide range of executive
functions or to use diffusion spectrum imaging (DSI)
to reconstruct frontostriatal tracts and to probe
microstructural abnormalities along these tracts that
may be related to the functional deficits observed in
children with ADHD. In contrast to DTI, DSI is able to
resolve crossing fibers by performing more compre-
hensive diffusion measurements than DTI (Wedeen
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et al. 2005). Tractography reconstructed from DSI data
has been successfully demonstrated to resolve cross-
ing fiber tracts (Wedeen et al. 2008) and has been used
to investigate white matter integrity in obsessive-
compulsive disorder (Chiu et al. 2011), alcoholism (Liu
et al. 2010) and autism (Lo ef al. 2011).

Using a matched case-control study design, the
present study aimed to compare the executive
functions and microstructural integrity and asym-
metry patterns of the four frontostriatal tracts,
i.e. dorsolateral-caudate, medial prefrontal-caudate,
orbitofrontal-caudate, and ventrolateral-caudate tracts,
comparing the DSI tractography of children with
ADHD and typically developing children, and to
investigate whether the white matter tract integrity
of frontostriatal circuit was directly correlated
with ADHD symptoms and executive functions. We
hypothesized that frontostriatal connectivity was in-
volved in ADHD pathophysiology and that disturbed
frontostriatal fiber integrity was correlated with
ADHD symptoms and executive functions.

Method
Participants and procedure

The Research Ethics Committee at the National
Taiwan University Hospital (NTUH) approved
this study prior to the study implementation
(NTUH Institutional Review Board no. 200612093M;
ClinicalTrials.gov no. NCT00529893). The procedures
and purpose of the present study were clearly ex-
plained to the participants and their parents, who
then provided written informed consent, followed by
the Chinese Kiddie epidemiologic version of the
Schedule for Affective Disorders and Schizophrenia
(K-SADS-E) interviews for each child’s Diagnostic and
Statistical Manual of Mental Disorders, fourth edition
(DSM-1V) psychiatric diagnoses. The participants
were also assessed using the Wechsler Intelligence
Scale for Children - third edition (WISC-III) and
the Cambridge Neuropsychological Test Automated
Battery (CANTAB).

We recruited 25 Taiwanese children with ADHD
consecutively from the child psychiatric clinic of
National Taiwan University Hospital, Taipei, Taiwan,
and 25 typically developing children matched indi-
vidually for age, sex, handedness and full-scale intel-
ligence quotient (IQ) from the schools with similar
school districts to the ADHD group rather than
through advertisement (Supplementary Table S1). All
participants were right-handed, as assessed with the
Edinburgh Inventory (Oldfield, 1971). Children with
ADHD were clinically diagnosed according to the
DSM-IV criteria and confirmed by the K-SADS-E
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interview (Gau et al. 2005; Gau & Shang, 20104) by
S.5.G. The patients were excluded if they had a life-
time clinical diagnosis of psychosis, mood disorders,
learning disability, substance use or autism spectrum
disorders, or current diagnosis of anxiety spectrum
disorders. Of them, 18 (72.0%) had been treated with
medication before recruitment, and 16 (64.0%) were
diagnosed with DSM-IV ADHD combined type, eight
(32.0%) with predominantly inattentive type, and one
(4.0%) with predominantly hyperactive/impulsive
type.

We recruited the typically developing participants
in the present study if they did not have any current or
lifetime DSM-IV psychiatric disorders based on the
K-SADS-E interviews. Participants who had any past
or current medical or neurological illness, who cur-
rently took psychotropic medication, or whose IQ
score assessed by the WISC-III was less than 80 were
excluded.

The 18 participants with ADHD, who had taken
psychotropic medication before, did not take any
medication for treating ADHD for at least 1 week be-
fore the assessments. All the participants received
the same clinical, neuropsychological and magnetic
resonance imaging (MRI) assessments.

Clinical measures

The Chinese version of the Swanson, Nolan, and Pelham,
version IV scale (SNAP-IV) — parent form

The SNAP-IV, a 26-item scale, consists of ‘inattention’
(items 1-9), “hyperactivity /impulsivity " (items 10-18)
and ‘oppositionality” (items 19-26), corresponding to
the core symptoms of DSM-IV ADHD and opposi-
tional defiant disorder symptom criteria, respectively
(Swanson et al. 2001). The 26 items of the SNAP-IV are
rated on a four-point Likert scale, with scores of 0-3
representing: ‘not at all’, “just a little’, * quite a bit” and
‘very much’. The norms and psychometric properties
of the Chinese SNAP-IV for parent reports have been
established in Taiwan (Gau et al. 2008).

