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Abstract

Objective—Previous voxel-based and regions-of-interest (ROI)-based diffusion tensor imaging
(DTI) studies have found above-normal mean diffusivity (MD) and below-normal fractional
anisotropy (FA) in subjects with attention-deficit/hyperactivity disorder (ADHD). However,
findings remain mixed and few studies have examined the contribution of ADHD familial liability
to white matter microstructure.

Method—We used refined DTI tractography methods to examine MD, FA, axial diffusivity (AD)
and radial diffusivity (RD) of the anterior thalamic radiation, cingulum, corticospinal tract, inferior
fronto-occipital fasciculus, inferior longitudinal fasciculus, forceps major, forceps minor, superior
longitudinal fasciculus and uncinate fasciculus in children and adolescents with ADHD (n = 56),
unaffected siblings of ADHD probands (n = 31) and healthy controls (n = 17).
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Results—Subjects with ADHD showed significantly higher MD than controls in the anterior
thalamic radiation, forceps minor, and superior longitudinal fasciculus. Unaffected siblings of
subjects with ADHD displayed similar differences in MD as subjects with ADHD. While none of
the tested tracts showed a significant effect of FA, the tracts with elevated MD likewise displayed
elevated AD in both subjects with ADHD and unaffected siblings. Differences in RD between
subjects with ADHD, unaffected siblings and controls were not as widespread as differences in
MD and AD.

Conclusion—Our findings suggest that disruptions in white matter microstructure occur in
several large white matter pathways in association with ADHD and indicate a familial liability for
the disorder. Furthermore, MD may reflect these abnormalities more sensitively than FA.

Keywords

attention-deficit/hyperactivity disorder (ADHD); diffusion tensor imaging; fiber tractography;
fractional anisotropy; mean diffusivity

Introduction

Attention-deficit/hyperactivity disorder (ADHD) is characterized by age-inappropriate
hyperactivity-impulsivity and/or deficits in attention.! ADHD affects approximately 5% of
children worldwide? at a high cost to affected individuals and society.3 Prior studies suggest
that ADHD is associated with widespread neural structural and functional deficiencies,
where frontostriatal networks are particularly implicated. Children with ADHD may also
exhibit abnormalities in brain connectivity, as suggested by findings of lower ADHD-related
functional connectivity,> lower white matter (WM) volumes,® and abnormalities in WM
microstructure.”:8

WM microstructure can be measured /n vivo with diffusion tensor imaging (DTI), which
estimates the directional diffusion of water molecules along axonal pathways.® One DTI
measure is fractional anisotropy (FA), which quantifies the directionality of diffusion.
Higher FA values reflect increased axonal integrity,10 more myelination,1911 and increased
homogeneity of fiber orientations.1% Another DTI measure is mean diffusivity (MD), which
provides a measure of average diffusivity. Larger MD values indicate more diffusion® and
may reflect myelin breakdown,2 decreased cellular density20-12 or increased extracellular
volumes.19:12 More specificity regarding the neurobiological determinates of altered white
matter structure may be gained from examining axial diffusivity (AD) and radial diffusivity
(RD). AD is the diffusion parallel to the axonal fibers, whereas RD is the average diffusion
perpendicular to axonal fibers.1® Decreases in AD may reflect axonal damagel# and/or
axonal pruning,® while increases in AD may indicate neurofibril damage.16 Increases in RD
are believed to reflect myelin injury and/or decreased myelination.13.14

Previous studies examining white matter microstructure in ADHD have reported spatially
diffuse differences in FA. However, the regions examined and the direction and significance
of results have varied across studies even for overlapping pathways (for review, see van
Ewijk et a/8). Both ADHD-related decreasesl’~23 and increases?4~26 in FA have been
observed in projection pathways including the cerebellar and cerebral peduncles, cortical
spinal tract (CST), internal capsule and corona radiata. Likewise, while some studies report
lower FA within association fibers such as the cingulum, fornix, inferior fronto-occipital
fasciculus (IFO), inferior longitudinal fasciculus (ILF), superior longitudinal fasciculus
(SLF), posterior thalamic radiation, and uncinate fasciculus (UF),17:18.20.27.28 gthers have
shown regional increases of FA in these fiber pathways in ADHD relative to
controls.19:26.:27.29.30 These discrepancies may reflect differences and/or limitations of
analysis approaches. That is, while some studies have focused only on specific regions

JAm Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lawrence et al.

