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Abstract
The specific brain structures or neural mechanisms underlying dysfunction in individuals with
Attention-Deficit/Hyperactivity Disorder (ADHD) are not well established, particularly in regards
to white matter (WM). Diffusion tensor imaging (DTI) was used to investigate WM in 12
adolescent males diagnosed with ADHD only and 12 typically developing controls (group
matched; mean age=15.64 years, SD=1.15). In addition to fractional anisotropy (FA), we also
examined axial and radial diffusivity (AD and RD) in an effort to help elucidate conflicting
findings suggesting that both lower and higher FA values are characteristic of ADHD. Tract-based
spatial statistics voxel-wide analyses were conducted on the data utilizing a pre-frontal mask to
enable focus on fronto-striatal and prefrontal pathways. Adolescents with ADHD had significantly
higher FA (p<.04) and AD (p<.004) values in fronto-striatal pathways compared to controls. No
differences were observed for RD. These results contribute to the growing literature implicating
prefrontal WM variations in neuropsychiatric disorders, and are consistent with findings
suggesting a role for fronto-striatal pathways in ADHD pathophysiology.
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1. Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a behaviorally defined disorder
affecting approximately 3–5% of school-aged children (American Psychological
Association, 1994). ADHD is characterized by problems with inattention, impulsivity, and
hyperactivity causing significant impairment in multiple settings. Although behavioral and
cognitive deficits in ADHD are well described, the specific brain structures or neural
mechanisms underlying dysfunction in ADHD are not well established, in part because
attention is a complex cognitive ability that involves multiple interconnected brain regions.
Though the diagnostic construct of ADHD is heterogeneous with respect to genetic and
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environmental risk factors, these factors may converge at the level of aberrant
neurodevelopment and functional neuroanatomy.

Most studies have focused on the contribution of cortical gray matter anatomy to brain
function; however, in recent years, it has been recognized that white matter (WM) also
makes an important contribution to cognition and emotion. WM comprises nearly half of the
average human brain volume and plays a key role in development, aging, and many
neurological and psychiatric disorders across the life span. In ADHD, anatomic MRI studies
show decreased WM volume throughout the brain and, in particular, the prefrontal cortex
e.g., (Krain and Castellanos, 2006). Significant decreases in WM volume have also been
observed in children who are not medicated for ADHD (Castellanos et al., 2002). The
cortical networks mediating cognitive function establish connectivity through WM
pathways. Localized changes in cortical activation within the attentional network (e.g.,
frontal lobes) may result from anatomical variations of WM at various points in the network.
Since higher order cognitive functions depend on intact communication between cortical
areas through projection, association and commissural fibers (Skranes et al., 2007),
investigating WM may elucidate our understanding of psychopathology.

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that
provides information about WM microstructure in vivo. The myelin sheath and cell
membrane restrict the diffusion of water perpendicular to the direction of the axons in WM,
whereas water diffuses more readily parallel to the axons. This directional dependence of
diffusion is quantified as anisotropy. Fractional anisotropy (FA) is a normalized measure of
diffusion anisotropy and varies between 0 (equal diffusion in all directions) to 1 (highly
directional diffusion), and is influenced from fiber coherence, myelin, extracellular
diffusion, and axonal density (Sen and Basser, 2005). Axial diffusivity (AD, diffusion along
the fiber) represents coherence of WM while radial diffusivity (RD, diffusion perpendicular
to the fiber) is thought to be related to axonal myelination (Song et al., 2002). Although
most ADHD studies report FA values, it has been argued that this may not be sufficient to
characterize WM neuropathology (Alexander et al., 2007). For example, WM
neuropathology often causes FA to decrease, which may result from either increased RD
and/or reduced AD (Alexander et al., 2007).

