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Abstract: Frontostriatal brain areas have been implicated in the neurobiology of attention deficit/hyperac-
tivity disorder (ADHD), but little work has directly addressed the white matter connections between
these regions. The present study investigates the microstructural organization and myelination of frontos-
triatal white matter in children with ADHD and controls. Diffusion tensor imaging and magnetization
transfer imaging scans were acquired in 30 children with ADHD and 34 controls. A study specific vol-
ume of interest (VOI) of frontostriatal white matter was created using a tractography based statistical
group map. Fractional anisotropy (FA, indexing microstructural organization) and magnetization transfer
ratio (MTR, indexing macromolecular content, myelin in particular) were computed for the frontostriatal
VOI and for total cerebral white matter. Exploratory analyses were conducted investigating the effect of
stimulant use on these measures. Frontostriatal FA but not MTR was decreased in ADHD compared
with controls. There were no differences in FA or MTR for total cerebral white matter. Frontostriatal FA
correlated negatively with teacher-rated attention problems in controls but not children with ADHD. The
duration of stimulant use did not affect the main results. Changes in frontostriatal connectivity in ADHD
appear to be related to changes in microstructural organization rather than myelination per se. A correla-
tion with attention problems for controls suggests that frontostriatal organization is relevant to ADHD-

related behaviors. Hum Brain Mapp 00:000-000, 2011.
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INTRODUCTION

Attention deficit/hyperactivity disorder (ADHD) is a
common neurodevelopmental disorder characterized by
age-inappropriate levels of inattentive and/or hyperac-
tive/impulsive behavior [American Psychiatric Associa-
tion, 1994], estimated to affect 5% of children worldwide
[Polanczyk et al., 2007]. Frontostriatal networks have fre-
quently been implicated in ADHD and are thought to be
central to symptoms of the disorder [Durston et al., in
press; Makris et al., 2009; Nigg and Casey, 2005]. Indeed,
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reductions in volume and attenuated activity in (pre)fron-
tal cortex and striatum are among the most frequently
replicated neuroimaging findings in ADHD [Bush et al.,
2005; Durston et al., 2009a; Valera et al., 2007]. The frontos-
triatal network is critical for the efficient recruitment of
cognitive control: the ability to flexibly adapt behavior to
changing circumstances [Durston et al., 2006; Liston et al.,
2006]. Deficits in performance on cognitive control tasks,
accompanied by changes in frontostriatal function, have
repeatedly been demonstrated in ADHD [Bush et al., 2005;
Casey et al.,, 2007; Dickstein et al., 2006; Durston et al.,
2003, 2009a].

As investigators are now moving away from simply
investigating changes in brain volume or activity toward
considering networks of brain areas, it is of theoretical in-
terest to investigate connectivity of the frontostriatal net-
work in ADHD [Konrad and Eickhoff, 2010]. The present
study investigates microstructural organization and myeli-
nation of frontostriatal white matter in children with
ADHD, rather than regional changes in this network. By
using two different magnetic resonance imaging modal-
ities, we assess both the microstructural organization and
the myelination of these tracts.

Diffusion tensor imaging (DTI) assesses both the micro-
structural organization and the myelination of white mat-
ter through measuring the diffusion of water molecules in
the brain [Beaulieu, 2002; Le Bihan et al., 2001]. Diffusion
is anisotropic along white matter fiber bundles, as water
molecules more readily diffuse along them than at angles
perpendicular to them. A quantitative measure of the
directionality of diffusion is fractional anisotropy (FA)
[Basser and Pierpaoli, 1996], a scalar measure varying
from 0 (equal diffusion in all directions or isotropic diffu-
sion) to 1 (fully unidirectional or anisotropic diffusion).
Higher FA indexes a directionally more homogeneous
microstructural organization of white matter.

Magnetization transfer imaging (MTI) gives a more
direct estimate of myelination than DTI and relies on the
transfer of magnetization from protons that are bound to
macromolecular structures (e.g.,, myelin and cell mem-
branes) to protons in free water [Wolff and Balaban, 1994].
The quantity of magnetic transfer differs between tissue
types and is larger where more macromolecular structure
is present. The magnetization transfer ratio (MTR)
describes the proportion of MRI signal reduction because
of the presence of macromolecules. Within white matter,
myelin-bound water disproportionally contributes to this
measure, rendering MTR an index of myelination [Stanisz
et al., 1999].