Method

Participants

Page 3

providing limited information, others have used whole brain voxel-based approaches that
may be more sensitive to registration errors potentially heightened by morphometric
differences between groups.631 Moreover, most studies have investigated relatively small
samples of varying demographic and clinical characteristics, making it difficult to reconcile
findings. Most prior studies have also not benefited from the use of higher angular resolution
data that may allow for more precise estimates of FA and other diffusion metrics.32
Notwithstanding, a recent meta-analysis of 9 voxel-based studies showed more prominent
ADHD effects in the cerebellum, forceps minor, internal capsule, and SLF, though
directionality was not reported.8 While fewer studies have examined differences in MD
between controls and subjects with ADHD, the majority of studies report higher MD in
ADHD, with MD differences particularly noted in the internal capsule, SLF and
UF.20.21.27.30 Only three studies to date have examined differences in AD and RD, with
approximately equal numbers finding higher or lower AD in ADHD, and higher or lower
RD in ADHD.20,26,30

To clarify prior findings we thus took advantage of higher resolution DTI data and a more
refined streamline tractography approach to examine FA and MD differences in nine major
WM tracts (the anterior thalamic radiation (ATR), cingulate gyrus portion of the cingulum
(henceforth referred to as the cingulum), CST, IFO, ILF, forceps major, forceps minor, SLF
and UF) in 64-direction DTI data in n = 56 children and adolescents with ADHD and n =17
controls. Additionally, as ADHD and white matter microstructure have both been shown to
have a hereditary component,33:34 and unaffected siblings of children with ADHD have
shown similarities in brain structure3® and brain activity36-38 with respect to their siblings
with ADHD, we included a group of n = 31 related siblings without ADHD. We
hypothesized that subjects with ADHD and their unaffected siblings would display MD and
FA differences relative to controls in a number of tracts including the CST, forceps minor,
and SLF. Post-hoc analyses addressed differences in AD and RD in pathways showing FA
or MD effects, and associations with clinical symptomology and/or executive functioning.

Subjects with ADHD, unaffected siblings, and control subjects (all between the ages of 6
and 18 years old) were recruited from the community or referred to the study by their
physicians or through other ongoing studies of ADHD at the University of California, Los
Angeles (UCLA). All children were evaluated for ADHD and other psychiatric diagnoses
based on an interview with the primary caretaker, usually the mother, using a semi-
structured diagnostic interview, the Kiddie-Schedule for Affective Disorders and
Schizophrenia—Present and Lifetime version (K-SADS-PL)3° and a direct interview with the
child if 8 years of age or older. Parent ratings on the Swanson, Nolan, and Pelham, Version
IV (SNAP-IV) Rating Scale?? were used to supplement the diagnostic interviews. All
interviews were conducted by clinical psychologists or highly trained, master’s level
interviewers with extensive experience in psychiatric diagnoses. To assess cognitive
functioning, subjects completed the Block Design and VVocabulary subtests of the Wechsler
Intelligence Scale for Children, third edition (WISC-111)4! or the Wechsler Adult
Intelligence Scale, third edition (WAIS-111)42 and parents completed the Behavior Rating
Inventory of Executive Function (BRIEF).43

Probands and their siblings were included in the study if they met full diagnostic criteria for
ADHD. Siblings of ADHD probands were included as unaffected siblings if they did not
meet diagnostic criteria for ADHD. The study included 14 sibling pairs concordant for
ADHD and 22 sibling pairs discordant for ADHD, in addition to singletons. Controls did not
meet diagnostic criteria for ADHD or any other current psychiatric disorder. Subjects were
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excluded from participation if they were positive for any of the following: neurological
disorder, head injury resulting in concussion or loss of consciousness, premature birth (< 34
weeks gestation), lifetime diagnoses of schizophrenia or autism, estimated Full Scale 1Q of
less than 70, or any contraindications to magnetic resonance imaging (MRI) scanning.

