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a  b  s  t  r  a  c  t

Diffusion  tensor  imaging  (DTI)  allows  in  vivo  examination  of the  microstructural  integrity  of white  mat-
ter  brain  tissue.  A  systematic  review  and quantitative  meta-analysis  using  GingerALE  were undertaken
to  compare  current  DTI findings  in  patients  with  ADHD  and  healthy  controls  to  further  unravel  the  neu-
robiological  underpinnings  of  the  disorder.  Online  databases  were  searched  for  DTI studies  comparing
white  matter  integrity  between  ADHD  patients  and  healthy  controls.  Fifteen  studies  met  inclusion  crite-
ria.  Alterations  in  white  matter  integrity  were  found  in  widespread  areas,  most  consistently  so  in the
right  anterior  corona  radiata,  right  forceps  minor,  bilateral  internal  capsule,  and  left  cerebellum,  areas
WI
hite matter

tructural connectivity
nisotropy
ean Diffusivity

LE

previously  implicated  in  the  pathophysiology  of the  disorder.  Current  literature  is  critically  discussed  in
terms of its  important  methodological  limitations  and  challenges,  and  guidelines  for  future  DTI  research
are provided.  While  more  research  is needed,  DTI  proves  to  be  a promising  technique,  providing  new
prospects  and  challenges  for future  research  into  the  pathophysiology  of  ADHD.

©  2012  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Attention deficit hyperactivity disorder (ADHD) is the most
ommon childhood psychiatric disorder, affecting 5.3% of school-
ge children and 4.4% of adults worldwide (Biederman et al., 2000;
essler et al., 2006). Up to 80% of the variance in the clinical phe-
otype might be explained by heritable factors (Albayrak et al.,
008; Poelmans et al., 2011). Apart from behavioural symptoms,
atients also show a variety of deficits in executive functions such
s response inhibition and working memory, and in motivational
unctions including the ability to deal with delay and sensitivity to
eward (Krain and Castellanos, 2006). Although the exact aetiology
nd neurobiological substrate of ADHD remain unclear, converging
vidence suggests that abnormalities in brain structure as well as
unctioning might play an important role in the pathophysiology
f the disorder. Amongst many theories regarding the neurobi-
logical basis of ADHD, the prevailing hypothesis identifies the
ronto-striatal-cerebellar neurocircuitry as a probable underlying
ubstrate of the cognitive and behavioural problems observed in
he disorder (Bush et al., 2005; Durston and Konrad, 2007; Makris
t al., 2009).

Over the past few decades, the use of magnetic resonance imag-
ng (MRI) has proven to be a useful tool in ADHD research, providing
igh-resolution in vivo images of the brain. Structural MRI  (sMRI)
as frequently been used to compare brain volumes of ADHD
atients and healthy controls. Such volumetric studies have con-
istently shown an overall reduction in total cerebral volume of
bout 3–8% with medium effect sizes (.30 < d < .64) in children as
ell as adults with ADHD, particularly in the right hemisphere

Castellanos et al., 2002; Krain and Castellanos, 2006; Mostofsky
t al., 2002; Seidman et al., 2005). Findings regarding more specific
obar or regional volume reductions have so far been inconsistent
or the temporal and parietal lobe (Castellanos et al., 2002; Filipek
t al., 1997; Sowell et al., 2003), whereas occipital and frontal lobe
olumes have more consistently been reported to be smaller in
DHD patients (Castellanos and Acosta, 2004; Castellanos et al.,
002; Durston et al., 2004; Kates et al., 2002; Seidman et al., 2005,
006; Sowell et al., 2003). Studies into cortical thickness have also
ound striking differences between ADHD patients and healthy con-
rols. (Batty et al., 2010; Makris et al., 2007; Narr et al., 2009; Shaw
t al., 2006, 2007, 2009). However, negative findings exist (Wolosin
t al., 2009) and differences in scanning and analysis procedures
ake it difficult to draw robust conclusions.
While most sMRI studies focus on cortical grey matter (GM)

r specific subcortical structures, the role of white matter (WM)
s still underexplored. The few studies that investigated WM vol-
me in patients with ADHD have consistently reported an overall
eduction of total cerebral WM as well as mostly bilateral reduc-
ions in all four lobes (Castellanos et al., 2002; Filipek et al., 1997;
ates et al., 2002; McAlonan et al., 2007; Mostofsky et al., 2002).

nterestingly, effect sizes for volume reductions in total brain as
ell as lobar volumes seem to be larger in WM than GM,  with
M effect sizes between .27 and .35, and WM effect sizes ranging

rom .30 to .64 (Castellanos et al., 2002), implicating an important
ole of WM deficits in the pathophysiology of ADHD. After more
pecific subparcellation of the brain, most WM volume reductions
ppear to localize to the inferior longitudinal fasciculi (connect-
ng the temporal lobe with the cerebellum) and occipitofrontal
asciculi (connecting frontal and occipital lobes) (McAlonan et al.,
007). Volume reductions in specific WM structures such as the
orpus callosum and the cerebellum have also been implicated in
he pathophysiology of the disorder, suggesting that WM abnor-
alities might, at least partly, underlie the disturbed connectivity
n the fronto-striatal-cerebellar neurocircuitry in ADHD patients
Castellanos et al., 2002; Durston et al., 2004; Hill et al., 2003; Hynd
t al., 1991; Seidman et al., 2005; Valera et al., 2007). Interestingly,
avioral Reviews 36 (2012) 1093–1106

Durston et al. (2004) reported volume reductions in left occipital
WM not only in children with ADHD, but also in their unaffected
siblings, suggesting that these abnormalities might be related to
an increased familial risk for the disorder. A differential effect was
demonstrated in right cerebellar volume, which was found to be
reduced in children with ADHD, but not in their unaffected siblings,
suggesting that cerebellar volume reduction may be more directly
related to the pathophysiology of the disorder. This hypothesis is
further supported by the apparent relationship between cerebellar
volume and ADHD symptomatology; patients with a worse clini-
cal outcome have shown a relative developmental volume loss as
compared to control subjects and ADHD patients with better clini-
cal outcome (Mackie et al., 2007). It should be noted, however, that
the relationship between WM volume and WM pathology is poorly
established (Canu et al., 2010; Fjell et al., 2008; Hugenschmidt et al.,
2008), and that these volumetric differences may  well be caused by
pathological processes in GM.

During recent years, the focus of neuroimaging research into
ADHD has shifted towards a connectivity approach, studying func-
tional and structural connections between brain regions, rather
than focusing on regional deficits. In this approach, the perspective
on the pathophysiology of ADHD shifts from local functional and
structural deficits to dysfunctions of distributed network organiza-
tion. Functional connectivity studies that investigate interactions
between different brain regions during a cognitive task are so far
limited in ADHD research. The few studies available show fairly het-
erogeneous results, but generally implicate a variety of alterations
in ADHD, including decreased fronto-parietal connectivity, consis-
tent with a delay of maturation in children with ADHD (Konrad
and Eickhoff, 2010; Liston et al., 2011). Resting state studies focus
on the Default Mode Network (DMN), comprised of midline struc-
tures including the posterior cingulate cortex and ventromedial
prefrontal cortex, typically active during introspective, task-free
processes. Studies investigating the DMN  in ADHD generally impli-
cate reduced functional connectivity between these structures in
ADHD patients, as well as a weaker than normal correlation with
the anterior cingulate cortex, consistent with a failure to suppress
DMN activity during tasks requiring cognitive control (Fair et al.,
2010; Konrad and Eickhoff, 2010; Liston et al., 2011).