There is a growing literature investigating ADHD using DTI. The earliest of these studies
focused on children with ADHD Combined Type versus normal controls (Ashtari et al.,
2005). Results showed that children with ADHD had decreased FA in the right premotor,
right striatal, right cerebral peduncle, left middle cerebellar peduncle, left cerebellum, and
left parieto-occipital areas. FA values in the cerebellum were negatively correlated with
inattentive symptoms. Recently, additional studies investigated children and adolescents
with ADHD (ages 6–18). These studies reported lower FA values in the anterior corona
radiata, anterior limb of the internal capsule, and superior region of the internal capsule
(Pavuluri et al., 2009), corticospinal tract and superior longitudinal fasiculus (Hamilton et
al., 2008), frontal and cerebellar WM (Kobel et al., 2010), bilateral frontolimbic and
temporo-occipital WM, left cerebellar WM, right frontoparietal WM, right anterior and
superior corona radiata, and left posterior corona radiata (Nagel et al., 2011), and forceps
minor, the internal capsule, the corona radiata, the splenium of the corpus callosum, and the
bilateral basal ganglia (Qiu et al., 2010) for children and adolescents with ADHD compared
to controls. Lower FA values have been associated with less fMRI activation in fronto-
striatal regions associated with response inhibition in adolescents with ADHD and their
parents (Casey et al., 2007). There have also been studies reporting higher FA values in
various regions including the anterior corona radiata (Davenport et al., 2010), cingulum,
uncinate fasiculus, inferior longitudinal fasiculus, and superior longitudinal fasiculus (Silk et
al., 2008), right frontal lobe WM (Li et al., 2010), and right superior frontal gyrus and

Tamm et al. Page 2

Psychiatry Res. Author manuscript; available in PMC 2013 June 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



posterior thalamic radiation, and left dorsal posterior cingulate gyrus, lingual gyrus, and
parahippocampal gyrus (Peterson et al., 2011) for children and adolescents with ADHD
compared to controls.

Taken together, the DTI studies to date support a hypothesis of diffuse WM abnormalities in
ADHD while differing in precise location and direction of differences, likely due to analytic
techniques and heterogeneity in sample characteristics (gender, age range, subtype,
medication status, comorbidities, etc). There is particularly consistent evidence for FA
disruptions in the superior longitudinal fasiculus and anterior corona radiata pathways
critical to prefrontal cortical function (Liston et al., 2011). However, the direction of
differences (increased FA versus decreased FA) varies by study.

Very few studies have reported on AD and RD in ADHD. Description of complementary
scalars could help elucidate the differences in direction reported for FA in studies of ADHD.
Abnormalities in WM structure in ADHD have been reported for mean diffusivity (an
estimate of the magnitude of diffusion in WM pathways) with lower values in the posterior
limb of the internal capsule and superior longitudinal fasiculus and higher values in the left
frontolimbic WM, the latter were largely driven by increased RD in ADHD (Nagel et al.,
2011). A cross-sectional study of development using diffusional kurtosis imaging, which
investigates tissue microstructural integrity, suggested that adolescents with ADHD do not
show expected age-related increases in radial or AD in the prefrontal cortex (Helpern et al.,
2011). The finding was interpreted as consistent with studies suggesting developmental
delays in brain maturation (Shaw et al., 2007).

In this study, we used DTI to investigate WM in adolescents with ADHD compared to
typically developing controls. We investigated FA, AD, and RD using tract-based spatial
statistics (TBSS). TBSS is a voxel-wise analytic tool implemented in FMRI Software
Library (FSL, http://www.fmrib.ox.ac.uk/fsl/) which was specifically developed for the
analysis of diffusion-weighted data. As such, it was designed to address shortcomings
inherent in other voxel-wise analytic programs used for analyses of DTI data (e.g.,
Statistical Parametric Mapping, SPM) including the use standard registration algorithms
which are not optimal for use with diffusion-weighted data, arbitrary choice of smoothing
kernel, partial volume effects, and the use of parametric statistics in data with an unknown
distribution (Smith et al., 2007). TBSS addresses these issues by using non-linear
registration, projection into alignment-invariant tract representation (the “mean FA
skeleton”), avoiding the use of smoothing and permutation statistics which do not require
normally distributed data (Smith et al., 2007). Because most imaging studies report
abnormalities in the fronto-striatal regions and stimulant medication increases activation in
these regions (Paloyelis et al., 2007), we focused on the striatum and adjoining frontal
regions. Based on the literature, we hypothesized adolescents with ADHD would have
aberrant white matter structure in fronto-striatal regions, and in particular the anterior corona
radiata.