Our study aimed to investigate one specific white matter
bundle in the brain, the frontostriatal tract. As these tracts
are not part of current tractography based atlases, we used
a study specific frontostriatal white matter volume of in-
terest (VOI) approach based on a group map of individu-
ally reconstructed frontostriatal tracts, derived from the
DTI scans using deterministic tractography. This method
ensures anatomical robustness (e.g., generalizability to all

scans in our sample) and sensitivity to changes in this spe-
cific white matter fiber tract.

Most earlier studies of structural connectivity in ADHD
used only DTI-derived measures and mainly used voxel-
wise analysis techniques [Ashtari et al., 2005; Davenport
et al., 2010; Konrad et al., 2010; Silk et al., 2009]. Whereas
this work has yielded some interesting starting points for
generating hypotheses, these studies were designed to
detect focal differences in FA and may therefore have
lacked the sensitivity to detect changes in specific white
matter bundles of interest. Results from these studies
showed widespread changes in microstructural organiza-
tion in ADHD, with some studies also suggesting specific
changes in (pre)frontal white matter close to frontostriatal
tracts [Ashtari et al., 2005; Davenport et al., 2010; Konrad
et al., 2010; Silk et al., 2009]. However, there is substantial
heterogeneity in results, with some studies reporting
decreased frontal microstructural organization [Ashtari
et al., 2005; Konrad et al., 2010] while others report increases
[Davenport et al., 2010; Silk et al., 2009]. This may in part be
due to differences in location of changes found in these
studies, as these show little overlap although often located
in the prefrontal white matter. However, small sample sizes
may also play a role, as these studies have typically
included no more than 10-15 subjects per group. One study
used a specific manually defined region of interest (ROI) in
the anterior corona radiata, close to the frontostriatal tracts,
and reported reduced microstructural organization in this
area [Pavuluri et al., 2009].

As stimulant medication is the mainstay treatment for
ADHD, with many children with ADHD using stimulants
for relatively long periods [Van den Ban et al., 2010; Win-
terstein et al., 2008], this is a factor that should be consid-
ered in studies of the brain in ADHD. Anatomical MRI
studies have investigated the effect of prolonged methyl-
phenidate use on the volume of striatum [Semrud-Clike-
man et al., 2006] and thickness of the cortex [Shaw et al.,
2008] and have shown that stimulant medication affects
gray matter in the frontostriatal network. Interestingly, a
study comparing cerebral white matter volume in children
with ADHD who were medication naive to children with
ADHD who had used stimulants for prolonged periods
showed that, compared to healthy controls, cerebral white
matter volume was decreased in the medication naive chil-
dren with ADHD, but that there were no differences
between typically developing controls and children with
ADHD who had used medication [Castellanos et al., 2002].
However, the impact of stimulant medication on white
matter within the frontostriatal network per se remains
unclear.

In sum, previous studies have hinted at changes in fron-
tal white matter in ADHD but have methodologically
lacked the anatomical specificity to isolate the frontostria-
tal white matter tracts. Furthermore, the impact of stimu-
lant medication on this network is unclear. In this study,
we set out to investigate frontostriatal structural connectiv-
ity in ADHD using DTI and MTR. Prior theoretical work
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TABLE I. Demographic characteristics

Control (n = 34) ADHD(n = 30)
Gender N boys/girls 30/4 27/3
Age M (SD) 10.2 (2.3) 9.6 (2.3)
Range 6.3-16.0 6.3-14.2
Total 1Q M (SD) 111 (16) 104 (17)
Range 75-145 72-143
Handedness N right—/lefthanded 32/2 25/5
DISC-IV ADHD inattentive 0 6
ADHD hyperactive/impulsive 0 5
ADHD combined 0 19
ODD 0 11
CBCL? Internalizing raw score M (SD) 6.1 (5.8) 8.3 (6.6)
Externalizing raw score M (SD) 4.8 (4.9) 12.8 (8.1)¢
Attention problems raw score M (SD) 32(2.1) 8.7 (3.1)°
TRF® Internalizing raw score M (SD) 2.3 (3.1) 6.1 (4.8)¢
Externalizing raw score M (SD) 2.7 (5.0) 11.0 (10.5)¢
Attention problems raw score M (SD) 5.9 (6.3) 18 (10.3)°
SES Education father (years) 13.8 (2.5) 12.5 (3.3)

ADHD: attention deficit/hyperactivity disorder; ODD: oppositional defiant disorder; DISC-IV: Diagnostic Interview Schedule for Chil-
dren-Fourth Edition; CBCL: child behavior checklist; TRF: teacher report form; SES: socioeconomic status.

“Unavailable for 1 control and 3 ADHD subjects.
PUnavailable for 1 control and 9 ADHD subjects.
°P < 0.001.

P < 0.05.