In studying structural connectivity in the brain, i.e. examining
white matter tracts connecting cortical brain regions and subcor-
tical structures, diffusion tensor imaging (DTI) plays an important
role. DTI has been found to be a very valuable tool for providing
specific indices of neuropathology (Alexander et al., 2007), and is
increasingly being used in studying the neurobiology of psychi-
atric disorders. Over the past decade, the use of DTI  has emerged
quickly in ADHD research, allowing examination of the integrity of
WM tracts in vivo at a microstructural level. DTI is an MRI  tech-
nique, in which the local diffusion coefficient of water is modelled
as a function of direction using a so-called self-diffusion tensor
(Basser et al., 1994). This means that the probability distribution
of diffusing water molecules follows a multivariate (3D) Gaussian
distribution. The key element of DTI is that this distribution (i.e. its
size and the orientation of the main directions) is determined by the
microscopic hindrances and restrictions that the water molecules
experience when diffusing through tissue. Thus by fitting the dif-
fusion tensor model to the MRI  data, DTI can provide a quantitative
estimate of the displacement and direction of diffusion of water
molecules for every voxel in the brain. In pure water or grey mat-
ter, the diffusion coefficient will be the same in every direction
(isotropic), but in white matter this coefficient can be different for
different directions (anisotropic), i.e. much larger along the direc-

tion of axon bundles than perpendicular to it.

One commonly used DTI measure is Mean Diffusivity (MD),
which is the first order statistic (mean) of the diffusion coefficients
over the tensor’s main directions. The MD  can give immediate



iobeh

i
s
a
m
i
o
c
1
d
B
e
p
b
a
n
(
t
d
s
n
i
r
w
m
i
s
i
m

d
s
a
a
p
a
K
D
F
i
a
d
i
o
m
r
o
u
K
t
d
o
t
s
d
t
w
t
t
a

s
r
e
t
t
c

H. van Ewijk et al. / Neuroscience and B

nformation on changes in the interstitial space (i.e. the empty
pace between brain structures), such as following an ischemic
ccident (Mintorovitch et al., 1991; Moseley et al., 1990) or inflam-
ation (Tievsky et al., 1999). A second commonly reported measure

s the fractional anisotropy (FA), which is the second order statistic
f the diffusion coefficients over these same directions. FA values
an range from 0 in regions with free diffusion (fully isotropic), to

 (fully anisotropic) in regions with strongly restricted movement
irection, such as within myelinated axons (Alexander et al., 2007;
eaulieu, 2002). A recent study showed, by correlating DTI param-
ters with histology measures of the fimbria-fornix in epilepsy
atients, that FA strongly correlated with cumulative axonal mem-
rane circumference (r = .71), and less strongly with axonal density
nd myelin thickness (r = .5 and r = −.5, respectively, which did
ot remain significant after correction for multiple comparisons)
Concha et al., 2010). While greater axonal integrity and organiza-
ion is commonly thought to be reflected by higher FA due to greater
irectional coherence of diffusion, interpretation of FA remains
omewhat ambiguous as it also depends on other factors, most
otably the presence of subvoxel fibre crossings and axonal density

n the regions examined. While FA is generally found to decrease in
egions of crossing fibre tracts (due to the greater directionality of
ater molecule movement), in a single fibre bundle, decreased FA
ight represent less restricted movement due to deficient axonal

ntegrity or myelination. Taken together, MD  and FA provide mea-
ures of the direction and extent of diffusion of water in the brain,
ndicative of the organization and orientation of WM tracts and

yelination.
A different pair of DTI measures is set out by decomposing the

iffusion coefficients into a component in the axon’s principal diffu-
ion direction (the main axis with the largest diffusion coefficient)
nd a component averaged over the perpendicular directions. These
re respectively referred to as axial and radial diffusivity and may
rovide more specific insight into the neurobiological nature of
xonal abnormalities (assuming linear anisotropy; see Ennis and
indlmann, 2006), thus benefiting more accurate interpretation of
TI findings (Alexander et al., 2007). For instance, a reduction in
A could be due to a reduction in axial diffusivity or an increase
n radial diffusivity, or a combination of both. While decreases in
xial diffusivity are thought to be indicative of axonal damage or
egeneration, increases in radial diffusivity with minimal changes

n axial diffusivity are thought to result from increased freedom
f cross-fibre diffusion and thus are likely to represent decreased
yelination (Alexander et al., 2007; Song et al., 2002). Decreases in

adial diffusivity are mostly observed in areas with a lower degree
f neuronal branching (Suzuki et al., 2003). Another, less frequently
sed measure is the mode of anisotropy,  as proposed by Ennis and
indlmann (Douaud et al., 2011; Ennis and Kindlmann, 2006). Using

he ratio between diffusivity in the principal and perpendicular
irections, the mode of anisotropy provides a continuous measure
f the shape of the tensor, indicating either a relatively large con-
ribution of the tensor in the principal direction (leading to a linear
hape of the tensor, representing regions in which one fibre bun-
le predominates, mode = 1) or a relatively large contribution of
he perpendicular directions (planar shape, representing regions
ith crossing fibres, or ‘kissing fibres’, mode = −1). Consequently,

his measure can provide us with important clues regarding how
o interpret the anisotropy measures, in terms of the underlying
natomy.

In the investigation of these DTI measures, two main analy-
is methods can be employed: voxel-based analysis (VBA) and
egion-of-interest analysis (ROI). While ROI analyses allow a pow-

rful examination of specific areas based on existing hypotheses,
hese analyses are limited in their scope of exploring abnormali-
ies throughout the whole brain. Comparability among ROI studies
an be limited, since choice and placement of ROIs are subjective.
avioral Reviews 36 (2012) 1093–1106 1095

Factors like the atlas choice and whether the ROI  is drawn on
individual or group average maps (possibly leading to differen-
tial partial volume effects) contribute to heterogeneity among ROI
studies and thus limit the comparability of results between studies.
Moreover, ROI analyses average signal intensities across a cluster of
voxels, discarding all information on complex patterns that may  be
present within the cluster. In cases where the expected abnormali-
ties are diffuse rather than localized, or in cases where there are no
hypotheses about specific brain regions, VBA is a useful exploratory
alternative. VBA allows for whole-brain analysis, thus providing a
complete overview of white matter integrity in the brain. However,
VBA results do depend on selection of the template space and the
choice and quality of normalisation and interpolation techniques
(Bookstein, 2001; Sage et al., 2009; Van Hecke et al., 2011; Zhang
et al., 2007). In addition, VBA group comparisons may  be affected
by small, residual differences in local anatomy between groups,
and they need correction for multiple statistical comparisons. Due
to these factors, combined with the limited reference to underly-
ing anatomical properties (e.g. neuronal branching or crossing and
‘kissing fibres’, Douaud et al., 2011), VBA results can be difficult to
interpret or to compare between studies.

Altogether, given the abnormalities in WM volume in patients
with ADHD, together with the sensitivity of DTI to detect subtle
changes in WM integrity, DTI can provide us with a useful technique
to investigate the integrity of white matter tracts at the microstruc-
tural level, and shed new light on the pathophysiology of brain WM
in these patients. However, pertinent studies published so far are
greatly heterogeneous in terms of sample characteristics, analy-
sis techniques and processing parameters. The aim of the present
paper is to systematically review DTI studies of ADHD patients and
to provide a more comprehensive account of WM  abnormalities
in ADHD. By adding a quantitative MRI  meta-analysis using Gin-
gerALE (Eickhoff et al., 2009; Laird et al., 2005), we aimed to identify
regions that were most robustly found to demonstrate abnormal
WM integrity in ADHD patients across studies.