Methods
Fourteen adolescent boys diagnosed with ADHD Combined Type and 12 male controls
participated. Informed consent and assent were obtained following procedures established
by the Stanford Institutional Review Board. Subjects were recruited via mailings to local
pediatricians, postings on the Children and Adults with Attention-Deficit/Hyperactivity
Disorder (CHADD) and Stanford Psychiatry web sites, flyers, etc. Participants were
compensated for their time. ADHD diagnosis was determined via a structured interview
conducted with the primary caregiver (Diagnostic Interview Schedule for Children Version
2.3 – DISC) (Lahey et al., 1996). In addition, the Conners’ ADHD/DSM-IV scale - Parent
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Version (Conners et al., 1998) was completed. Adolescents also completed the Conners’
ADHD/DSM-IV scale, although this was not used to establish diagnosis. Typically
developing controls were screened for neurological, developmental, and psychiatric
disorders, and a family history negative for psychiatric disorders via interview with the
primary caregiver and T-scores < 65 on the Achenbach Child Behavior Checklist
(Achenbach, 1991). Data from two participants in the ADHD group were excluded due to
excessive movement. Demographic information for participants included in the analyses can
be found in Table 1.

Participants were right-handed, and ranged in age from 14 to 18 (group matched; mean
age=15.64 years, SD=1.15). Groups did not differ on IQ estimated from the Wechsler
Abbreviated Scale of Intelligence (Wechsler, 1999) or mathematic achievement screened
with the Wide Range Achievement Test, Third Edition (Jastak and Wilkinson, 1993). The
groups did differ on reading and spelling, however, with the ADHD groups performing more
poorly than the controls. Four subjects in the ADHD group reported current use of stimulant
medication; all were subjected to an 18-hour washout before the scan. No other medication
use was reported. Subjects did not drink caffeine at least 2 hours before the scan. Of those
reporting drug use (two in the ADHD group, one in the comparison group) and alcohol use
(three in the ADHD group, six in the comparison group), a 3-week washout period for drugs
(typically marijuana) and a 1-week washout period for alcohol were observed.

Images were acquired on a 1.5T GE Signa scanner with Echospeed gradients using a
custom-built whole head coil. DTI image acquisition was accomplished with single-shot
spin-echo echo-planar imaging sequence with diffusion sensitizing gradients applied on
either side of the 180° refocusing pulse. Imaging parameters for the diffusion-weighted
sequence were as follows: field of view (FOV)=24 cm, matrix size 128×128, TE/TR =
106/6000ms, 19 axial-oblique slices, slice thickness 5mm/skip 1mm, and fractional k-space
acquisition. A spectral-spatial excitation RF-pulse was used to select water protons only and
served to avoid ghost artifacts from lipid-bound protons. The scan was prescribed from the
top of the brain and included only the most superior part of the cerebellum. Diffusion
gradient duration was 32 ms, diffusion weighting was b=900s/mm2. In addition, two
reference measurements (b0-scans) were performed and averaged for each slice with the
diffusion-encoding gradients turned off. Diffusion was measured along six non-collinear
directions: xy, xz, yz, −xy, −xz and −yz. This pattern was repeated four times for each slice
with the sign of all diffusion gradients inverted for odd repetitions.