°P < 0.01.

has implicated frontostriatal connectivity in many ways,
suggesting that both organization of the network and sig-
nal conduction within it may be disrupted [Durston et al.,
in press; Makris et al., 2009; Nigg and Casey, 2005]. Given
the established relevance of the network and the absence
of theoretical reasons to suspect that one aspect of struc-
tural connectivity might be more affected than another,
our hypothesis was that frontostriatal microstructural or-
ganization (as indexed by FA) and myelination (as
indexed by MTR) would be reduced in ADHD. We
expected no global changes in FA or MTR in total cerebral
white matter in ADHD. In addition, we performed explor-
atory analyses investigating the effect of stimulant use on
frontostriatal FA and MTR.

METHOD
Participants

The institutional review board of the UMC Utrecht
approved the study and its procedures. Thirty children
with ADHD [three girls, age range 6-14, M (SD) = 9.6
(2.3)] were recruited from our outpatient clinic for disrup-
tive disorders. Thirty-four controls [four girls, age range
6-16, M (SD) = 10.2 (2.3)] were recruited through elemen-
tary schools in the wider Utrecht area. Table I lists the de-
mographic characteristics of the sample.

Participants and their parents made two visits to the lab-
oratory. During the first visit, written informed consent

was obtained from parents after full disclosure of the
study purpose and procedure. Children provided written
and/or verbal assent. The DISC-IV, parent version [Shaffer
et al,, 2000], was administered to parents to confirm the
clinical diagnosis of ADHD from our department (ADHD
group) or to exclude psychiatric morbidity (controls).
Parents filled out the child behavior checklist (CBCL [Ver-
hulst et al., 1996], unavailable for one control and three
ADHD participants) and teachers the teacher report form
(TRF [Verhulst et al., 1997], unavailable for one control
and nine ADHD cases) to provide a dimensional measure
of behavioral symptoms. Controls were excluded in the
case of psychiatric morbidity or first degree relatives with
a history of psychiatric problems. Children with ADHD
were excluded if they met DISC-IV criteria for a comorbid
disorder other than oppositional defiant disorder (ODD)
or conduct disorder (CD). In both groups, additional
exclusion criteria were any major physical or neurological
illnesses or the presence of metals in the body that pre-
cluded the MRI session. Eleven subjects with ADHD (37%)
were comorbid for ODD, none for CD. IQ was assessed
using a four subtest short form of the Dutch version of the
WISC-III [Wechsler, 2005]. Groups were matched at group
level for age, gender, and IQ. Our sample is typical of clin-
ical samples of children with ADHD in that it has some
heterogeneity in ADHD subtypes. However, in our sam-
ple, only two of seven ADHD cases diagnosed with the
inattentive subtype scored <50% of the required number
of hyperactive symptoms to be classified as combined
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type. Similarly, only one of six children with the hyperac-
tive/impulsive subtype scored <50% of the required num-
ber of inattentive symptoms to be classified combined
type. Therefore, our sample consisted by and large of chil-
dren with combined type ADHD or subthreshold com-
bined type ADHD. Children with comorbid ODD were
generally more severely affected with ADHD. Comorbidity
between ADHD and ODD is slightly over 30% in epidemi-
ological data [Nock et al., 2007], up to 50% or more in clini-
cal samples [Jensen et al., 1997]. As this suggests that there
may be etiological overlap between ADHD and ODD, we
chose not to exclude patients with comorbid ODD.

Prior to the MRI session, children 12 years of age and
under participated in a practice session using a mock scan-
ner to get acquainted with the scanner and scanning pro-
cedures and to reduce any anxiety related to the MRI scan
[Durston et al., 2009b]. Children over 12 years were also
offered the opportunity to do a practice session.

At the time of scanning, 26 children in the ADHD
group (87%) were using stimulant medication (all methyl-
phenidate). Duration of methylphenidate use was ascer-
tained by careful review of the medical files of the
participants. For the remaining four children, medication
status at scan was unknown or could not be established
reliably. Mean age for starting stimulant medication was
8.2 years (range 5-11 years, SD = 1.7). Mean duration
of medication use prior to scanning was 1.8 years (range
0-4.2 years, SD = 1.4).