Executive function measures

The CANTAB is a computerized test battery targeting
multiple neuropsychological functions, with standard-
ized procedures and solid psychometric properties
(Luciana & Nelson, 1998). The validity of the
CANTARB has been confirmed by the demonstrations
of comparable effects following manipulations of
homologous neural regions and of common effects of
pharmacological agents often used in the treatment
of ADHD (Chamberlain et al. 2011). Four CANTAB
tasks involving executive abilities were used to assess
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the non-verbal executive function (Gau & Shang,
20100).

Intra—extra dimensional set shift (IED)

The IED assessed a subject’s ability to selectively
maintain attention on the specific attribute of com-
pound stimuli across different examples, or intra-
dimensional shift, and then to shift their attention to a
previously irrelevant attribute of stimuli, or extra-
dimensional shift (Downes et al. 1989). Two dimen-
sions, namely purple shapes and white lines, were
used in this test. Simple stimuli were either shapes or
lines, whereas compound stimuli consisted of shapes
and lines. The test comprised nine stages with in-
creasing difficulty. Initially, the participant had to at-
tend to different simple and compound stimuli within
the shape dimension. For example, two different
shapes were presented either without lines (simple
stimulus) or with lines (compound stimulus), and the
participant had to switch attention only between these
two shapes, and the lines were irrelevant; these were
the intradimensional shifts. In the last step, the
participant was required to shift attention to the pre-
viously irrelevant line dimension; these were the
extradimensional shifts. Throughout the IED task, the
participant was required to discover rules, initially
through trial and error. Once the rule was achieved on
six consecutive occasions, the computer established a
new rule. Despite these changes, the participant had to
try to make as many correct choices as possible. Two
major indices were included in the present study:
(1) adjusted total errors: calculated by adding 25
for each stage not attempted due to failure; and
(2) adjusted total trials: adding 50 for each stage not
attempted due to failure at an earlier stage.

Rapid visual information processing (RVP)

The RVP, a 4-min visual continuous performance test
modified from Wesnes & Warburton’s task (Wesnes &
Warburton, 1984), is designed to assess sustained at-
tention capacity and inhibition control (Sahakian et al.
1989). Digits (ranging from 2 to 9) appeared one at a
time (100 digits/min) in the center of the screen in a
random order. For approximately 3 min, the partici-
pant had to detect three target sequences (3-5-7, 2—4—
6, 4-6-8) and respond (within 1800 ms after the onset
of the last number) using a press pad when the last
number was seen (7, 6 and 8, respectively). A total of
16 target sequences occurred every 2 min. The par-
ticipant was instructed to detect as many target
sequences (27 in total) as possible. Four indices were
presented in the present study: (1) probability of hits
(h, the participant responding correctly): total hits
divided by the sum of total hits and total misses;
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(2) probability of false alarms (f, the participant re-
sponding inappropriately): total false alarms divided by
the sum of total false alarms and total correct rejections;
(3) B” calculated as [(h — h2) - (f = A1/ [(h - B +(f - A)]:
a signal detection measure of the strength of trace re-
quired to elicit a response; and (4) mean latency: mean
time taken to respond in correct responses.

Spatial working memory (SWM)

The SWM is a self-ordered search test (Petrides &
Milner, 1982). On each trial of this task, a number of
colored boxes were displayed on the screen. At the
bottom right corner of the screen, there was a black
column. The participant had to touch the colored
boxes one at a time to open them. If a box contained a
token, he/she had to move it to the column. Once a
token was found inside of a box, there would never be
another token inside of the same square. In order to
perform the task most efficiently without searching
repeatedly in previously targeted locations, the
participant had to remember where he/she had
searched and found a token. The order in which the
participant searched the colored boxes was self-
determined, and the number of boxes started at two.
The participant ultimately completed four trials each
with two boxes, three boxes, four boxes, six boxes and
eight boxes. Two major indices were presented in the
current study: (1) strategy utilization: the number
of search sequences starting with a novel box in the
difficult problems (both six- and eight-box problems);
(2) total errors: calculated as between errors + within
errors — double errors.