2. Methods

2.1. Study selection

This review included all empirical studies that met  the following
inclusion and exclusion criteria. Studies included had to: (1) Report
on comparisons between ADHD patients and healthy control sub-
jects concerning measures of diffusion weighted imaging of brain
white matter; (2) Be published before June 2011 in peer-reviewed
English language journals; (3) Include a group of ADHD patients, in
which ADHD was  the primary focus of investigation, and a group of
healthy controls; (4) Studies, or analyses within studies, in which
participants were explicitly recruited to have multiple combined
Axis I diagnoses were excluded.

Online searches were performed in the databases EMBASE,
PubMed, PsychInfo, and Web  Of Science, using the search terms
ADHD, MRI, diffusion weighted imaging (DWI), diffusion ten-
sor imaging (DTI), white matter, diffusion, tensor, (fractional)
anisotropy, and equivalent terms. References of all selected arti-
cles were checked for further papers suitable for inclusion. Fifteen
articles were retrieved that met our inclusion and exclusion criteria
and were then systematically reviewed.

2.2. Narrative review
Results of the reviewed studies will be discussed in three sec-
tions. First, results will be discussed of studies that investigated
specific ROIs based on prior hypotheses. Subsequently, we will dis-
cuss the results of VBA studies, investigating the full brain. Finally, a
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hort overview will be provided of associations between DTI mea-
ures and functional outcomes in terms of ADHD symptomatology
nd neurocognitive functions in the reviewed studies.

.3. Meta-analysis: activation likelihood estimation

In order to analyse and visualise concurrence in reported
lusters of abnormal FA across studies, an activation likelihood esti-
ation (ALE) meta-analysis was carried out using the Brainmap
ingerALE software package (Eickhoff et al., 2009; Laird et al.,
005). The coordinates of the reported voxels of each study are
reated as a probability distribution, creating an ALE distribution

ap (Turkeltaub et al., 2002). The ALE map  is then subjected to
aussian smoothing and each voxel is tested against a null distri-
ution map. In the revised algorithm used in this meta-analysis
GingerALE), the width of the Gaussian smoothing kernel is deter-

ined for each study separately by the number of participants,
hereby weighting each study by its sample size, and the resulting
LE map  is corrected for multiple comparisons.

Suitable for analysis with ALE was a sub selection of VBA stud-
es included in our review, subject to additional inclusion criteria.
OI studies were excluded from the meta-analysis in order to avoid

 bias towards the ROIs chosen by the investigators, and because
f the lack of information on specific coordinates of peak voxels.
tudies included in the meta-analysis had to: (1) Report x/y/z coor-
inates for clusters of altered WM;  (2) Report x/y/z coordinates in
ither Talairach or Montreal Neurological Institute (MNI) space.

Studies included in the meta-analysis are marked with an aster-
sk in Table 1. FA measures of all included studies were used in
he meta-analysis. MD  measures were only reported in 3 of the
ncluded studies, and were excluded because conducting an ALE

eta-analysis on this limited number of studies would lead to
nreliable results.

All coordinates originally reported in MNI  space were nor-
alised to Talairach space using Lancaster’s Transform (Lancaster

t al., 2007); coordinates which had already been transformed to
alairach space using Brett’s formulation (Brett, 1999) were con-
erted back to MNI  coordinates and then transformed into Talairach
pace using Lancaster’s Transform. The resulting ALE map  was
hresholded at p < .05 using a false discovery rate (FDR) correction
or multiple comparisons and a minimum cluster size of 100 mm3.
he ALE map  was overlaid onto a Talairach anatomical template for
isualisation purposes.

. Results

.1. Narrative review

Study characteristics and results of reviewed studies are sum-
arized in Table 1.

.1.1. ROI studies
A total of seven studies investigating specific ROIs have been

ublished. A large heterogeneity was observed in chosen regions
nd methodology; while 3 studies have focused on specific WM
egions (typically delineated manually), others seem to have done
xploratory analyses on several main WM tracts throughout the
rain. Investigated tracts were typically extracted from a WM
natomical atlas (e.g. Mori et al., 2004; Wakana et al., 2004), and
uperimposed on either individual or group average FA maps.

Because of the major role of the basal ganglia in the patho-
hysiology of ADHD, one study chose the caudate nucleus, globus

allidus/putamen, and the thalamus as their regions of interest, and
ypothesized that children with ADHD would have abnormal diffu-
ion properties in these areas, particularly in the caudate nucleus,
s the centre of fronto-striatal networks (Silk et al., 2009a).  The
avioral Reviews 36 (2012) 1093–1106

authors compared FA in the basal ganglia of boys with ADHD com-
bined subtype (ADHD-C) and healthy controls, aged 8–18 years. No
significant group differences were found for either FA or MD in any
of the ROIs. When looking at developmental trajectories of FA, the
authors found an increase with age within the whole-brain volume
and the putamen and thalamus ROIs for both groups. However,
the caudate nucleus showed different developmental trajectories
for ADHD patients and healthy controls. The control group showed
the expected increase of FA with age only in the early adolescence
group (11–14 years), suggesting that the developmental increase of
FA may  slow or end during mid  to late adolescence. ADHD patients
however, showed an increase of FA across the whole age range (up
to 18 years), suggesting a steady, but slower development of WM in
the caudate nucleus in ADHD patients, catching up to FA levels simi-
lar to those of typically developing children during late adolescence.
More specific eigenvalue analyses in the caudate nucleus demon-
strated that the increase in FA with age in both groups was mainly
due to a decrease in radial diffusivity with little change in axial
diffusivity, most likely reflecting the development of myelination.

Another specific WM structure that has been investigated based
on theoretical grounds is the cerebellum,  because of its structural
disturbances in ADHD, as well as its role in motor control, several
cognitive processes, and affective processes (Bechtel et al., 2009). In
this study, FA was  compared between boys with ADHD and healthy
controls, aged 9–14 years. Decreased anisotropy was found for the
ADHD group in the right middle cerebellar peduncle, a fibre bundle
composed of afferent fibres as part of the corticopontocerebellar
tract, connecting the sensory and motor areas of the cortex with
the pons and cerebellum. No FA differences were found within the
cerebellum.

One study investigated the corpus callosum, because of its role
in connecting cortical areas disturbed in ADHD (Cao et al., 2010).
The authors combined sMRI and DTI to investigate the entire cor-
pus callosum, as well as seven subdivisions, between boys with
ADHD and healthy controls, aged 11–16 years. Decreased FA was
only observed for ADHD patients in the isthmus, and not in any
other subdivision or the entire corpus callosum.

Consistent with these results, another study also failed to find
FA differences in the entire corpus callosum between children
with ADHD and healthy controls, mean age 12 (Hamilton et al.,
2008). This study selected nine large fibre tracts as ROIs: the corpus
callosum, cingulum (a bundle of association fibres passing from the cin-
gulate gyrus to the entorhinal cortex, encircling the corpus callosum),
corticospinal tract, fornix (a fibre bundle between the hippocampus
and the mammillary bodies and septal nuclei),  optic radiation (relaying
visual information from the thalamus to the visual cortex), supe-
rior longitudinal fasciculus (a long bidirectional bundle connecting
all four lobes), uncinate fasciculus (located between the temporal and
orbitofrontal lobes), and the superior and inferior occipitofrontal fas-
ciculi (passing backwards from the frontal lobe along the caudate
nucleus, radiating into the temporal and occipital lobes). Lower FA
was demonstrated for ADHD patients in the corticospinal tract and
superior longitudinal fasciculus. Removal of medicated patients did
not change the results.