Neuroimaging

Scans were acquired on a 1.5 Tesla Philips Achieva MRI
scanner, using a 6-element SENSE receiver head coil (Phi-
lips, Best, The Netherlands). The protocol included a high-
resolution coronal 3D T1-FFE scan for anatomical reference
[256 x 256 matrix; echo time (TE) = 4.6 ms; repetition
time (TR) = 30 ms; flip angle = 30°; 160-180 contiguous
slices; total scan duration = 405-456 s; 1 x 1 x 1.2 mm®
voxels; field of view (FOV) = 256 mm/70%; and parallel
imaging applied in both phase-encoding directions with
SENSE factor = 1.5], two transverse single-shot echo pla-
nar imaging DTI scans (32 diffusion-weighted volumes
with different noncollinear diffusion directions with b-fac-
tor = 1,000 s/mm? and 8 diffusion-unweighted volumes
with b-factor = 0 s/mm? parallel imaging SENSE factor =
2.5; flip angle = 90°; 60 slices of 2.5 mm; no slice gap; 96
x 96 acquisition matrix; reconstruction matrix 128 x 128;
FOV = 240 mm; TE = 88 ms; TR = 9,822 ms; scan dura-
tion = 296 s), and a 3D MTI scan comprising two volumes
(transverse; 60 slices of 2.5 mm; 128 x 128 acquisition ma-
trix; FOV = 240 mm; flip angle = 8°; TE = 3.7 ms; TR =
37.5 ms; SENSE factor = 2.5). For the second MTI volume,
an additional off-resonance prepulse was applied (fre-
quency offset = 1,100 Hz; 620°; three-lobe sync-shaped).
Total MTI scan duration was 394 s. Of note is that the use
of parallel imaging allows for shorter echo times (TE),

reducing susceptibility artifacts [Jaermann et al., 2004]. For
one control subject, no MTI scan was available.

Anatomical MRI, DTI, and MTI Processing

Processing of the T1 images has been described previ-
ously [Langen et al., 2009] and included the definition of a
binary map of cerebral white matter, used here for calcula-
tion of mean FA and MTR in total cerebral white matter.
Preprocessing of the MTI and DTI scans, tract reconstruc-
tion, and normalization of individual tracts to a model
brain were based on earlier work by Mandl and colleagues
[Mandl et al., 2010].

The Tl-weighted images were automatically placed in
Talairach orientation [Talairach and Tournoux, 1988] with-
out scaling, by registering them to a model brain in Talair-
ach orientation. The translation and rotation parameters of
this registration were then applied to the images [Maes
et al,, 1997]. The T1-weighted images were corrected for
field inhomogeneities using the N3 algorithm [Sled et al.,
1998]. An automatic image processing pipeline was used
to define binary segments of intracranium, total brain, and
cerebral grey and cerebral white matter. This pipeline has
been described previously and includes histogram analy-
sis, mathematical morphology operations, and anatomical
knowledge-based rules to connect all voxels of interest
[Brouwer et al., 2010; Schnack et al., 2001a,b]. The intracra-
nial volume segment was checked and edited manually
where necessary and served as a mask for all subsequent
segmentations. The cerebral white matter segment was car-
ried forward for the analyses of FA and MTR in total cere-
bral white matter.

The two DTI scans were simultaneously realigned and
corrected for possible gradient-induced distortions [Ander-
sson and Skare, 2002]. A robust estimation of the diffusion
tensors was obtained using M-estimators to limit the influ-
ence of possible outliers [Chang et al., 2005]. FA was com-
puted from the diffusion tensors [Basser and Pierpaoli,
1996].

To compute MTR from the MTI acquisition, the second
volume of the MTI scan was rigidly aligned with the first
using the ANIMAL package [Collins et al., 1995] with mu-
tual information as the similarity metric. MTR was com-
puted on the image with the magnetization prepulse (I,
and the image without the magnetization prepulse (I)
using the equation MTR = (Ip—Iy)/Ilp. MTR is expressed
as a fraction where 0 represents no signal reduction and 1
represents total signal reduction because of magnetization
transfer.

For both the MTR (using the scan without the magnet-
ization prepulse) and the T1-weighted scan, rigid transfor-
mations were determined to spatially align them to the
diffusion-unweighted (b = 0 s/ mm?) volume of the DTI
scan using mutual information as the similarity metric. For
each subject, a nonlinear transformation was computed
using ANIMAL that spatially aligns the T1-weighted scan
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with a Tl-weighted model brain [Collins et al., 1995;
Hulshoff Pol et al.,, 2004]. The combination of these two
transformations was used at a later stage to warp the
reconstructed tracts to model space.