Diffusion-weighted images were corrected for eddy current distortions and head motion
using linear image registration (Automated Image Registration algorithm). DtiStudio
(https://www.mristudio.org/) was used to generate FA, AD and RD maps. First, all
individual images were visually inspected to discard images with artifacts. The remaining
images were averaged; the pixel intensities of the multiple diffusion-weighted images were
then fitted to obtain the six elements of the symmetric diffusion tensor. The diffusion tensors
at each pixel were diagonalized to obtain pixel eigenvalues and eigenvectors. The FA, AD
and RD values were calculated in DtiStudio for each voxel to produce FA, AD, and RD
maps. These maps were further processed using TBSS 1.2, an automated, observer
independent voxelwise whole brain between-group analysis. TBSS was implemented in FSL
4.1 (http://www.fmrib.ox.ac.uk/fsl/). FA maps were analyzed first: FA values from each
individual were co-registered using non-linear registration (FNIRT in FSL, Analysis Group
FMRIB, Oxford, UK) to align every FA image to every other one. Data from this process
was used to identify the “most typical subject,” which was then used as a target image. The
target image was affine aligned to MNI152 standard space. Subsequently, all other
participants are nonlinearly transformed to the target and then affine transformed to the
MNI152 space. After image registration, FA maps were averaged to produce a group mean
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image. A skeletonization algorithm was applied to the group mean image to define a group
template of the lines of maximum FA. This “skeleton” corresponds to centers of WM tracts,
thus it ignores voxels at the edges of tracts, which are susceptible to partial volume effects.
FA values for each subject were then projected onto the group template skeleton by
searching along perpendiculars from the skeleton to find local maxima. The FA skeleton
was thresholded to FA≥0.30 to include the major WM pathways but avoid peripheral tracts
which are more vulnerable to inter-subject variability and/or partial volume effects with gray
matter.

We restricted our between-group comparisons to inferior prefrontal regions, since it was our
a-priori prediction that aberrant WM structure in ADHD would be primarily located in
fronto-striatal pathways. To create the inferior prefrontal mask we used Talairach Daemon
lobar regions generated using the wfu_pickatlas toolbox (v2.4) for SPM (Lancaster et al.,
1997; Lancaster et al., 2000). This mask was edited to fully include the striatum and to
exclude all slices above the striatum with the posterior edge of the caudate as the posterior
border (Figure 1, bottom right). Each subject’s aligned FA data were then projected onto this
skeleton and the resulting data, for each between-group analysis), were fed into voxelwise
cross-subject statistics (P<0.05) using “randomise” (v.1.2 in FSL4.1), a permutation
program used for inference (thresholding) on statistic maps when the null distribution is not
known. All analyses were corrected for multiple comparisons, Family-Wise Error and used
Threshold-Free Cluster Enhancement (TFCE), which avoids arbitrary initial cluster forming
thresholding. TFCE analysis was performed using the default parameters (height=2, extent
=1, connectivity=26). Data from FA maps was compared to find differences between
participants with ADHD and controls. The same transformations applied to the FA images
were then applied to the AD and RD images. All participants were merged and warped into
a 4D file and projected onto the mean FA skeleton. Subsequently voxel-wise permutation
analyses were conducted using “randomise” (P<0.05) as described above.

2. Results
TBSS analysis revealed significantly higher AD values in the ADHD group relative to
controls, bilaterally in pathways including the anterior corona radiata, uncinate fasciculus,
inferior fronto-occipital fasciculus, anterior thalamic radiations, the genu of the corpus
callosum, and anterior forceps (Figure 1). FA values also were significantly higher in the
ADHD group in regions partially overlapping the AD between-group differences including
the anterior corona radiata, uncinate fasciculus, inferior fronto-occipital fasciculus, anterior
thalamic radiations, and anterior forceps. No significant group differences emerged for RD.
FA and AD scalar values, Talaraich locations and effect sizes obtained from these analyses
are reported in Table 2.

3. Discussion
This study explored DTI metrics including FA, AD, and RD using TBSS in adolescents with
ADHD who did not present with any other psychiatric comorbidity or learning disorder.
Results revealed differences in WM anatomy in the fronto-striatal circuitry of individuals
with ADHD compared to typically developing controls. Specifically, we observed higher FA
and AD values for the ADHD group in fronto-striatal regions including the anterior corona
radiata, uncinate fasciculus, inferior fronto-occipital fasciculus, anterior thalamic radiations,
the genu of the corpus callosum, and anterior forceps.