Decreased FA in the superior longitudinal fasciculus is con-
sistent with another study examining the superior longitudinal
fasciculus-II; the major component of the superior longitudinal
fasciculus, originating in the caudal-inferior parietal cortex and ter-
minating in the dorsolateral prefrontal cortex (Makris et al., 2008).
The authors studied WM integrity in adults with childhood-onset
ADHD, aged 37–46, and demographically matched healthy controls.
All 12 patients were diagnosed with childhood-onset ADHD of any

subtype, 5 of whom continued to meet adulthood criteria for the
disorder. Selected ROIs were the superior longitudinal fasciculus-II
and cingulum, based on their role in attention and executive func-
tioning, as well as the fornix, used as a control ROI. FA decreases
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Table 1
Summary of study characteristics and results.

Study Subjects Subtypes Gender (%
male)

Age: range or
M (SD)

Exclusion criteria Analysis method DTI measures Regions
examined

Positive
findings in
patients

Negative
findings in
patients

Hamilton et al.
(2008)

17 ADHD, 16 NC Any 100 12 (2.3) Nonstimulant
psychotropic
medication,
syndromes as
fragile X, tuberous
sclerosis, or
generalized
resistance to
thyroid hormone.

ROI, correlation
analyses

FA CG,  CC,
corticospinal
tract, fornix,
optic
radiations, SLF,
UF, superior
and inferior
FOF

FA: ADHD < NC
in corticospinal
tract, SLF.

ADHD = NC in
CG, CC, fornix,
optic
radiations, UF,
superior and
inferior FOF. No
correlations
between
hyperactivity
scores and FA.

Makris  et al. (2008) 12 ADHD, 17 NC Any (childhood
diagnosis)

58 37–46 IQ < 75,
sensory-motor
handicaps,
psychosis,
neurological
disorders, medical
illnesses impairing
neurocognitive
function, substance
abuse or
dependence

ROI FA CG,  SLF-II,
fornix,
forebrain

ADHD < NC in R
CG and R SLF-II.
Higher
leftward
asymmetry of
FA in CG.

ADHD = NC for
FA in fornix.
ADHD = NC for
FA in entire
forebrain.
Equal
symmetry
index for SLF-II

Bechtel  et al.
(2009)

14 ADHD, 12 NC ADHD-I (9),
ADHD-C (12)

100 9–14 Developmental
disorder,
neurological
disorder, abnormal
intelligence,
genetic disorder

ROI FA Cerebellum ADHD < NC for
R middle
cerebellar
peduncle

ADHD = NC
within
cerebellum

Pavuluri  et al.
(2009)

13 ADHD, 15 NC Unknown 92 13.4 (3.0) Axis I DSM-IV
disorder,
neurological
trauma or
symptoms, speech
or hearing
difficulties, IQ < 70,
substance abuse

ROI FA, ADC, rFCI Anterior,
posterior and
super region of
IC, ACR, ILF,
SLF, CG,
splenium of CC

FA: ADHD ≤ NC
in ACR, ante-
rior/superior
IC. R-FCI:
ADHD < NC in
ante-
rior/superior
IC, splenium of
CC. ADC:
ADHD > NC in
ACR, ante-
rior/posterior/superior
IC, CG, ILF, SLF,
splenium of CC.

FA:  ADHD = NC
in anterior IC,
SLF, ILF, CG,
splenium of CC.
R-FCI:
ADHD = NC in
ACR, posterior
IC, SLF, ILF, CG

Silk  et al. (2009a) 15 ADHD, 15 NC ADHD-C 100 8–18 Medical,
neurological or
psychiatric
disorders

ROI FA Basal ganglia
(CN, puta-
men/globus
pallidus,
thalamus)

Increase of FA
in CN with age
in ADHD group,
not in control
group

ADHD = NC
increase w/age
in putamen
and thalamus.
ADHD = NC for
FA in all ROIs
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Table 1 ( Continued )

Study Subjects Subtypes Gender (%
male)

Age: range or
M (SD)

Exclusion criteria Analysis method DTI measures Regions
examined

Positive
findings in
patients

Negative
findings in
patients

Cao et al. (2010) 28 ADHD, 27 NC ADHD-I, ADHD-C 100 11–16 Left handedness,
head trauma,
neurological
illness, serious
physical disease,
IQ < 85, born
preterm (<33
weeks)

ROI FA Corpus
callosum

ADHD < NC in
isthmus of CC.

ADHD = NC in
all subdivisions
of the CC
except the
isthmus.
ADHD = NC for
total CC.

Peterson  et al.
(2011)a

16 ADHD, 16 NC Any 69% m 9–14 IQ < 80, history of
speech/language
disorder or basic
word recognition
difficulties,
evidence of visual
or hearing
impairment, or
history of other
neurological or
significant
psychiatric
disorder

VBA, ROI,
correlation
analyses

FA Body/splenium/
genu of the CC,
ACR, posterior
corona radiata,
SLF, sagittal
stratum, ante-
rior/posterior
IC, CG, superior
FOF

VBA (FA):
ADHD > NC in
right superior
frontal gyrus
and posterior
thalamic
radiation, and L
dorsal
posterior CG,
lingual gyrus,
and parahip-
pocampal
gyrus. ROI:
ADHD < NC in
left sagittal
stratum.
Correlations: FA
in L sagittal
stratum/ADHD
symptom
severity

FA: no regions
where
ADHD < NC.
Correlations:
No
FA/symptom
severity
correlations in
ROIs other than
L sagittal
stratum

Ashtari  et al.
(2005)a

18 ADHD, 15 NC ADHD-C 67 7–11 IQ < 70,
psychotropic
medication (except
stimu-
lant/atomoxetine),
neuro-
logic/endocrine
disorders, Axis I
psychiatric
disorder, reading
disability, parental
history of bipolar
disor-
der/schizophrenia

VBA, correlation
analyses

FA Frontal and
cerebellar WM

FA:  ADHD < NC
in R premotor,
R striatal, R
cerebral
peduncle, L
middle
cerebellar
peduncle, L
cerebellum, L
parieto-
occipital areas.
Correlations: FA
in cerebel-
lum/attentional
symptoms

No correlation
between
premotor,
striatal,
parieto-
occipital areas
and cerebral
peduncle and
symptom
measures

Silk  et al. (2009b)a 15 ADHD, 15 NC ADHD-C 100 8–18 Medical,
neurological,
endocrine or
psychiatric
disorders, IQ < 80,
learning disorders,
substance abuse

VBA (TBSS) FA, MD Whole brain ADHD > NC for
R  CG,  L UF, L
ILF, R SLF

ADHD = NC for
mean MD in
whole brain
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Davenport et al.
(2010)a

14 ADHD, 26 NC ADHD-C 85 (ADHD)/56 (NC) 10–20 Non-fluent English
speakers, color
blind, premature
(>4 weeks),
neurological
conditions, IQ < 70,
family history of
schizophrenia,
psychoactive
medication other
than stimulants,
pervasive
development
disorder

VBA FA Whole brain ADHD > NC in L
inferior and R
superior frontal
regions. ADHD < NC
in left posterior
fornix.