Frontostriatal Tract Selection and Definition of
Study Specific Volume of Interest

We used a white matter VOI approach, similar to the
approach used in DTI tractography based white matter
atlases that are currently being developed [Oishi et al.,
2009; Peng et al., 2009]. As frontostriatal connections are
not yet included in these atlases, we constructed a study
specific frontostriatal VOI, using a tractography based sta-
tistical map of frontostriatal fibers [Ciccarelli et al., 2003].
In short, the FACT tractography algorithm [Mori et al.,
1999] was applied to FA maps to reconstruct all white
matter fibers within the brain (eight different equidistant
seed points per voxel, minimum FA = 0.2, maximum
angle = 60°, and maximum average angle with neighbor-
ing voxels = 90°). The reconstructed tracts of each individ-
ual subject were then normalized to a model brain
[Hulshoff Pol et al., 2004].

For each individual subject, white matter fibers connect-
ing the striatum and prefrontal cortex were then selected in
model space using a multiple ROI approach. The ROIs were
defined in model space and applied to each individual scan
after it had been transformed to model space [Ciccarelli
et al., 2003]. First, a manual segmentation of the basal gan-
glia was performed on the model brain using segmentation
criteria with high inter-rater reliability, described elsewhere
[Langen et al., 2007]. Since gray matter does not provide
sufficient directional information for fiber tracking, the seg-
ment was dilated by two voxels in all directions in order for
it to penetrate white matter. The ROI of the prefrontal cor-
tex was based on a custom adaptation of the automatic ana-
tomical labeling (AAL) template [Tzourio-Mazoyer et al.,
2002]. First, the AAL map was registered to the model
brain. Then, the dorsolateral prefrontal, ventrolateral pre-
frontal, and ventromedial prefrontal cortices were selected
from the AAL map, as these have been most frequently
implicated in both cognitive control and ADHD [Durston
et al., 2009b, in press]. Included were AAL template ROIs
5-10, 13-16, and 25-28. For each individual subject, only
tracts connecting both the striatal and prefrontal ROIs were
carried forward to the next stage of the analysis.

Next, additional exclusion ROIs were used to exclude
tracts of the corpus callosum, uncinate fasciculus, or longi-
tudinal fasciculi from the frontostriatal tract results of each
individual subject. For the corpus callosum, the area of the
rostrum and genu (extending into the body) of the corpus
callosum were manually delineated on the midsagittal
slice of the model brain. To exclude tracts of the longitudi-
nal fasciculus, a large coronal plane was delineated span-
ning the entire brain, four slices posterior to the last slice
that included parts of the striatum inclusion ROI. Uncinate
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Figure 1.
The contribution to VOI is similar between groups, independent
of the probability per voxel. On the X-axis, bins are presented
of probability of contribution to a voxel, the Y-axis shows the
voxel count per bin.

tracts were excluded using a similar plain, drawn in axial
orientation at Talairach coordinate —14 and spanning the
entire temporal lobe at that level. Subsequently, all voxels
with reconstructed frontostriatal fibers running through
them were flagged, resulting in individual binary maps of
frontostriatal tracts for all subjects in the sample.

Next, a statistical group map was created representing
the proportion of the sample with a frontostriatal fiber
reconstructed per voxel, by averaging all individual seg-
ments. The frontostriatal VOI was defined by including all
voxels that had a reconstructed frontostriatal fiber running
through them for at least 60% of the sample. This resulted
in a group-wise frontostriatal VOI in model space. This
VOI was then warped back to native scan space for each
individual subject. Mean FA and MTR were computed
individually for this VOI and for total cerebral white mat-
ter (excluding the frontostriatal VOI). We assessed whether
groups contributed equally to the VOI by computing the
distribution of the contribution to voxels in the VOI for
each group separately. As Figure 1 shows, this distribution
was similar between controls and children with ADHD.
Furthermore, the proportion of white matter included in
the VOI did not differ between the groups (P = 0.479). Fig-
ure 2 illustrates the frontostriatal fiber selection procedure.

Statistical Analyses

The main hypothesis was tested using ANCOVA with
age and gender as covariates, both with and without total
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Figure 2.

Frontostriatal tract selection and definition of the study specific vol-
ume of interest. (A) Individual frontostriatal tracts were defined in
model space, using two regions of interest (striatum and prefrontal
cortex); (B) A cumulative group map of individual binary frontostria-
tal maps was created; (C) The frontostriatal volume of interest in
model space as defined by all voxels that include frontostriatal fibers
in 60% or more of the individuals in the sample; (D) 3D rendering of
the frontostriatal tracts (turquoise) and the frontostriatal VOI (red)
for one subject in native space. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

cerebral white matter FA and MTR included as an addi-
tional covariate. Correlations were calculated with the
attention problems subscales of the CBCL and TRF. Since

the distributions of the CBCL and TRF data were skewed,
square root transformations were first applied to normal-
ize the data. After transformation, both skewness and
kutosis of the transformed variables were within normal
range (—1 to 1) except for the CBCL attention problems
scale, which still had high kutosis in the ADHD group (K
= —1.45), because of a ceiling effect for ADHD subjects on
this scale.