Stockings of Cambridge (SOC)

The SOC assesses spatial planning based on the Tower
of London test (Shallice, 1982). Two displays consist-
ing of three stockings each were shown on a computer
touch screen. Three balls were distributed in both the
upper and the lower stocking displays. The placement
of the balls in the upper display was the template for
the lower display. Thus, the participant was required
to move the balls in the lower display until the three
balls were located at the same places as indicated in
the upper display. Before moving the balls, the par-
ticipant was asked to plan their moves ahead and to
use as few moves as possible in order to copy the
upper display. After this initial thinking time, the
participant started moving the balls. The starting
position of the balls was varied so that the solution
could be reached after a minimum of two, three,
four or five moves. Initially, two moves were needed
to copy the upper display; thereafter, difficulty was
increased stepwise up to five moves. In total, 12
planning problems were presented. For each trial, the

https://doi.org/10.1017/50033291712001869 Published online by Cambridge University Press

participant also completed a yoked control condition
in order to provide baseline measures of motor in-
itiation and executive times. Four major indices were
presented in the current study: (1) problems solved in
the specified minimum number of moves; (2) total
moves; (3) initial thinking time: the difference in re-
action time taken to select the first ball for the same
problem under the two conditions; and (4) subsequent
thinking time: the difference in time between selecting
the first ball and completing the problem for the same
problem under the two conditions.

MRI data acquisition

Participants were scanned on 3T MRI system (Trio,
Siemens, Germany) with a 32-channel head coil. Both
T2-weighted (T2W) structure MRI and DSI were
acquired with the same slice orientation and range.
The T2W images were acquired using a turbo spin
echo sequence [repetition time (TR)=5920 ms, echo
time (TE) =102 ms, matrix size =256 x 256, spatial re-
solution=0.98 mm x 0.98 mm and slice thickness=
3.9 mm]. DSI was performed using a twice-refocused
balanced echo diffusion echo planar imaging sequence
(Reese et al. 2003) [TR=9100 ms, TE =142 ms, image
matrix size=128 x 128, spatial resolution=2.5 mm x
2.5mm, slice thickness=25mm]. A total of 102
diffusion-encoding gradients with the maximum dif-
fusion sensitivity bma=4000s/mm? were sampled
on the grid points in a half sphere of the three-
dimensional g-space with |g| <3.6 units.

DSI data analysis

The data in the unsampled half sphere of the three-
dimensional g-space were filled based on the sym-
metry property of the g-space data, i.e. S(q)=S(-9),
followed by filling zeros in the eight corners outside
the sphere. Fourier transformation was performed
based on the Fourier relation between the echo signal
S(g) and the diffusion probability density function P(r)
(Callaghan, 1991). The orientation distribution func-
tion (ODF) was determined by computing the second
moment of P(r) along each radial direction (Wedeen
et al. 2005). The ODF was reconstructed onto 362 di-
rections corresponding to the vertices of a six-fold
regularly tessellated dodecahedron projected onto a
sphere. The orientations of individual crossing fibers
were determined by decomposing the original ODF
into several constituent ODFs (Yeh, 2008). Generalized
FA (GFA) was derived from the original ODF as the
index of white matter integrity. The formula of deriv-
ing the value of GFA is expressed as (the standard
deviation of ODF)/(the root mean square of ODF)
(Tuch, 2004).
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Fig. 1. Regions of interest (ROIs) and reconstructed targeted tracts in the right hemisphere. The ROIs at the dorsolateral
prefrontal cortex (light yellow), medial prefrontal cortex (light blue), orbitofrontal cortex (pink), ventrolateral prefrontal
cortex (brown) and caudate nucleus (ochre) are shown. The dorsolateral prefrontal-caudate tract (yellow), the medial
prefrontal-caudate tract (blue), the orbitofrontal-caudate tract (pink) and the ventrolateral prefrontal-caudate tract (orange)
are shown as well. For better orientation, T2-weighted images in coronal and axial views are inserted, and a transparent

brain contour is overlaid.

Reconstruction and analysis of frontostriatal
fiber tracts

The caudate nucleus curves around the ventricular
system and receives projections from associated areas
of the cortex. The projections are particularly dense
from the prefrontal cortex, which projects to the head
of the caudate (Kamali et al. 2010). To divide the fron-
tostriatal fiber tracts into four tract bundles corre-
sponding to different cortical regions in bilateral
hemispheres, five regions of interest (ROls) were
identified using MARINA software (Bender Institute
of Neuroimaging, Germany). These five regions were
the caudate nucleus, DLPFC, MPFC, OFC and VLPFC
on the Montreal Neurological Institute (MNI) tem-
plate. Linear transformations between the non-
attenuated image (b,) of the DSI and T2W image, and
nonlinear transformation between the T2W image and
MNI template were performed so that the image co-
ordinates of DSI data could be transformed to the MNI
space. The coordinates of the ROIs defined on the MNI
template were then mapped onto individual partici-
pants” DSI data through the inverse transformation
using the calculated deformation matrix.