N/A

Kobel  et al. (2010)a 14 ADHD, 12 NC ADHD-C, (9)
ADHD-I (5)

100 9–13 History of
neurological
disease

VBA FA Whole brain FA:  ADHD > NC in L
temporo-occipital
WM,  ADHD < NC in
L ACR and R middle
cerebellar peduncle

N/A

Konrad  et al.
(2010)a

37 ADHD, 34 NC ADHD-C 57 18–49 IQ < 80,
non-caucasian,
left-handed,
drug/alcohol abuse,
medi-
cal/neurological
illness, other
psychiatric DSM
axis! Or II disorder

VBA,
correlation

FA, MD Whole brain FA and MD:
ADHD < NC
bilaterally in
orbitomedial
prefrontal WM,  R
anterior CG. FA:
ADHD > NC
bilaterally in
temporal WM.
Correlations:
FA/attention in R
SLF, MD/attention
in R frontobasal
WM,
FA/impulsivity in
frontostriatal WM
including UF and R
anterior thalamic
radiation,
MD/impulsivity in
bilateral lingual
gyrus.

No correlations
between BADDS
ADHD scores
(rating scale) and
DTI parameters. No
correlations
between peak
voxels DTI and
atten-
tional/impulsivity
scores TOVA.

Li  et al. (2010)a 24 ADHD, 20 NC ADHD-C, ADHD-I 92 6–16 IQ < 70,
psychotropic
medication, neuro-
logic/endocrine
disorders, axis I
psychiatric
disorder requiring
medication,
parental history of
Axis I/II psychiatric
disorder

VBA,
correlation

FA Whole brain FA:  ADHD > NC in R
frontal WM,
Correlations: right
frontal WM/Stroop
test #correct and
#corrections, right
frontal WM/verbal
fluency #errors
(negatively)

N/A
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were found in ADHD subjects in both ROIs in the right hemisphere,
in contrast to the control region. No significant FA differences were
found in the left hemisphere. Furthermore, the authors did an
exploratory analysis on FA in the most compact bundles (so-called
stems) in the forebrain, but did not find significant differences
between the groups. Symmetry analyses, expressing the difference
of FA between corresponding regions in both hemispheres (based
on Galaburda et al., 1987) showed a leftward asymmetry for the
cingulum in both groups, but significantly more so in the ADHD
group. The superior longitudinal fasciculus-II symmetry index did
not differ between the groups.

Another study also investigated the superior longitudinal fasci-
culus and cingulum, as well as the inferior longitudinal fasciculus
(connecting the temporal and occipital lobes), splenium of the cor-
pus callosum (connecting occipital regions), anterior corona radiata
(a WM sheet radiating from the basal ganglia and spinal cord into
the cortex), and the internal capsule (a WM structure which sepa-
rates the caudate nucleus from the globus pallidus and putamen),
subdivided into the anterior limb, superior region, and poste-
rior limb (Pavuluri et al., 2009). Their sample consisted of ADHD
patients, mean age 13, and healthy age matched controls. Results
showed decreased FA only in the anterior corona radiata and both
the anterior limb and superior region of the internal capsule. Apart
from FA, the authors included two less commonly used measures;
the Apparent Diffusion Coefficient (ADC), a measure similar to MD,
representing the magnitude of water diffusion, and regional fibre
coherence index (r-FCI), a multivariate second-moment (“covari-
ance”) measure of the first eigenvalue, representing the degree of
coherence in a given fibre tract (Zhou and Leeds, 2005). Lower ADC
was demonstrated in all 8 ROIs investigated for ADHD patients,
and lower r-FCI values were found in the anterior limb and supe-
rior region of the internal capsule as well as the splenium of the
corpus callosum.

In a recent study, eleven ROIs were chosen based on their
possible relevance to functional deficits in ADHD, given their
hypothesized structure–function relationships (Peterson et al.,
2011): the body, splenium and genu of the corpus callosum, anterior
and posterior corona radiata, anterior and posterior limb of the internal
capsule, superior longitudinal fasciculus, sagittal stratum (connecting
the temporal lobe to distant cortical regions, comprising parts of the
corticotectal tract, optic radiation, and inferior longitudinal fascicu-
lus), and the superior fronto-occipital fasciculus. FA was compared
between children with ADHD (inattentive or combined subtype)
and healthy gender-matched controls, aged 9–14. Of  all regions
examined, the left sagittal stratum was  the only region in which FA
differed between groups: Children with ADHD showed increased
FA as compared to healthy controls.

3.1.2. VBA studies
VBA studies, exploring the whole brain for white matter abnor-

malities, have become increasingly popular during recent years.
The first study adopting a voxelwise analysis approach to inves-
tigate white matter integrity in ADHD patients was published in
2005 (Ashtari et al., 2005). The authors compared children with
ADHD-C and well-matched healthy controls, aged 7–11 years, con-
cerning FA throughout the whole brain. Results showed decreased
FA in children with ADHD in right premotor, right striatal, and left
parieto-occipital areas, as well as the right cerebral peduncle, left
middle cerebellar peduncle, and left cerebellum (anterior lobe).

A second VBA study adopted a slightly different approach using
a tract based statistics (TBSS) method (Smith et al., 2006). TBSS
is a statistical method in which a white-matter skeleton mask is

used to identify and restrict analyses to the centre of major WM
tracts, thus minimizing the potential misalignment problems that
can arise in regular VBA analyses. The study compared children and
adolescents with ADHD-C, 8–18 years, with healthy age-matched
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ontrols on FA throughout the whole brain (Silk et al., 2009b). To
inimize false positives, FA maps were thresholded and clusters
ere analysed with a minimum cluster size and tested at a sig-
ificance level corrected for multiple comparisons. In contrast to
he decreased FA generally found in ROI studies, the authors found
hree distinct clusters of increased FA in ADHD patients within right
arietal–occipital regions, left inferior frontal cortex/striatum, and

eft inferior temporal regions (in terms of WM tracts, the authors
abel these regions as the cingulum, uncinate fasciculus and infe-
ior longitudinal fasciculus, respectively). Two other clusters with

 trend towards significantly increased FA for ADHD patients lay
n the right inferior parietal region (superior longitudinal fascicu-
us) and left inferior frontal region (uncinate fasciculus). For most
lusters, significant increases in axial diffusivity were found, but
lso decreases in radial diffusivity. The latter findings suggest that
he greater FA found in ADHD might result from less neuronal
ranching in the investigated WM pathways. There were no MD
ifferences between ADHD patients and control participants.

The largest study so far (N > 30 for both groups) was  con-
ucted using a unique sample of 37 never-medicated adults with
hildhood-onset ADHD-C (all of whom still met  criteria for ADHD-

 at the time of assessment) and 34 healthy controls, aged 18–49,
ean age 32 years (Konrad et al., 2010). Significant clusters of

educed FA were found in ADHD patients in the right anterior cingu-
um, as well as in bilateral orbitofrontal WM structures, including
rontal parts of the inferior fronto-occipital fasciculus, parts of the
nterior thalamic radiation located in the orbitofrontal cortex, and
arts of the corpus callosum. Clusters of elevated FA were found in
ilateral temporal WM in ADHD patients, including portions of the
ronto-occipital fasciculus. MD  was found to be elevated in patients
n the left superior longitudinal fasciculus as well as bilaterally in
rbitofrontal WM,  including the inferior fronto-occipital fascicu-
us and uncinate fasciculus, extending into the anterior thalamic
adiation.