The regions in which there were significant between group differences are similar to those
reported in previous anatomic and functional imaging studies in ADHD (Vaidya and
Stollstorff, 2008), and have been implicated in cognitive and attentional control (Durston
and Casey, 2006), organization, planning (Ashtari et al., 2005), and inhibition (Szatkowska
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et al., 2007). For example, a recent review suggested that one of the most common findings
from DTI studies in ADHD was abnormalities in the frontal striatal regions (particularly the
anterior corona radiata), which have been correlated with deficits in cognitive control
(Liston et al., 2011). The genu of the corpus callosum is known to connect prefrontal,
caudal/orbital, inferior premotor regions, and it has been suggested that the genu is
predominantly made up of fibers arising from the prefrontal cortex (Park et al., 2006).
Lesion and correlational studies show a role for the genu in executive functions including
memory, comprehension, and cognitive processing speed (Ewing-Cobbs et al., 2006;
Narberhaus et al., 2007; Wilde et al., 2006). The uncinate fasciculus connects the anterior
temporal lobe with the medial and lateral orbito-frontal cortex and is thought to be involved
in emotion and memory (Papagno et al., 2011). The inferior fronto-occipital fasciculus,
which connects frontal and occipital lobes, was recently shown to play a role in sensation
seeking (Xu et al., 2011).

It was interesting that we observed increased FA and AD in the ADHD group as most DTI
studies have reported lower FA values for individuals with ADHD. Higher values of FA are
typically interpreted to reflect more highly organized fibers oriented in the same direction
(Basser et al., 1994; Basser and Pierpaoli, 1996; Werring et al., 2000); thus, one would
expect lower FA values in clinical groups. Further, reduced AD has been related to axonal
damage (Budde et al., 2009). However, there are now four studies that have reported higher
FA values in frontal-striatal regions in ADHD compared to controls (Davenport et al., 2010;
Li et al., 2010; Peterson et al., 2011; Silk et al., 2008). Furthermore, there is a growing
literature reporting increased FA and/or AD in other clinical populations; e.g., Williams
Syndrome (Hoeft et al., 2007), bipolar disorder (Yurgelun-Todd et al., 2007), amyotrophic
lateral sclerosis (Agosta et al., 2010), multiple sclerosis (Fink et al., 2009), and traumatic
brain injury (Sidaros et al., 2008).

A possible explanation for increased FA values in brain disorders may be due to the
underlying histology represented by these values, which include fiber diameter, fiber
density, fiber-tract coherence, the extracellular volume fraction, interaxonal spacing (Sen
and Basser, 2005) and crossing of fiber pathways (Kim and Kim, 2005). A different balance
of affected diffusion parameters may affect overall diffusivity within a sampled voxel. For
example, regions of crossing fibers may appear to have lower AD because of the different
directions of diffusivity observed within a voxel. FA values may be relatively lower in areas
with significant crossing and branching of neuronal fibers due to diffusion in multiple
directions. In contrast, areas with less fiber crossing/branching reduce the magnitude of
diffusion in secondary and tertiary directions resulting in relatively greater FA and
potentially AD values (Suzuki et al., 2003). Thus, higher FA and AD may be due to a
reduction in fiber branching in a regions were there should be branching of fibers. Such was
the case in the Silk et al. study which reported greater FA values in the ADHD group
resulting from an increase in diffusion along the primary direction and a decrease in
diffusion along the secondary and tertiary directions (Silk et al., 2008). It is important to
note that one of the areas in which WM abnormalities are most frequently reported in
ADHD is the anterior corona radiata (Liston et al., 2011) which is composed of heavily
branched fronto-striatal connections (Mori et al., 2005).

Clearly the choice of imaging technique, DTI metrics examined, as well as the utilization of
masks and/or selection of specific regions of interest critically influences the direction and
location of results in DTI studies. It is interesting that the results of the current study
converge with those of another study with a similar sample of males with ADHD that also
used TBSS (Silk et al., 2008) in contrast to other studies which utilized different imaging
methodologies (Ashtari et al., 2005; Casey et al., 2007; Hamilton et al., 2008; Pavuluri et al.,
2009). For example, Pavuluri specifically elected to avoid fiber crossing regions (Pavuluri et
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al., 2009). It should be noted that we did conduct a post-hoc analysis utilizing SPM voxel-
wise analysis to investigate whether methodological differences between TBSS and SPM
were driving the findings. Results were remarkably similar, even though SPM is not optimal
for DTI analysis. This suggests that variability in the literature is not solely due to
methodological variability.