Summary demographic and clinical information for each group can be found in Table 1.
Additionally, a total of n = 27 subjects with ADHD were currently receiving medication
(dexmethylphenidate [n = 3], dextroamphetamine [n = 1], dextroamphetamine and
amphetamine [n = 3], methylphenidate [n = 16], dexmethylphenidate and escitalopram [n =
1], dexmethylphenidate and guanfacine [n = 1], dexmethylphenidate, guanfacine and
escitalopram [n = 1], methylphenidate and sertraline [n = 1]). None of the controls or
unaffected siblings were currently taking medication.

A total of n = 5 of the unaffected siblings had one or more psychiatric disorders besides
oppositional defiant disorder (ODD). These disorders included anxiety disorders (n = 4), and
anxiety disorder comorbid with major depressive disorder (n = 1). Of the subjects with
ADHD, a total of n = 13 had one or more comorbid psychiatric disorders besides ODD.
Comorbidities included: anxiety disorders (n = 3); major depressive disorder (n = 1);
conduct disorder, (n = 1); a tic disorder (n = 1); a learning disorder (n = 1); substance abuse
(n = 1); anxiety disorder comorbid with major depressive disorder (n = 2); anxiety disorder
comorbid with tic disorder (n = 1); anxiety disorder comorbid with a learning disorder and a
tic disorder (n = 1); and a tic disorder comorbid with trichotillomania (n = 1). A total of n =
4 unaffected siblings had ODD, and a total of n = 27 subjects with ADHD also had ODD.
As none of the above subjects were outliers relative to their diagnosis group, they were
retained for analysis.

All participants provided written informed consent/assent approved by the UCLA
Institutional Review Board.

Image Acquisition and Processing

All medicated subjects abstained from taking stimulant medication for 24 hours prior to
scanning. Data were acquired on a 3T Trio Siemens Scanner (Siemens, Erlangen, Germany)
located at the UCLA Ahmanson-Lovelace Brain Mapping Center using a 12-channel head
coil. DTI data was acquired using single-shot spin-echo/echo-planar imaging sequences with
64 non-collinear diffusion encoding directions and a 2 mm isotropic voxel size in 50 axial-
oblique slices spanning the entire brain oriented parallel to the anterior/posterior commissure
(AC-PC) line (repetition time [TR] = 7000 ms, echo time [TE] = 93 ms, b = 0, 1000 s/mm?,
field of view [FOV]: 190 x 190 mm, matrix: 96 x 96, averages: 2, scan time: 7.75 min).

DTI data processing was performed using the LONI Pipeline environment.** After image
reconstruction, the diffusion gradient table was corrected for slice prescription. Eddy current
induced distortions were corrected by using a nonlinear 2D registration*® and motion
artifacts were corrected using a 3D rigid body registration,*¢4” combining the two
registrations to minimize interpolation. FSL’s Brain Extraction Tool (BET)*8 was used to
skull strip the non-diffusion-weighted images and to subsequently mask all diffusion-
weighted images. The diffusion tensor was estimated at each voxel using a linear least
squares algorithm applied to the log-transformed signal intensities, and each diffusion tensor
was diagonalized to obtain the eigenvalues for computing MD and FA.#9 Three-dimensional
tract reconstruction was performed using a deterministic streamline approach in
DTIStudio®0 and the Fiber Assignment by Continuous Tracking (FACT) algorithm. In our
study, an FA threshold of 0.2 and a turning angle threshold of 70° were used to obtain
biologically plausible results. The regions of interest (ROIs) for tract isolation were applied
to the FA-weighted color maps for each subject by following the previously validated tract
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tracing protocols detailed in Wakana et a/>! Reliability for tract tracing was determined by
computing intraclass correlation coefficients of tract volume and mean FA for 8 randomly
chosen brain volumes assessed twice. All intraclass correlations were greater than 0.91,
where the mean correlation coefficient across tracts was 0.98, SD = 0.02. Inter-rater
reliability has been established previously in our group.>2 All pre-processing and ROI
placements were done blind to diagnosis. Example tracts can be seen in Figure 1.

Mean FA, MD, AD, and RD were estimated for each fiber tract within subjects using binary
masks generated from each white matter bundle and FSLMaths.>3

Statistical Analysis

Results

In order to reduce the number of hypotheses tested, a repeated measures linear mixed model
examined group differences in mean FA and mean MD including hemisphere as a within
subjects factor for bilateral tracts. Hemisphere, ADHD diagnosis, age, gender, and the
interaction between hemisphere and ADHD diagnosis were used as fixed factors. To control
for white matter similarities between relatives regardless of ADHD diagnosis, familial
relatedness was used as a random factor. AD and RD were analyzed using similar repeated
measures linear mixed models. Post-hoc analyses of medication effects were additionally
examined in subjects with ADHD.