For the exploratory analyses of stimulant treatment
effects, we split the ADHD group into two groups of sub-
jects who had received relatively long versus relatively
short duration of treatment. Using the duration of medica-
tion as a continuous measure is problematic, as it is
strongly determined by age. Only the 26 children whose
medication histories could reliably be established were
used for this analysis. We first standardized the treatment
duration (measured in years) by calculating an age-cor-
rected measure of duration of medication use (DM) using
the equation DMorrected = DMuncorrected/ (age—5). The age
of 5 years was chosen as a minimum, as this was the
youngest age at which medication was prescribed in our
sample, and it thus serves as the lower boundary for the
standardized measure DM g rected- DMcorrected Was not cor-
related to age at scan. We then performed a median split
on this DM orectea, yielding two groups: one that had
received stimulant medication for a relatively short period,
given their age (DMuncorrectea M (SD) = 0.8 (0.7) years, n =
13) and one that had received stimulant medication for a
relatively long period (DMyncorrected M (SD) = 2.9 (1.7)
years, n = 13). These groups did not differ in mean age,
gender distribution, IQ, number of DISC-IV rated ADHD
symptoms, or scores on any of the CBCL and TRF scales.
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Frontostriatal microstructural organization is reduced in ADHD but myelination is not. The
smaller insets show the results for the exploratory analyses on the short versus long medication
treatment groups. ADHD: attention deficit/hyperactivity disorder (ADHD-short: relatively short
methylphenidate treatment; ADHD-long: long duration of methylphenidate treatment); FA: frac-
tional anisotropy; MTR: magnetization transfer ratio.
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The group-wise analyses were repeated with three groups
(controls, ADHD-long, and ADHD-short) with contrasts
comparing both ADHD subgroups with the controls.

RESULTS

The main results are depicted in Figure 3 (large panels).
The ADHD group showed reduced frontostriatal FA com-
pared with controls (F(1,60) = 5.38, P < 0.05), falling just
short of significance when FA in total white matter was
added as a covariate (F(1,59) = 3.97, P = 0.051). There
were no group differences for frontostriatal MTR (F(1,59)
= 0.67, P = 0.42; F(1,58) = 0.63, P = 0.43 when overall
white matter MTR was included as a covariate). There
were no group differences in total cerebral white matter
FA (F(1,60) = 1.29, P = 0.26) or MTR (F(1,59) = 0.17, P =
0.68).

The exploratory analyses on the effect of stimulant med-
ication did not change the pattern of results (Fig. 3, small
panels), although for frontostriatal FA the main effect of
group (control, ADHD-short, and ADHD-long) fell just
short of significance (F(1,55) = 2.95, P = 0.061), likely
because of diminished power with the smaller ADHD
group sizes. However, a Helmert contrast showed that
both ADHD subgroups together still showed lower FA
than controls (P < 0.05), but that FA did not differ
between the ADHD-long and ADHD-short groups (P =
0.80). For frontostriatal MTR, there was no main effect of
group (F(1,54) = 1.12, P = 0.33), and Helmert contrasts
showed no difference between the controls and the
ADHD-long and ADHD-short group taken together (P =
0.50) or between the two ADHD subgroups (P = 0.19).

We found no significant correlations with age or age by
group interactions for any of the measures studied, neither
for the ADHD and control groups nor for the ADHD med-
ication subgroups.

Finally, frontostriatal FA correlated negatively with
teacher-rated TRF attention problems for controls (r =
—0.47, P < 0.01) but not ADHD children (r = —0.12, P =
0.62; Fig. 4). This correlation was not observed for parent
ratings (CBCL). Frontostriatal MTR did not correlate with
either parent or teacher ratings. Frontostriatal FA and
MTR did not correlate with IQ in any group.

DISCUSSION

Our results show that frontostriatal connectivity is
reduced in ADHD. Specifically, the microstructural organi-
zation of frontostriatal white matter is affected, but this
does not appear to be due to a reduction in myelination,
as we found no changes in MTR. These findings add to
existing evidence of frontostriatal involvement in ADHD
[Bush et al., 2005; Casey et al., 2007; Dickstein et al., 2006;
Durston et al., 2003, 2009a; Seidman et al., 2005; Valera
et al., 2007] to show that it is not merely regions within
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Figure 4.
Frontostriatal microstructural organization is related to teacher-
rated attention problems for typically developing children but
not for children with ADHD. Linear regression for typically
developing children (solid black line) and for children with
ADHD (dashed gray line). ADHD: attention deficit/hyperactivity
disorder; FA: fractional anisotropy; TRF: teacher report form.

this network but also the white matter connections
between them that are affected.