While the data suggest abnormalities in WM for individuals with ADHD, limitations should
be noted. Our sample size was relatively small resulting in reduced power to examine other
potential contributing effects (e.g., IQ, gender, severity of ADHD symptoms) on the DTI
metrics. Another potential confounding factor is history of medication use and substance
use. Although participants observed a washout for the scan, several participants with ADHD
had a history of prior psychotropic medication use and self-reported drug and alcohol use
which may have permanently affected or altered WM. We did not have sufficient power to
analyze whether prior medication use or substance use affected the diffusion metrics.
Similarly, we relied on adolescent self-report regarding the substance use washout which
may not have been reliable. Finally, the DTI data is of low resolution (5mm thickness and
1mm skip) and replication using higher resolution scanning techniques is warranted. It
should be noted that number of directions acquired during the diffusion weighted scan
should not affect reliable calculation of scalars like FA, AD and RD (Landman et al., 2007).

A histologic examination of post-mortem brain would be helpful to conclusively determine
the specific origin of the FA and AD differences. However, our findings suggest WM
differences for adolescent males with ADHD, possibly due to decreased crossing fibers and
decreased fiber branching. The regions shown to be different in the ADHD group in our
sample are consistent with extant structural and functional imaging studies suggesting a role
for fronto-striatal pathways in the pathophysiology of ADHD (Paloyelis et al., 2007; Silk et
al., 2008). These findings lend credence to the role of WM pathology in the neurobiology of
ADHD.
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Figure 1.
Regions of significant differences between adolescents with ADHD and controls shown in
coronal, axial and sagittal views from the TBSS analysis. The white matter skeleton used in
this analysis is displayed in yellow. Regions in which children with ADHD had higher FA
are shown in red. Regions in which children with ADHD had higher AD values than
controls are shown in light blue. Group differences were “thickened” for visualization
purposes, shown in red and blue for FA and AD respectively (i.e., lighter colors represent
the actual skeleton and the darker colors are the areas that were “thickened”). The bottom
right panel of the figure shows the fronto-striatal mask used in the analysis.
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Table 1

Participant Demographic Characteristics

ADHD (n=12) Control (n=12) Statistical Test (2-tailed)

Age 15.8 (1.5) 15.6 (0.8) t(22) = 0.34, P=.74

Full Scale IQ 106.1 (10.8) 111.6 (11.7) t(22) = −1.19 P =.25

Reading 104.6 (7.5) 111.0 (5.7) t(22) =− 2.37, P =.03

Spelling 95.7 (12.9) 106.0 (10.4) t(22) = −2.15, P =.04

Arithmetic 100.6 (13.4) 106.3 (15.5) t(22) = −0.96, P =.35

Ethnicity χ2(2) = 0.39, P =.82

 Caucasian n = 10 n = 9

 Hispanic n = 1 n = 1

 Other n = 1 n = 2

DSM-IV ADHD T-score 82.9 (6.2) 47.4 (9.7) t(21) = 10.5, P <.001

Alcohol Use Past Month (number of times) .83 (2.3) .83 (1.3) t(22) = 0.00, P =1.0

Illicit Drug Use Past Month (number of times) .42 (1.0) .50 (1.7) t(22) = −.14, P =.89

Comorbid Diagnoses Not applicable

 Other Disruptive Behavior Disorder n = 6

 Mood Disorder n = 2

 Anxiety Disorder n = 3

Medication Use Not applicable

 Adderall n = 1

 Ritalin n = 3

Note: Values are mean (standard deviation). ADHD = attention-deficit/hyperactivity disorder; IQ = intelligence quotient; DSM-IV = Diagnostic
and Statistical Manual
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Table 2

Diffusion Scalar Imaging Values and Talairach Coordinates

ADHD (n=12) Control (n=12) Post-Hoc Effect size (Cohen’s d)

Fractional Anisotropy

(p < .04, TBSS analysis)
x=17, y=35, z=−6

0.530034 (0.047628) 0.447538 (0.037069) 1.933

Axial Diffusivity

(p < .004, TBSS analysis)
x=20, y=29, z=−5
x=9, y=26, z=−6

0.001403 (0.00051) 0.001272 (0.00061) 0.233

Note: Values are mean (standard deviation). ADHD = attention-deficit/hyperactivity disorder
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