For tracts that showed a significant effect of diagnosis, the significant DTI metric for all
subjects was residualized for gender and age and correlated with SNAP-IV Rating Scale
scores for Inattention or BRIEF Global Executive Composite scores as based on the tract’s
theorized function.

Between-group demographic differences were assessed with chi-square or one-way analysis
of variance (Welch test if the assumption of homogeneity of variances was violated), as
appropriate. If there was a significant effect of group, further pairwise group differences
were assessed using Tukey’s HSD or additional chi-square tests as appropriate.

We took several steps to control for the effect of multiple comparisons on Type | error. A
Benjamini and Hochberg False Discovery Rate (FDR)>* of < 5% was used to control for the
effect of multiple comparisons, where uncorrected p-values < 0.006, two-tailed, for
diagnostic group comparisons of FA and MD for the nine different WM tracts was estimated
as the new threshold of significance. To further reduce the number of comparisons
conducted, we only analyzed the data from unaffected siblings for those tracts showing
significant diagnostic group differences (ADHD vs. controls). We additionally only
analyzed AD and RD for those tracts showing significant diagnostic group effects for either
FA or MD. Due to the strong theoretical basis for the post-hoc comparisons with unaffected
siblings, and for the post-hoc comparisons with AD and RD, we used a more liberal raw
significance threshold of p= .05, two-tailed, for these comparisons. All p-values reported
are uncorrected p-values.

The control, unaffected sibling, and ADHD groups did not differ in terms of age or full-scale
1Q, but they did significantly differ with regards to gender (Table 1). Gender was thus
included as a factor in the linear mixed model. Although the groups did not significantly
differ with regards to age, age was included as a factor to further reduce any age-related
variance.

For analyses of FA, significant main effects of hemisphere were observed for the cingulum
and CST (both leftward) and the IFO and UF (both rightward; see Table S1 and S2,
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available online). No significant interaction between hemisphere and diagnosis was
observed for any tract, all p>.10. A significant main effect of age was found for the CST,
where FA increased with age (Table S3, available online). Contrary to our hypotheses,
subjects with ADHD did not show significant differences of FA when compared to controls
for any tract, all p> .10 (Table S2, available online).

For analyses of MD, significant main effects of hemisphere were observed for the cingulum,
CST, ILF, and SLF (all leftward; Table S1 and S2, available online). No significant
interaction between hemisphere and diagnosis was observed in any tract, all p>.10. A
significant main effect of age was found for ATR, cingulum, CST, forceps major, IFO, ILF,
SLF, and UF, where MD decreased with age for all tracts (Table S3, available online). MD
was significantly higher in subjects with ADHD than controls in the ATR, forceps minor,
and SLF. Like the subjects with ADHD, unaffected siblings showed significantly higher MD
values than controls in the ATR, forceps minor, and SLF (Figure 1; Table 2; Table S2,
available online). Unaffected siblings did not differ significantly from the subjects with
ADHD for any tract.

To further elucidate the biological processes associated with the ADHD findings reported
above, AD and RD were examined in those tracts showing significant diagnostic group
effects for MD. Pairwise comparisons revealed a similar pattern of group differences in AD
as for MD, with subjects with ADHD and unaffected siblings showing elevated AD
compared to controls in the ATR, forceps minor, and SLF (Figure 2; Table 3; Table S4,
available online). There were no significant differences between subjects with ADHD and
unaffected siblings, consistent with our MD findings.

Of those tracts that showed significant group differences in MD, subjects with ADHD
exhibited significantly elevated RD relative to controls in the ATR and forceps minor only.
Unaffected siblings showed significantly higher RD than controls in the ATR (Table 3;
Table S4, available online). Again, there were no significant RD differences between
subjects with ADHD and unaffected siblings.

To ensure that the inclusion of the five unaffected siblings with non-ODD comorbidities did
not impact the observed findings, all analyses were rerun after excluding these subjects. All
results remained similar with the exception of MD for the forceps minor, which no longer
differed significantly between unaffected siblings and controls (p < .07).