A streamline-based fiber-tracking algorithm was
performed based on the resolved fiber vector fields
provided by DSI. The voxels with GFA values higher
than 0.1, compatible with the value of 0.05 based on
high angular resolution diffusion imaging (HARDI)
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data (Berman et al. 2008), were selected as the white
matter regions and used as seed voxels for tracto-
graphy (Lo et al. 2011). Consistent with previous re-
ports, the GFA value derived from HARDI data was
mostly linear with, but lower than, the FA value de-
rived from conventional DTI (Gorczewski et al. 2009;
Fritzsche et al. 2010).

For nearest neighboring voxels with multiple fiber
orientations, the orientation closest to the previous
propagating direction was selected for interpolation.
By moving the seed point with a proceeding length of
0.4 voxels for each step along the most coincident
orientation, the new starting point was then obtained.
The tracking would stop if all of the angle deviations
in the neighboring voxels were higher than a given
angular threshold of 60°. Four bundles of fronto-
striatal fiber tracts, namely, caudate nucleus-DLPFC
(dorsolateral), caudate nucleus-MPFC (medial pre-
frontal), caudate nucleus-OFC (orbitofrontal) and
caudate nucleus—-VLPFC (ventrolateral), were deter-
mined (Fig. 1). GFA values corresponding to different
fiber bundles were sampled according to the position
coordinates of the tracts, and the mean GFA value for
each fiber bundle was calculated.

The tractography was reconstructed by using
in-house software (DSI Studio; http://dsi-studio.
labsolver.org). Tract-specific sampling of GFA was
performed using an in-house mean-path analysis al-
gorithm developed in Matlab (The Mathworks, USA)
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Fig. 2. Comparisons of mean generalized fractional anisotropy (GFA) for frontostriatal tracts between children with
attention deficit hyperactivity disorder (ADHD) and typically developing children, and between left (L) and right (R)

hemispheres. d, Cohen’s d.

(Lo et al. 2011). Asymmetric differences in GFA values
were determined for each pair of dorsolateral, medial
prefrontal, orbitofrontal and ventrolateral tracts using
a lateralization index (LI):

LI=(mean GFA of left fibers —mean GFA of
right fibers)/average GFA of bilateral fibers.

Statistical analyses

We used SAS version 9.1 (SAS Institute Inc., USA) to
conduct data analysis. The descriptive results were
displayed as frequency and percentage for categorical
variables, and mean and standard deviation for con-
tinuous variables. To conduct a matched case-control
analysis for continuous variables, we used a linear
multilevel model to compare the mean scores of 1Q,
the SNAP-IV, the CANTAB test, the GFA and LI
values of the four pairs of frontostriatal tracts between
the ADHD and typically developing groups. For
the GFA values, a general linear model analysis for
repeated measures was used with the sides (left and
right hemispheres) and tracts (dorsolateral, medial
prefrontal, orbitofrontal and ventrolateral) as the
within-subject variables and groups (ADHD and
typically developing) as the between-subject variable.
Then the post hoc analysis was performed using the
paired t test (two-tailed) to compare the differences
in the GFA values of dorsolateral, medial prefrontal,
orbitofrontal and ventrolateral tracts within the same
subjects. The a value was pre-selected at the level of
p <0.05. The effect sizes were further computed using
Cohen’s d, with small, medium and large effect
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sizes as Cohen’s d 0.3 to 0.5, 0.5 to 0.8, and >0.8,
respectively.

To control for inflation of type I error in calculating
multiple univariate correlations, multiple linear re-
gression models with the backward elimination
procedure were conducted to find the relationship
between the measures of executive function and the
GFA measures of the four pairs of bilateral fronto-
striatal tracts (dorsolateral, medial prefrontal, orbito-
frontal and ventrolateral). The GFA values of the eight
frontostriatal tracts were entered as independent
variables, and ADHD symptoms based on the
SNAP-IV and each of the performance scores on the
CANTARB tasks as the dependent variables. We used a
backward elimination procedure to identify the fitted
model containing the variables from eight fronto-
striatal tracts which maintained significant effects on
each of CANTAB measures. The R? value provided a
quantitative measure of how well the fitted model with
frontostriatal tracts predicted the CANTAB measures.