Another study reported a comparison of patients with ADHD-
 and healthy controls, aged 10–20 years on FA throughout the
rain (Davenport et al., 2010). To correct for false positives, FA
aps were thresholded at FA > 0.25. Clusters of elevated FA in ADHD

atients were identified in left posterior and right superior pre-
rontal regions, which were considered to represent areas of the
nterior corona radiata. Moreover, the left posterior fornix showed
ower FA in ADHD patients than in healthy controls.

Consistent with previous research, again another study found
lterations in frontal and cerebellar WM in children with ADHD
combined or inattentive subtype), as compared to healthy con-
rols, all aged 9–13 (Kobel et al., 2010). ADHD patients showed
ecreased FA in the left anterior corona radiata and right middle
erebellar peduncle, as well as increased FA in left temporo-occipital

M.
Another study reporting altered anisotropy in frontal WM com-

ared children and young adolescents with ADHD to healthy,
ell-matched controls, aged 6–16 years (Li et al., 2010). Three clus-

ers of increased FA were found in different areas of right frontal
M.  While clusters were described in terms of x/y/z coordinates

nly, they are likely to represent fibres of the anterior and superior
orona radiata.

One study examined WM integrity in ADHD patients with only
he inattentive subtype (ADHD-I) and healthy well-matched con-
rols, aged 10–15 years (Qiu et al., 2010). FA maps were thresholded
t FA > 0.15. Relatively large clusters of decreased FA were found for
DHD-I patients in the forceps minor, internal capsule, corona radi-
ta, splenium of the corpus callosum, and bilateral basal ganglia.
One whole-brain analysis was conducted in the same sam-
le in which ROI analyses were conducted, as described above
Peterson et al., 2011, see Section 3.1). Whole-brain analy-
es showed increased FA in the ADHD group in posterior
avioral Reviews 36 (2012) 1093–1106 1101

temporal–parietal WM and more specifically in the right supe-
rior frontal gyrus, posterior thalamic radiation, left dorsal posterior
cingulum, lingual gyrus, and hippocampal gyrus.

A recent VBA study using TBSS compared young children with
ADHD (all subtypes, 7–9 years) with well-matched healthy controls
on measures of FA and MD,  and conducted additional radial/axial
diffusivity analyses in order to examine the cause of FA/MD dif-
ferences more specifically (Nagel et al., 2011). To correct for false
positives, cluster size thresholding was used (FA > .02), as well
as a significance level corrected for multiple comparisons. The
authors reported decreased FA in frontoparietal, frontolimbic, and
cerebellar structures, as well as in the corona radiata and temporo-
occipital WM,  as compared with controls. Additionally, lower MD
was found in the posterior internal capsule and frontoparietal WM,
and greater MD in frontolimbic WM.  Although FA/MD differences
were due to a combination of differences in both axial and radial
diffusivity between groups, differences were most apparent in fron-
tolimbic WM,  in which the ADHD group showed increased radial
diffusivity. These results suggest that especially the later matur-
ing frontolimbic pathways were abnormal in children with ADHD,
seemingly due to decreased or delayed myelination of these areas.

3.1.3. Associations with behavioural and cognitive measures
To investigate the functional implications of WM abnormalities

in ADHD, five of the reviewed studies investigated the associa-
tion between behavioural symptoms of ADHD and DTI measures.
One study demonstrated that decreases in cerebellar FA parallel
increases in parent rated inattentive symptoms in children with
ADHD (large effect size) (Ashtari et al., 2005). Another study found a
positive association (large effect size) between FA in the left sagittal
stratum and total parent- and teacher rated ADHD symptomatol-
ogy (Peterson et al., 2011), and a third study found associations
between a broad range of FA clusters and ADHD symptoms, most
significantly so with the inattentive subscale (effect sizes unknown)
(Nagel et al., 2011). In contrast, two  studies did not find any
behavioural correlates of DTI measures; one study failed to find
significant associations between FA in any of their ROIs and par-
ent ratings of hyperactivity in children with ADHD (Hamilton et al.,
2008), while another study did not find any significant associations
between FA/MD and self-reported ADHD symptoms in their sam-
ple of adults with a childhood and current ADHD diagnosis (Konrad
et al., 2010).

Some other interesting associations have been found between
WM integrity and cognitive measures known to be disturbed in
ADHD. One study showed that in their sample of never-medicated
adults with ADHD, measures of attentional focus correlated pos-
itively with FA parameters in the right superior longitudinal
fasciculus, and negatively with MD in the same area (effect sizes
unknown) (Konrad et al., 2010). Moreover, measures of impulsiv-
ity negatively correlated with FA in right orbitofrontal fibre tracts,
and positively correlated with MD in the lingual gyrus (bilater-
ally). Examining correlations between right frontal FA and different
cognitive measures, another study demonstrated significant posi-
tive associations with a measure of interference control for ADHD
patients as well as healthy controls (large effect sizes). Moreover,
negative associations were found between right frontal FA and ver-
bal fluency (ADHD), and hyperactivity (controls) (Li et al., 2010).

3.2. ALE meta-analysis

Nine VBA studies were included in the meta-analysis (see

Table 1) with a total of 173 ADHD patients and 169 healthy con-
trol subjects (ages ranging from 7 to 49 years), providing 53 foci
of increased or decreased FA in patients. The ALE analysis revealed
5 significant clusters, representing areas of altered FA in patients
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ig. 1. Results of the ALE meta-analysis showing clusters with significant ALE maxi
oronal  view, bottom row: axial view. L = left, R = right.

ith ADHD that were most consistently reported across the VBA
tudies (results are summarised in Table 2 and visualised in Fig. 1).

The largest cluster (1584 mm3) was located in the right anterior
orona radiata, likely containing fibres from the superior longitu-
inal fasciculus, with five foci inside this cluster. A second cluster
as found in the left cerebellar WM,  containing two foci (296 mm3).

wo clusters were bilaterally located in the internal capsule (200
nd 288 mm3), each containing two foci. The smallest significant
luster was located in the right forceps minor, close to the genu of
he corpus callosum (152 mm3) and also contained two foci.

. Discussion

.1. Summary

Results of reviewed studies provide clear evidence of disturbed
hite matter integrity in children, adolescents and adults with
DHD. The seven ROI studies demonstrated deficits in several
elected WM regions and tracts, including the inferior and supe-
ior longitudinal fasciculus, anterior corona radiata, corticospinal

ract, cingulum, corpus callosum, internal capsule, caudate nucleus,
nd cerebellum. Nine studies using voxelwise whole-brain anal-
ses confirmed WM alterations in these regions, and also found
ifferences in the uncinate fasciculus, forceps minor, areas within

able 2
ctivation likelihood estimation results of white matter abnormalities in ADHD patients.

Cluster # Volume (mm3) ALE value (×10−3)a T

x

1 152 9.029 

2  1584 15.797 

3  200 9.673 −
4  288 11.107 

5 296  11.355 −
a Peak activation likelihood estimate within cluster.
b Weighted centre of mass of the cluster.
c L, left hemisphere; R, right hemisphere.
 > 3; pcorrected < 0.05) superimposed on a structural scan in Talairach space. Top row:

the basal ganglia, and widespread differences in the frontal, tem-
poral, parietal and occipital lobes.