The result that myelination is less affected than micro-
structural organization was surprising to us. Myelin is an
important constituent of white matter, and reductions in
white matter volumes have been reported in ADHD,
although not universally [Durston et al., 2009a; Valera
et al., 2007]. In addition, medication use has been associ-
ated with normalization of white matter volume in ADHD
[Castellanos et al., 2002]. Visual inspection of our data sug-
gest that such a trend may exist for myelination (see Fig.
3), but this effect was not statistically significant. In all,
these findings suggest that white matter changes in
ADHD may be attributable to factors other than
myelination.

We found a negative relationship between frontostriatal
microstructural organization and teacher-rated attention
problems for controls but not subjects with ADHD, sug-
gesting that frontostriatal microstructure is relevant to
ADHD-related behaviors, at least in typically developing
individuals. Although it is surprising that this correlation
was not found in children with ADHD, there are a num-
ber of factors that may have contributed to this. First, in
our data, the TRF measure of attention problems had sub-
stantial variability in controls, but the ADHD group as a
whole scored high on this measure and may therefore
have been at ceiling, where no correlation could be
detected. Second, other neurobiological systems or envi-
ronmental factors (teaching style and applied classroom
structuring) may contribute to symptoms in the higher
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range, in addition to the frontostriatal circuit changes. Fur-
thermore, no correlations were found with parent-rated
attention problems for either group. This may be due to
the substantially lower variability of this measure in both
groups. However, low parent-teacher agreement on
ADHD symptoms is among the most robust rater effects
in the ADHD literature [Wolraich et al.,, 2004] and may
also play a role.

Our sample was typical of clinical ADHD samples, with
some heterogeneity in ADHD-subtypes, comorbidity, and
1Q. However, in our data, there was no evidence that these
factors were affecting the results.

What This Study Adds to Existing Knowledge of
Structural Connectivity in ADHD

Earlier DTI studies of ADHD found differences in areas
close to our VOI using whole-brain voxelwise or similar
approaches but were not aimed specifically at detecting
differences in frontostriatal white matter, such as our
method. These results were diverse and sometimes incon-
sistent, and it seems likely that changes in proximal tracts
that we have sought to exclude may have contributed to
previous findings. One study reported decreased FA in an-
terior internal capsule, extending into frontostriatal white
matter in children with ADHD [Ashtari et al., 2005]. How-
ever, two subsequent studies reported increased FA in the
inferior frontal area [Silk et al., 2009] and anterior corona
radiata [Davenport et al., 2010], which contrasts with the
current findings. A recent study in adults with ADHD
reported decreased FA and increased mean diffusivity in
orbitofrontal white matter [Konrad et al., 2010]. The clus-
ters in these four studies are likely to have included tracts
or bundles that were excluded in our VOI, such as the in-
ternal capsule [Ashtari et al., 2005], uncinate fasciculus
[Konrad et al., 2010; Silk et al., 2009], callosal and prefron-
tal-cingulate white matter [Silk et al., 2009], the corona
radiata [Davenport et al., 2010], and inferior fronto-occipi-
tal fasciculus [Konrad et al., 2010], complicating a direct
comparison with the current findings. Our method was
aimed at isolating frontostriatal tracts based on a clear hy-
pothesis that these should be involved in ADHD whereas
that is not so clear for other tracts in the area. Using this
method, our results clearly point to reduced structural
connectivity in frontostriatal white matter tracts. We advo-
cate further replication of such changes using hypothesis-
driven approaches. For example, a DTI study specifically
targeting the cingulum bundle and superior longitudinal
fasciculus in a sample of adults with ADHD showed
reduced structural connectivity of these tracts, which was
not evident from voxel-based studies [Makris et al., 2007].

Our VOI approach shows that a similar type of analysis
is possible for tracts of theoretical interest by employing a
study specific mapping of the tract of interest. Of course,
the group map thresholding in such an analysis is essen-
tially arbitrary and involves balancing specificity of the

VOI (low thresholds may lead to relatively uncommon
areas being included) and sensitivity (the VOI should be
large enough to allow generalizability across the sample).
In our analyses, thresholds of 40%-70% yielded the same
basic pattern of results.