Results
Group differences

As expected, we found more severe ADHD and op-
positional symptoms (all p values <0.001) in children
with ADHD than in typically developing children.
Children with ADHD had significantly lower GFA
values than typically developing children in the four
pairs of frontostriatal tracts (Cohen’s d, 0.88-1.54;
Fig. 2). Children with ADHD did not demonstrate
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Table 1. Comparisons of executive functions between children with ADHD and typically developing children
ADHD TD F P Cohen’s d

Intra-extra dimensional set shift
Total errors, adjusted
Total trials, adjusted

38.48 (22.12)
125.04 (38.72)

Rapid visual information processing

Probability of hits 0.38 (0.18)
Probability of false alarm 0.03 (0.03)
B” 0.74 (0.20)

Mean latency, ms 626.00 (195.60)

Spatial working memory
Strategy utilization
Total errors

35.44 (5.05)
36.32 (17.69)

Stockings of Cambridge
Problems solved in minimum moves 7.08 (1.63)
Total moves 19.29 (2.63)

3289.11 (1751.51)
1806.92 (1936.87)

Mean initial thinking time, ms
Mean subsequent thinking time, ms

23.84 (19.04) 6.29 0.019 0.71
94.28 (34.21) 8.86 0.007 0.84
051 (0.17) 9.46 0.005 —0.73
0.01 (0.02) 5.85 0.024 0.68
0.89 (0.12) 12.55 0.002 —092
490.94 (144.87) 8.60 0.007 0.78
31.88 (4.93) 6.36 0.019 0.71
24.68 (19.22) 497 0.036 0.63
7.88 (1.86) 4.00 0.057 —0.46
17.50 (1.55) 9.07 0.006 0.83
4713.62 (2240.03) 7.05 0.014 —0.71
1079.71 (601.43) 3.97 0.058 0.51

ADHD, Attention deficit hyperactivity disorder; TD, typically developing children.

Data are given as mean (standard deviation).

Table 2. Final model of prediction of inattention and hyperactivity—impulsivity symptoms in children with ADHD by four bilateral

frontostriatal tracts

SNAP-IV?

Inattention Hyperactivity-impulsivity

B r B p
Dorsolateral L - - —394.25 0.001
Medial prefrontal R - - —279.11 0.006
Orbitofrontal R —127.09 <0.001 - -
Ventrolateral R - - —131.77 0.068
F values Fy5,=16.54, p<0.001 F320=6.96, p=0.002
R? 0.43 0.51

ADHD, Attention deficit hyperactivity disorder; L, left; R, right.
2Based on parental report on the Chinese version of the Swanson, Nolan and Pelham, version IV scale.

significant left-to-right asymmetry in the dorsolateral
and medial prefrontal pairs as shown in typically de-
veloping children (Fig. 2) and had lower LIs of the
medial prefrontal (d=0.53; p=0.047) and dorsolateral
(d=0.57; p=0.051) tracts than typically developing
children.

Compared with the typically developing children,
children with ADHD had more IED total errors
(adjusted) and IED total trials (adjusted), lower RVP
probability of hits, higher RVP probability of false
alarm, lower RVP B” value, and longer RVP mean
latency, poorer SWM strategy utilization and more
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SWM total errors, and more SOC total moves and
shorter SOC mean initial thinking time (Table 1).

Prediction of ADHD symptoms and executive
functions by frontostrial GFA

The multiple linear regression with backward elimin-
ation analysis revealed that the GFA value of the right
orbitofrontal tract was significantly associated with
inattention, and GFA of the left dorsolateral and right
medial prefrontal fiber tracts was significantly associ-
ated with hyperactivity/impulsivity within the
ADHD group (Table 2).
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Table 3. Final model of prediction of executive functions in children with ADHD and typically developing children by four bilateral frontostriatal tracts

Intra-extra dimensional set shift

Rapid visual information processing

Total errors, adjusted Total trials, adjusted Probability of false alarm B” Mean latency, ms
B P B p B p B p B p
Children with ADHD
Orbitofrontal L 456.94 0.007 757.54 0.010 0.68 0.012 —4.22 0.014 - -
R _ _ _ _ _ _ _ _ _ _
Ventrolateral L —442.06 0.002 —774.31 0.002 - - —2.84 0.082 - -
R - - - - - - 5.76 0.015 - -
F values F33,=8.13, p=0.002 Fs2,=7.63, p=0.003 Fi123=7.39, p=0.012 F39,=3.88, p=0.024
R? 0.42 0.41 0.24 0.36
Typically developing children
Medial prefrontal L - - - - —-0.19 .084 1.24 0.082 - -
Orbitofrontal L 262.66 0.022 419.36 0.042 - - - - 3936.40 <0.001
R - - - - - - - - —2946.83 0.009
Ventrolateral R —430.10 0.003 —761.64 0.004 - - - - - -
F values F3,=5.96, p=0.009 Fj2,=5.43, p=0.012 Fi23=3.26, p=0.084 Fy93=3.32, p=0.082 F32,=8.75, p=0.002
R? 0.35 0.33 0.12 0.13 0.44
Spatial working memory Stockings of Cambridge
Problems solved in Mean initial Mean subsequent
Strategy utilization Total errors minimum moves Total moves thinking time thinking time
B p B p B p B B B p
Children with ADHD
Dorsolateral L - - - - - - - - 61874.84 0.014
Orbitofrontal L 7837 0.054 334.50 0.016 - - - —34690.97 - -
R - - - - —34.30 0.006 40.33 - - -
Ventrolateral L - - - - - - - - —32675.44 0.061
F values Fi23=4.13, p=0.054 Fi23=6.72,p=0.016 F123=9.12, p=0.006 F12,=3.85, p=0.063 Fi23=7.40, p=0.013 F32,=3.60, p=0.045
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Table 3 presents significant associations between
frontostriatal microstructural integrity and executive
functions. In summary, within the ADHD group,
results showed (1) that left orbitofrontal and left
ventrolateral GFA values were significantly associated
with IED total errors (adjusted) and IED total trials
(adjusted); (2) that left orbitofrontal GFA was signifi-
cantly associated with RVP probability of false alarm
and RVP B” (right ventrolateral GFA, too); (3) that left
orbitofrontal GFA was significantly associated with
SWM total errors; (4) that right and left dorsolateral
GFA values were significantly associated with SOC
problems solved in minimum moves and SOC mean
initial thinking time; and (5) that left dorsolateral GFA
was significantly associated with SOC mean sub-
sequent thinking time (Table 3).