In our meta-analysis, five clusters were reliably identified as
being reported across studies, located in the right anterior corona
radiata (likely containing fibres from the superior longitudinal fas-
ciculus), forceps minor close to the genu of the corpus callosum,
right and left internal capsule, and left cerebellar WM.  While only
4 out of 9 papers contributed directly to the significant clusters
from our ALE meta-analysis (Davenport et al., 2010; Li et al., 2010;
Nagel et al., 2011; Qiu et al., 2010), some of the remaining stud-
ies found clusters of altered FA close to the same regions, but not
close enough to be located inside ALE clusters. After increasing the
inclusion range to a distance of 20 mm from the centre of each clus-
ter, clusters were supported by 6 out of 9 papers, with 4–8 foci
contributing to each cluster. It is interesting to note that two  of
the ALE clusters were located within the limbic system, an area
in which two  studies demonstrated a delay in the development of
myelination in ADHD patients (Nagel et al., 2011; Silk et al., 2009a).
Studies investigating adolescents or adults might have failed to find
group differences in these areas due to the fact that in their sam-
ples, myelination of these areas had already caught up in ADHD

patients.

It is difficult, if not impossible, to draw firm conclusions regard-
ing clusters that were reported in VBA studies, but not proven
significant in our meta-analysis. These clusters may  be the result

alairach coordinatesb Labelc

 y z

14 28 12 R Forceps Minor
20 15 30 R Anterior Corona Radiata
21 −8 18 L Internal Capsule
19 −8 19 R Internal Capsule
14 −62 −30 L Cerebellum
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f differences between studies in terms of sample characteristics,
canning methodology, small misalignments due to eddy cur-
ents or residual head motion, processing parameters or analysis
echniques. Some may  be due to false positives; others may  be

eaningful clusters of disturbed WM in ADHD, in need of replica-
ion in future research. Some studies found altered FA/MD in other
arts of tracts or regions in which the ALE clusters were located.
or example, altered WM integrity was demonstrated in the supe-
ior longitudinal fasciculus (Hamilton et al., 2008; Makris et al.,
008; Pavuluri et al., 2009; Silk et al., 2009a),  anterior corona radi-
ta (Kobel et al., 2010; Pavuluri et al., 2009), cerebellum (Ashtari
t al., 2005; Bechtel et al., 2009; Kobel et al., 2010), and areas in
r close to the internal capsule (Nagel et al., 2011; Pavuluri et al.,
009; Silk et al., 2009a).  It is possible that, as DTI research into ADHD
rows, more clusters in similar regions will be found, and the ALE
lusters will expand, containing entire WM tracts instead of local
reas.

Some of the regions in which the meta-analysis showed signifi-
ant clusters of altered WM,  were also investigated in ROI studies.

hile some ALE clusters were confirmed by ROI analyses, including
M alterations in the anterior corona radiata, internal capsule and

erebellum (Ashtari et al., 2005; Bechtel et al., 2009; Pavuluri et al.,
009), other studies did not support ALE findings in the anterior
orona radiata, internal capsule and genu of the corpus callosum
Cao et al., 2010; Peterson et al., 2011). Divergent findings are likely
ue to differences in template or atlas selection and processing and
nalysis parameters. It is also possible that, by averaging DTI mea-
ures over a larger area, ROI studies have missed the specific peak
oxels of the clusters found by ALE.

In general, it is interesting to note that all clusters of altered
M in ROI studies showed decreased anisotropy in ADHD patients,
hereas whole-brain studies have identified decreases as well as

ncreases in FA. Decreased FA in patients is likely to result from
xonal damage, or can be found in areas with decreased or delayed
yelination. Elevated FA represents greater directional coherence

f diffusion and is therefore associated with less neuronal branch-
ng in patients. The fact that whole-brain studies have identified
ncreased as well as decreased FA (as opposed to ROI studies, in

hich only decreased FA has been reported), might be a result of
ncluding more regions with large amounts of fibre crossings in
hese studies. Three whole-brain studies decomposed FA into axial
nd radial components in order to investigate the exact nature of
he WM alterations observed in ADHD. One study reported that the
ncreased FA they found in children and adolescents with ADHD
esulted from greater axial and lower radial diffusivity along the

M tracts they examined, suggesting relative axonal intactness,
ut a decrease in neuronal branching in these areas (Silk et al.,
009b). In very young children with ADHD, increased radial diffu-
ivity was demonstrated in frontolimbic areas, suggesting delayed
yelin development in these regions (Nagel et al., 2011). The fact

hat the authors used a sample of pre-adolescent children might
xplain the fact that these differences were not found in other
amples with older participants. This hypothesis is supported by
he finding that WM development of the caudate nucleus shows a
ifferential developmental trajectory for children and adolescents
ith ADHD as compared to healthy controls, which catches up
uring late adolescence (Silk et al., 2009a),  consistent with earlier
ndings from sMRI (Castellanos et al., 2002).

Taken together, our meta-analysis shows five clusters of
isturbed WM in ADHD patients, located in WM tracts sub-
erving the fronto-striatal-cerebellar neurocircuitry. These results
re consistent with previous findings from other neuroimag-

ng modalities, and extend current literature by showing that
he deficiencies observed in ADHD patients in these networks

ight, at least partly, originate from disturbed microstructural
onnectivity.
avioral Reviews 36 (2012) 1093–1106 1103

4.2. Limitations of current literature

Despite the promising results of the reviewed studies, several
important limitations impede the interpretation of the studies.
First, while the effect of gender and IQ on WM integrity is still
largely unclear, both factors have been suggested to influence DTI
measures (Bava et al., 2011; Chiang et al., 2009). More conservative
group matching can prevent important group differences to lead to
false positives and negatives in future studies.

Secondly, at a statistical level, large heterogeneity is observed
in statistical corrections and thresholding. Only three studies seem
to have corrected their results for multiple comparisons and Type I
errors (Cao et al., 2010; Nagel et al., 2011; Silk et al., 2009b). Espe-
cially in whole-brain analyses it is highly advised to use thresholded
FA maps, a minimum cluster size, and significance levels corrected
for multiple comparisons, in order to minimize the chance of false
positives (Chumbley et al., 2010; Chumbley and Friston, 2009;
Nichols and Hayasaka, 2003; Peterson, 2003). Since the majority
of the whole-brain studies applied uncorrected statistics, these
results must be interpreted with great caution.

A third complicating factor in analysing DTI data is head motion
during scanning. It is known that head motion is difficult to correct
for, and negatively influences scanning results by producing a pos-
itive bias in FA and MD measures (Ling et al., 2011; Rohde et al.,
2004; Tijssen et al., 2009). Apart from the fact that head motion
causes artefacts in DTI data, the problem increases with group
comparisons in which one of the groups is more prone to (head)
movement than the other, e.g. in children and ADHD research.
Despite the importance of this issue, only half of the reviewed stud-
ies applied head motion correction to their data, and only one study
checked for group differences in head motion (Nagel et al., 2011).
Three studies corrected for rigid body movement during scanning,
and 5 studies corrected for simple movement using eddy current
correction, leaving 7 studies uncorrected for head movement. This
induces a large risk for false group differences (regarding increased
FA or MD)  in several of the reviewed studies.

Several factors play an important role in the comparability of
results between studies, one of the most important being the het-
erogeneity of age groups. The large changes in brain structure and
functioning during typical development, combined with the fact
that children with ADHD seem to show a delayed trajectory of brain
development, raises the issue whether differences in WM integrity
can reliably be studied cross-sectionally in a specific age group.
It also raises the question whether multiple studies with differ-
ent age groups can be compared reliably and whether findings can
be generalized to different developmental stages. To avoid these
issues, it is important to extensively replicate findings in separate
age groups on the one hand and keep a possible developmental
delay in mind while interpreting such results, and on the other
hand conduct longitudinal studies in order to resolve the issue of a
possible developmental delay in WM integrity in ADHD.