Due to the large number of subjects with ADHD in our sample who were currently receiving
medication (n = 27), we additionally examined whether those subjects receiving medication
differed from those not receiving medication (n = 29) for DT tract indices that showed
significant diagnostic group difference. Medicated subjects with ADHD displayed
significantly higher MD and AD in the forceps minor than non-medicated subjects with
ADHD, p=.02 and p = .006, respectively. No other differences reached significance (p> .
05). Medicated and non-medicated subjects additionally did not significantly differ in
inattention or hyperactivity/impulsivity as measured by the SNAP-1V (p > .10).

To explore the clinical and functional implications of group differences in MD, AD, and
RD, these values were residualized for gender and age and used to examine correlations with
SNAP-IV Rating Scale scores for Inattention and BRIEF Global Executive Composite
scores. More specifically, we correlated MD, AD, and RD from the forceps minor and SLF
with subjects’ scores on the SNAP-1V Rating Scale for Inattention across diagnosis because
those tracts may relate to attention.5®56 We found that MD, AD, and RD of the forceps
minor correlated with SNAP-1V inattention scores, such that subjects with higher MD, AD,
or RD values were more inattentive, r=0.28, p=.006; r=0.30, p=.002; and r=.22, p =.
03, respectively. No other correlation reached significance, p > .10.
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We additionally correlated the MD, AD, and RD of the ATR and forceps minor with the
BRIEF Global Executive Composite scores because those tracts may relate to executive
function.5” We found that MD and AD of the forceps minor significantly correlated with
participant’s t-scores from the BRIEF Global Executive Composite, such that those with
higher MD or AD performed more poorly on tests of executive function, r=0.22, p= .03,
and r=0.21, p= .04, respectively. No other correlation reached significance, p > .10.

Discussion

Despite some previous reports of significant FA differences in subjects with ADHD with
respect to controls,8 we did not detect significant diagnosis effects for FA in any of the nine
tracts examined, in line with at least one prior study which reported no differences in whole-
brain FA between subjects with ADHD and controls.58 One possible explanation of the lack
of significant FA effects in our study rests on the observation that FA varies with the ratio of
RD to AD.59 Hence, concomitant ADHD-related increases in RD and AD of the kind seen
in our study may occur in a white-matter tract without significantly altering the FA value of
the tract. It is also worth noting that the majority of previous studies examining FA clusters
in ADHD have used voxel-based analyses that rely on accurate subject registration and such
registration may be problematic when comparing subjects with ADHD to controls given the
region-specific frequently observed volume deficits in ADHD.8:31 Another possibility for
these discrepant findings is that while tractography may be a more sensitive method than
voxel-based analysis to find subtle differences across major white matter pathways, it may
miss highly localized differences in FA (i.e. reduced FA in only one aspect of a particular
fiber pathway).60

We found MD to be significantly higher in subjects with ADHD than controls in three white
matter tracts: the ATR, forceps minor, and SLF. These findings agree with previously
observed elevations in MD in the ATR and SLF.21.27 As elevated MD values may reflect
myelin breakdown?2 or decreased cellular density,10-12 our findings suggest that subjects
with ADHD may have impaired connectivity in tracts relating to attention and executive
function.>-57 Furthermore, our findings of associations between higher MD in the forceps
minor and inattention and poorer executive function supports that elevated MD within this
fiber pathway may be of both clinical and functional relevance.

To determine the microstructural basis of any between-group MD differences, we
additionally examined diagnostic group differences in AD and RD. Our finding of higher
AD in ADHD agrees with prior findings of higher AD in subjects with ADHD in certain
white matter regions.26:30 While the biological correlates of AD require further examination,
increases in AD may reflect a decreased number of neurofilaments or microtubules within
myelinated axons.16 However, several prior studies show that FA increases, while to a lesser
extent AD and RD decrease during normal brain maturation.>9:61.62 Since AD differences
are also associated with axonal pruning,1° our results may point to altered axonal
architecture linked with impaired maturational processes in subjects with ADHD and their
unaffected siblings.