In the typically developing group, we found (1) that
the GFA values of the left orbitofrontal and right
ventrolateral fiber tracts were significantly associated
with IED total errors (adjusted) and IED total trials
(adjusted); (2) that the GFA values of the left and right
orbitofrontal tracts were significantly associated with
RVP mean latency; (3) that right dorsolateral and
medial prefrontal GFA values were significantly as-
sociated with SWM strategy utilization; (4) that GFA
values of the right dorsolateral, left orbitofrontal, left
ventrolateral and right ventrolateral tracts were sig-
nificantly associated with SWM total errors; and (5)
that right dorsolateral GFA was significantly associ-
ated with SOC total moves and SOC mean initial
thinking time (Table 3).

Discussion

With the strengths of using tractography-based
analysis, complete assessments of clinical symptoms
and executive function, and a matched case-control
study design with matching at the individual level,
we found that children with ADHD had disturbed
microstructural integrity of all four pairs of frontos-
triatal tracts, and that clinical symptomatology and
executive functions correlated with integrity of the
frontostriatal tracts, particularly the left orbitofrontal
and ventrolateral fiber tracts. Our findings lend evi-
dence to support that disturbed frontostriatal integrity
might be responsible for the clinical symptoms of and
executive dysfunction in ADHD.

Rationale of using DSI for frontostriatal tract
analysis

In this study, we used DSI instead of DTI to recon-
struct the frontostriatal tracts and study the micro-
structural integrity of the tracts. The rationale is as
follows. DTI determines the distribution of water
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diffusivity by fitting to it an ellipsoid (called diffusion
tensor), and the principal orientation of the diffusion
tensor is the direction of the maximal diffusivity
(Basser et al. 1994). The direction of axonal fibers is
then defined by the principal orientation of the dif-
fusion tensor within each voxel. DSI determines the
distribution of water diffusivity by reconstructing the
ODF of water diffusion within each voxel (Wedeen
et al. 2005). The number and direction of axonal fiber
directions are then determined by the number and
direction of local maxima of the ODF within each
voxel. To reconstruct the ODF, DSI performs a more
comprehensive diffusion measurement than DTI,
and so DSI has higher angular resolution to resolve
intravoxel fiber crossing. The ability of resolving
intravoxel crossing fibers has significant impact on
tractography. It has been shown that tractography
based on DTI tends to produce false fiber pathways
especially in regions where there are crossing fibers
(Wedeen et al. 2008). The frontostriatal tracts project
onto the caudate nucleus from the frontal lobe. In the
course, they cross frequently with callosal fibers and
association fibers. Therefore, fiber tractography of the
frontostriatal tracts based on DTI is very challenging
and requires extensive manual editing to delete
the false tracts. In contrast, DSI tractography of the
frontostriatal tracts is more reproducible, and allows
more accurate segmentation of the frontostriatal tracts.
Using fiber pathways as a guide, we can analyse the
microstructural integrity along each individual tract to
study the anatomical underpinning of the disease in
light of a well-defined tract object. Using this ap-
proach, we not only confirmed the impaired micro-
structural integrity of the frontostriatal tracts in
ADHD, but we also demonstrated the association of
these fiber tracts with core symptoms and a wide
range of executive function in both typically develop-
ing and disease groups.