Other factors that might influence differences in findings
between studies include medication status, diagnostic methods,
ADHD subtypes, and matching criteria (e.g. gender, IQ). Even
though none of the studies so far have specifically addressed the
issue of medication effects on white matter integrity, it has been
suggested that white matter volume is susceptible to stimulant
medication (Castellanos et al., 2002). Of the reviewed studies, only
one study solely used medication naïve patients, therefore control-
ling for possible medication effects (Konrad et al., 2010). One study
controlled for volumetric differences in the WM structure exam-
ined, and found no significant association between FA and volume

measures in the corpus callosum (Cao et al., 2010).

A lack of adequate diagnostic methods is another factor that
could possibly have led to false negatives and thus can compromise
comparability between studies. While ADHD diagnostics are best
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erformed using a combination of a clinical interview combined
ith questionnaires filled in by different informants, e.g. parent and

eacher ratings (Charach et al., 2009; Muller et al., 2011; Valo and
annock, 2010), many of the reviewed studies based their diagnosis
n questionnaires only, and/or used only one informant. One study
sed an adult sample with a childhood diagnosis, in which more
han half of the ADHD patients did no longer meet the criteria for
he disorder (Makris et al., 2008). This raises the question whether
hese patients with ‘remitted’ ADHD are likely to show the same
rain abnormalities as do ‘persistent’ ADHD patients, and whether
r not these findings can be compared and generalized to all ADHD
atients. Inconsistencies in diagnostics are very likely to have led
o differences between studies, and could also explain part of the
nconsistencies between findings.

.3. The future of DTI research in ADHD

Despite the fact that reviewed studies confirm the hypothe-
is of widespread alterations in white matter integrity in patients
ith ADHD, reviewing these studies also highlights important lim-

tations in current literature, and produces several questions and
hallenges for future research. Given the large risk of Type I and II
rrors in current literature, due to several limitations as discussed
bove, more research is needed in order to replicate findings and
raw firmer conclusions. For example, further research can provide
s with more insight into the influence of specific sample charac-
eristics (including medication use, gender, and ADHD subtypes) on
TI measures, allowing us to choose our samples more carefully.

In future research, particular attention should be paid to the
nterpretation of DTI findings. While most studies demonstrated
ifferences in DTI measures between ADHD and control partic-

pants, most authors solely summarize their findings, without
roviding solid interpretations. Future research will benefit from

nterpreting increases or decreases in DTI parameters on a neuro-
iological level (i.e. what does an increase or decrease in a specific
rea mean?), linking this information to functional implications (i.e.
hat consequences do these WM alterations have for neurocogni-

ive and behavioural functioning), and ultimately embed the results
n current literature and hypotheses regarding the aetiology of
DHD. While radial/axial diffusivity analyses of eigenvalues are a
rst attempt to provide us with more insight into the exact under-

ying neurobiological mechanisms, none of the reviewed studies
ave used the mode of anisotropy (the ratio between diffusivity in
he principal and perpendicular directions), which could have given

ore insight into this issue. Another technique that could provide
ore insight into the anatomical correlates of DTI parameters is
agnetization Transfer (MT) imaging, an imaging modality that

s highly sensitive to myelin (Engelbrecht et al., 1998; Kobel et al.,
010; Wozniak and Lim, 2006), yielding parameters such as the MT
atio (MTR) and ‘MT  saturation’, a novel semiquantitative param-
ter for MT  proposed by Helms et al. (2010).  Using a combination
f DTI and MT  measures, findings can be interpreted more robustly
n terms of confirming or contradicting demyelination as a cause
f altered DTI parameters (such as in Mandl et al., 2010). Future
tudies could possibly benefit from using more advanced diffusion
maging techniques (beyond the conventional tensor model; see
lexander, 2005 for a review) and alternative techniques (such as
T), ultimately leading to a better understanding of the specific
icrostructural alterations in the ADHD brain.
Future studies will also benefit from investigating the possible

eurocognitive and behavioural correlates of DTI measures, provid-
ng us with more insight into the functional repercussions of WM

bnormalities in ADHD patients. While current results suggest a
ossible differential effect of alterations in distinct WM pathways
n symptoms of inattention and hyperactivity (Ashtari et al., 2005;
amilton et al., 2008; Konrad et al., 2010; Li et al., 2010; Peterson
avioral Reviews 36 (2012) 1093–1106

et al., 2011), these findings are in need of replication. Additionally,
direct group comparisons on DTI measures between groups with
different ADHD subtypes will provide us with more insight into
the differential neurobiological underpinnings of these subtypes.

Interesting challenges for future DTI research in ADHD also
include more fundamental questions, including whether WM
abnormalities are the (partial) cause of neurocognitive and
behavioural symptoms observed in ADHD, or rather a result. More-
over, more knowledge about the development of WM tracts in
ADHD will add insight into the issue whether brain abnormalities
in ADHD are a developmental delay compared to healthy controls,
or a more general and persistent deficit.

As the number and quality of DTI studies in ADHD rises, it will
be valuable to evaluate the sensitivity and specificity of DTI mea-
sures to abnormalities in the ADHD brain, as compared to typically
developing children. While it is known that DTI is highly sensitive to
subtle WM changes in the human brain, so far, little is known about
its sensitivity to abnormalities specifically in the ADHD brain, as
compared to different modalities like sMRI, fMRI and resting state
scans. In order to evaluate the usefulness of DTI in ADHD research, it
is important to investigate the contribution of DTI as a stand-alone
technique as opposed to earlier established neuroimaging meth-
ods, as well as in combination with these techniques. DTI has also
been speculated to be highly reliable in early diagnostic prediction
of autism (Ingalhalikar et al., 2011) and differentiation between
schizophrenia and healthy controls (Ardekani et al., 2011). These
findings implicate a possibly important role of this technique in
the future of ADHD detection and differentiation as well.

One last difficult but important challenge in future research is
to relate DTI findings to genetic factors. While some studies have
started to investigate the relationship between DTI measures and
cognitive and behavioural measures, the possible genetic underpin-
nings of WM abnormalities are still under investigated. Available
literature shows that WM volume and architecture as measured
by sMRI and DTI are highly heritable (Hulshoff Pol et al., 2006;
Jahanshad et al., 2010; Pfefferbaum et al., 2001), suggesting strong
genetic influences on WM development. However, to our knowl-
edge, influences of specific ADHD risk genes on WM integrity in the
ADHD brain have not been investigated so far. Between the high
heritability of the disorder and the large variations in neurocogni-
tive and behavioural functioning, DTI could very well provide us
with an important new endophenotype of ADHD, bringing us one
step closer to a more complete picture of the genetic underpinnings
of ADHD.

4.4. Conclusion

In this paper, we have pointed out a variety of important lim-
itations of the reviewed studies. The use of DTI in ADHD research
is still a new developing field, and has so far produced a large het-
erogeneity in methodology and results, impeding the comparability
and generalizability of findings. However, despite these limitations,
reviewing current literature has provided us with a fairly consis-
tent image of specific abnormalities in white matter integrity in
patients with ADHD. Altered WM integrity was  most evident in the
right anterior corona radiata (possibly also containing fibres from
the superior longitudinal fasciculus), right forceps minor close to
the corpus callosum, bilateral internal capsule, and left cerebel-
lum, consistent with previous research using other neuroimaging
modalities. Despite the methodological and statistical challenges
we are facing in future research, DTI proves to be a very useful and

promising technique in investigating the neurobiological under-
pinnings of the disorder, providing us with new prospects and
challenges for future research into the neurobiological basis of the
disorder.
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