We also found that subjects with ADHD displayed higher RD than controls, but these effects
were not as widespread as AD differences. Our results thus agree with previous findings of
increased RD in ADHD?0 and support that altered structural connectivity in subjects with
ADHD may reflect impairments in myelination in some tracts.1314 Furthermore, our
observations that subjects with ADHD have both above-normal AD and RD suggest that
ADHD-related changes in structural connectivity are not driven by a single underlying
mechanism.
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Unaffected siblings of children with ADHD displayed a similar pattern of differences in
white matter microstructure with regard to their siblings with ADHD. Such findings are in
line with previous studies reporting similarities between subjects with ADHD and their
unaffected siblings in both brain macrostructure and activation.3>-38 The elevation of MD,
AD, and RD measured in specific white-matter tracts in our sample may reflect a trait
marker of ADHD shared by subjects with ADHD and their siblings. While representing
propensity for, or perhaps heritability of, ADHD, the magnitude of a trait marker may be
independent of presence of ADHD symptoms. However, since unaffected siblings share on
average only half their genes with their affected probands and environmental factors are not
completely overlapping, it is less clear why diffusion effects in siblings appear as
pronounced as those observed in patients and not intermediate between patients and
typically developing controls. The magnitude of the similarities between subjects with
ADHD and their unaffected siblings, however, may also be impacted by noise attributable to
random sampling as may be clarified in future studies. After removing unaffected siblings
with non-ODD comorbidities from the analyses, all results remained similar with the
exception of MD in the forceps minor, which was no longer found to differ significantly
between unaffected siblings and controls. This might suggest that such comorbidities may at
least partially account for the observed liability effects, although such results could also
reflect a loss of statistical power.

Our finding that medicated and non-medicated subjects with ADHD had significantly
different MD and AD in the forceps minor raises the possibility that medication may
influence white matter microstructure in some tracts. However, the finding that unaffected
siblings show similar differences as ADHD subjects suggests that factors other than
medication contributed to the observed findings. Nonetheless, we lacked a sufficient sample
size to control for medication type or dose in the current study, and thus results must be
interpreted with caution.

There are several possible limitations to our study. Our study did not examine cerebellar
tracts, and given the potential role of the cerebellum in ADHD,3® future studies of white
matter microstructure in ADHD should include more focused examination of cerebellar
pathways. Furthermore, differences between subjects with ADHD and controls may not
indicate causality for the disorder.” However, our findings suggest these abnormalities may
be of clinical and functional significance. Additionally, though the sample size of our
control group was comparable to or larger than that employed in prior ADHD DT studies,8
the disparity in sample sizes between groups may have led to a failure to detect smaller
ADHD effects in some pathways.

In sum, this study provides confirmatory evidence for ADHD-related elevation of MD
within several major white matter pathways, particularly those connecting frontal networks.
Our failure to observe significant group differences for FA suggests that MD may be a more
sensitive biological marker for ADHD and/or that FA effects may be more variable or
restricted to specific aspects of fiber pathways. We additionally found that unaffected
siblings of subjects with ADHD exhibit similar patterns of elevated MD, supporting that
altered white matter microstructure contributes to familial liability for ADHD and thus may
be considered an endophenotype in future genetic studies. Furthermore, both changes in MD
and AD relate to measures of attention and global executive function, supporting that such
abnormalities may be of some specific clinical and functional relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Average mean diffusivity (MD) residualized for age and gender in tracts showing a
significant difference between subjects with attention-deficit/hyperactivity disorder (ADHD)
and controls. Note: The brackets and asterisks (*) indicate comparisons showing significant
differences between controls and subjects with ADHD and between controls and unaffected
siblings. No significant differences between subjects with ADHD and their unaffected
siblings were observed. Error bars indicate 1 standard error of the mean. ATR = anterior
thalamic radiation; SLF = superior longitudinal fasciculus; FMinor = forceps minor.
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Figure2.

Average axial diffusivity (AD) residualized for age and gender in tracts showing a
significant mean diffusivity (MD) difference between subjects with attention-deficit/
hyperactivity (ADHD) and controls. Note: The brackets and asterisks (*) indicate
comparisons showing significant differences between controls and subjects with ADHD and
between controls and unaffected siblings. No significant differences between subjects with
ADHD and their siblings were observed. Error bars show 1 standard error of the mean. ATR
= anterior thalamic radiation; SLF = superior longitudinal fasciculus; FMinor = forceps
minor.
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