Abnormalities of white matter integrity

Reduced white matter integrity of all the frontostriatal
tracts in ADHD is consistent with previous DTI
studies (Ashtari ef al. 2005; Pavuluri ef al. 2009; Liston
et al. 2011), suggesting that frontostriatal integrity
changes may be the structural correlates for ADHD.
Low GFA values may reflect axonal degeneration, or a
less well-organized tract (Mori & Zhang, 2006).

Loss of asymmetry

A loss of leftward asymmetry specifically in the dor-
solateral and medial prefrontal tracts in ADHD ad-
vances our knowledge about reduced left prefrontal
cortex (Shaw et al. 2009) and white matter (Mostofsky
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et al. 2002) in ADHD. The relative balance of left versus
right hemispheric activity in the frontostriatal network
may be involved in selective attention to details
and avoidance of distraction by extraneous stimuli
(Weissman & Banich, 1999). Hence, alterations of the
asymmetry in the frontostriatal tracts may play an
important role in the anatomical network in ADHD
(Rubia et al. 2000).

Frontostriatal tracts and ADHD symptoms

Disturbed right orbitofrontal tract integrity specifically
accounted for inattention symptoms, in line with the
cognitive models of impaired attentional control in
ADHD (Castellanos et al. 2006). Recent studies showed
an increased functional connectivity between the right
OFC and various brain regions related to attention
modulation (Diekhof et al. 2009). Right orbitofrontal
(McCrea, 2009) and caudate (Campbell et al. 2009) ab-
normalities resulted in significant attentional deficits.

Furthermore, our finding that the GFA value of the
left dorsolateral and right medial prefrontal tracts
correlated with the hyperactivity/impulsivity symp-
toms is a new contribution to this topic. Although no
previous studies have examined the association be-
tween the integrity of the frontostriatal fiber tract
and ADHD symptoms, some limited studies using
different imaging approaches have provided similar
evidence. Previous studies have reported volume re-
duction in the left DLPFC (Kates ef al. 2002 ; Mostofsky
et al. 2002; Seidman et al. 2006) and the association
between hypoactivity in the left DLPFC and more
severe hyperactivity symptoms (Spalletta et al. 2001) in
patients with ADHD.

Frontostriatal tracts and executive function

To the best of our knowledge, this is the first study that
demonstrates a direct association between fronto-
striatal microstructural integrity, mainly the orbito-
frontal and ventrolateral fiber tracts, and executive
functions measured by the CANTAB in children with
ADHD and typically developing children as well.
Correlations between the left orbitofrontal and ven-
trolateral tract integrity and set-shifting measured by
the IED lend evidence to support the role of frontos-
triatal circuitry in cognitive flexibility (Kehagia et al.
2010). Earlier studies have demonstrated impairment
in IED task performance in patients with Parkinson’s
disease, which involved dysfunction of frontal lobes
and basal ganglia (Downes ef al. 1989). Owen et al.
(1991) have also found impaired ability to shift re-
sponse set in patients with frontal lobe excisions. In
addition, recent neuroimaging studies have shown
that attentional set-shifting was related to activation of


https://doi.org/10.1017/S0033291712001869

Altered frontostriatal tracts and executive deficits in ADHD 1103

the VLPEC (Shafritz ef al. 2005; Hampshire & Owen,
2006), anterior cingulate cortex (Shafritz et al. 2005),
striatum (Shafritz et al. 2005) and a ventral—prefrontal-
striatal circuit (Monchi et al. 2001). Moreover, the OFC
was reported to probably mediate attentional set-
shifting by reducing interference from salient stimuli
(Kehagia et al. 2010). Taken together, aberrant con-
nectivity in the orbitofrontal and ventrolateral tracts
may be a pathophysiological mechanism underlying
attentional set-shifting deficits in ADHD.

Successful performance on the RVP requires sus-
tained attention, inhibition control and performance
monitoring. Using positron emission tomography,
Coull et al. (1996) have found that RVP task perform-
ance was associated with activation in the inferior
frontal gyrus, parietal cortex, fusiform gyrus and
supplementary motor area. Functional MRI studies
have demonstrated that the strongest positive corre-
lations between activation magnitude and RVP task
performance were found in the frontoparietal regions
(Lawrence et al. 2003). Our finding of association be-
tween left orbitofrontal tract integrity and sustained
attention and inhibition control measured by the RVP
adds support to abundant evidence from functional
neuroimaging studies suggesting that inhibitory con-
trol and error detection are associated with such brain
regions as the OFC (Elliott & Deakin, 2005; Rubia et al.
2010) and basal ganglia (Jahfari et al. 2011; Liu et al.
2011).