Our results of reduced frontostriatal connectivity in
ADHD converge with studies showing that structural con-
nectivity in the frontostriatal network modulates perform-
ance on tasks tapping cognitive control [Casey et al., 2007;
Liston et al.,, 2006], an ability often compromised in
ADHD [Durston et al., 2009a]. A structural connectivity
study by Casey and colleagues, which investigated the
relationship between DTI measures and cognitive control
using a tractography based approach, showed that frontos-
triatal FA was correlated with both performance on a cog-
nitive control task and brain activity in the caudate
nucleus during that task in both adolescents and adults
with ADHD [Casey et al., 2007]. However, participants in
that study were considerably older and no data on group
differences in FA were reported.

DTI studies of typical development have reported age-
dependent increases in FA across the brain [Lebel et al.,
2008; Tamnes et al., 2010]. Longitudinal structural MRI
studies in ADHD have suggested a delay in the matura-
tion of both prefrontal cortex and caudate nucleus [Castel-
lanos et al., 2002; Shaw et al., 2007]. Tentatively, these
results suggest the possibility of age effects on structural
connectivity between these regions. However, we found
no age correlations or age by group interactions for any of
the measures studied, possibly because of limited power
in this cross-sectional study. Longitudinal approaches will
be able to inform us more on developmental differences in
frontostriatal connectivity between children with ADHD
and typically developing controls.

Relationships With Brain Function
and Stimulant Effects

Studies of functional connectivity (synchronized activity
of brain areas during specific brain states) in ADHD have
mainly targeted resting state networks and have generally
shown reduced functional connectivity in networks of
brain regions that show synchronized activity during rest
(such as the default mode network, see Broyd and others
[Broyd et al., 2009] for a review). Studies assessing func-
tional connectivity during tasks are scarce, but the few
studies that have been conducted show reduced synchron-
ized activity between the striatum and the prefrontal cor-
tex in ADHD [Cubillo et al., 2010; Konrad and Eickhoff,
2010; Wolf et al., 2009], which may be normalized by
methylphenidate [Rubia et al., 2009]. Taken together with
our findings and earlier volumetric work on frontostriatal
neuroanatomy [Durston et al., 2009a; Valera et al., 2007], a
picture is starting to emerge of a frontostriatal system that
is affected at every level in ADHD, including in terms of
structure, function, and connectivity.
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Rubia and colleagues have reported that administration
of methylphenidate normalizes frontostriatal functional
connectivity in ADHD [Rubia et al.,, 2009]. This would
seem to suggest that methylphenidate can overcome the
restrictions placed on the network by decreased micro-
structural organization, such as reported in the current
study. However, one issue that disallows such a causal
interpretation is that it is unclear whether this normaliza-
tion is driven by a stronger “signal” from the gray matter
structures (prefrontal cortex and striatum) that form the
nodes in this network or by stronger or more efficient sig-
nal conduction through white matter connections between
these nodes. As for the latter, it seems unlikely that
increases in synaptic dopamine, caused by an acute
administration of methylphenidate, could overcome the
functional consequences of reduced microstructural orga-
nization. Furthermore, our exploratory analyses do not
support that prolonged methylphenidate use affects fron-
tostriatal connectivity, at least in terms of structural con-
nectivity. A possible confounding factor in the analyses of
the duration of medication may be that the most severely
affected children with ADHD are likely to have started
medication earlier. If so, these children might be expected
to show more pronounced brain changes compared with
the group that was medicated for a shorter period. We did
not find differences on any measure of ADHD symptoms
between the high and low medication groups. However,
in many cases, these measures were obtained a consider-
able time after medication was initiated. As such, this does
not preclude the possibility that the children who were
medicated for longer were more affected by ADHD at the
initiation of treatment. Therefore, we emphasize that our
analyses of the effects of the duration of medication are to
be considered exploratory.

Our approach was specifically targeted at reconstructing
anatomical connections between the striatum and the pre-
frontal cortex by defining ROIs in these regions to select
the tracts of interest and excluding tracts from other fiber
bundles. At present, DTI-based tractography at regular
MRI field strengths does not provide sufficient anatomical
detail to distinguish between different frontostriatal net-
works, such as the orbitofrontostriatal pathway that is rele-
vant to reward processing and the dorsolateral
frontostriatal pathway, which is more related to cognitive
control [Alexander et al., 1986, Durston et al., in press;
Haber, 2003]. Studies combining functional MRI using
tasks that tap these processes with DTI and MTI measures
may be able to elucidate whether these pathways are dif-
ferentially affected.

In sum, we show that ADHD is not merely associated
with regional changes in frontostriatal volume and func-
tion, but that the white matter connections between these
regions are also affected. In particular, microstructural or-
ganization seems to be involved, rather than myelination
per se. Furthermore, in typically developing children, fron-
tostriatal microstructural organization is related to behav-
iors associated with ADHD.
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