Earlier studies have found impairments in SWM
task performance in patients with frontal lobe exci-
sions (Owen ef al. 1990). In addition, SWM task per-
formance correlated significantly with the frontal
lesion load in patients with multiple sclerosis (Foong
et al. 1997). An association of SWM task performance
with left orbitofrontal tract integrity in ADHD is con-
sistent with the finding of reduced activation of the
orbitofrontal region during working memory tasks in
adults with ADHD (Wolf et al. 2009), similar to the
finding of deficits in SWM associated with left frontal
lesions (du Boisgueheneuc et al. 2006), and extend the
recent finding of a significant association between
FA in the left frontoparietal network and SWM task
performance (Vestergaard et al. 2011).

Earlier studies have demonstrated impairment in
the original version of the SOC task performance in
patients with anterior cortical damage, including
frontoparietal and frontotemporal lesions (Shallice,
1982). Owen et al. (1990) have found that the thinking
time subsequent to the first move in the SOC task was
significantly prolonged in patients with frontal lobe
excisions. Investigations with functional
imaging techniques have also demonstrated the criti-
cal role of the prefrontal cortex and basal ganglia in

neuro-

the process of spatial planning (Rowe et al. 2001;
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Beauchamp et al. 2003; Newman et al. 2009). These
prior results are supported by the current study
demonstrating significant correlations of left orbito-
frontal and left dorsolateral microstructure integrity
with spatial planning and problem solving assessed
by the SOC. Previous research supported that the
thinking time of spatial planning is correlated with
greater regional blood flow, with a peak of activation
in the left frontal region (Rowe et al. 2001), that
orbitofrontal region is activated during the spatial
planning task (Tower of London) (Elliott et al. 1997;
Rowe et al. 2001), that the DLPFC aids in the main-
tenance of information by directing attention to inter-
nal representations of sensory stimuli and planning
(Curtis & D’Esposito, 2003), and that lesions in the
DLPEC are associated with organizational and plan-
ning dysfunctions (Makris ef al. 2007). Taken together,
our findings suggest that disturbed white matter in-
tegrity in the left dorsolateral and orbitofrontal tracts
may underlie the deficits in spatial planning and
problem solving in ADHD.

The present study found that inattentive symptoms
and measures of executive function correlated with
integrity of the orbitofrontal tracts. Previous studies
demonstrated that the orbitofrontal region was in-
nervated by mesolimbic and mesocortical dopamine
pathways (Depue & Collins, 1999). Alternations in
dopamine neurotransmission were linked to inatten-
tive symptoms (Genro et al. 2010; Shang et al. 2011)
and executive function deficits (Arnsten & Li, 2005).
Our findings lend evidence to support the role of
dopamine in the pathophysiology of ADHD through
neuromodulatory influences over frontostriatal cir-
cuits (Del Campo et al. 2011).

Limitations

Our findings should be interpreted in the context of
some limitations. First, a cross-sectional study design
has prevented us from determining whether the white
matter abnormalities observed in these frontostriatal
tracts reflect the primary pathophysiology of ADHD
or are the consequences of a compensatory neuro-
developmental process. Second, the present study
only focused on the frontostriatal tracts. Exploration of
frontotemporal (Konrad et al. 2010) and fronto-striato-
parieto-cerebellar (Rubia et al. 2009) networks, which
may be associated with executive dysfunction in
ADHD, is warranted. Third, we cannot completely
exclude any potential long-term effects of medication
on microstructural integrity of the frontostriatal tracts
given that 18 children with ADHD had taken medi-
cation for treating ADHD at least 1 week before the
scan. Fourth, due to the matched design, we were not
able to study the age effect in the whole sample. It
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merits further investigation to clarify the develop-
mental trajectory of the microstructural integrity of the
frontostriatal and other tracts using a longitudinal
study design.

Several features of this study constitute its
strengths, including carefully matching each child
with ADHD with a typically developing child of the
same age, sex, handedness and IQ using the same DSI
protocol and analysis. In addition, the study used
several measures of clinical symptoms, intelligence,
and a wide range of executive functions rather than a
single test.

Summary and implications

Combining previous DTI studies and our DSI tracto-
graphy analysis, there is strong evidence to support
disturbed white matter tract integrity of the
four frontostriatal circuits (i.e. dorsolateral-caudate,
medial prefrontal-caudate, orbitofrontal-caudate and
ventrolateral-caudate) in children with ADHD, and
associations between integrity of the frontostriatal
tracts and measures of ADHD symptoms in children
with ADHD and executive functions in children with
ADHD and typically developing children as well.
Further imaging genetics research on the relationship
between frontostriatal circuitry, executive function
and candidate genes is warranted.

Supplementary material

For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/50033291712001869.
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