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DVANCING THE NEUROSCIENCE OF ADHD

tructural Brain Imaging of Attention-Deficit/
yperactivity Disorder

arry J. Seidman, Eve M. Valera, and Nikos Makris

any investigators have hypothesized that attention-deficit/hyperactivity disorder (ADHD) involves structural and functional brain
bnormalities in frontal–striatal circuitry. Although our review suggests that there is substantial support for this hypothesis, a growing

iterature demonstrates widespread abnormalities affecting other cortical regions and the cerebellum. Because there is only one report
tudying adults with ADHD, this summary is based on children. A key limitation of the literature is that most of the studies until
ecently have been underpowered, using samples of fewer than 20 subjects per group. Nevertheless, these studies are largely consistent
ith the most comprehensive and definitive study (Castellanos et al 2002). Moreover, studies differ in the degree to which they address

he influence of medications, comorbidities, or gender, and most have not addressed potentially important sources of heterogeneity
uch as family history of ADHD, subtype, or perinatal complications. Despite these limitations, a relatively consistent picture has
merged. The most replicated alterations in ADHD in childhood include significantly smaller volumes in the dorsolateral prefrontal
ortex, caudate, pallidum, corpus callosum, and cerebellum. These results suggest that the brain is altered in a more widespread
anner than has been previously hypothesized. Developmental studies are needed to address the evolution of this brain disorder into
dulthood.
ey Words: Attention-deficit/hyperactivity disorder, structural
rain imaging, MRI

ost of what we know about attention-deficit/hyperac-
tivity disorder (ADHD) has come from studies of chil-
dren. Nonetheless, over the past decade, adult ADHD

as gradually become recognized as a valid and reliable disorder
hat shares many features with the childhood form (Faraone et al
000). Approximately 30%– 60% of individuals diagnosed with
DHD in youth have symptoms that persist into adulthood
Biederman 1998, 2000). Adults with ADHD share similar clinical
eatures, comorbidities, neuropsychologic deficits, and failures in
ajor life domains with ADHD children (Faraone et al 2000;
echtman 1992; Mannuzza et al 1993; Weiss and Hechtman
986). Because ADHD is a developmental disorder, to gain a full
nderstanding of brain structure in adult ADHD, knowledge
ained from children must be integrated (Castellanos 1997).
ractically speaking, we know little about the neuroanatomy of
DHD in adults; whereas there are 27 published quantitative
eports of structural neuroimaging findings in ADHD children
rom more than a dozen research groups, there is only one
ublished structural imaging study of adults. Thus, we focus on
tudies of children and use them as a foundation to understand
otential structural abnormalities in adults.
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Historical Background for Hypotheses of Brain
Dysfunctions in ADHD

Attention-deficit/hyperactivity disorder was first described
100 years ago as a childhood disorder found mainly in boys,
initially called “hyperactivity,” or “hyperkinesis disorder of child-
hood” (Still 1902). In the 1960s, the (now outmoded) terms
“minimal brain damage” or “minimal brain dysfunction” (MBD)
were used to suggest this could be a brain disorder. Revisions in
the diagnostic construct have been made a number of times over
the past century. The most significant shift occurred in the 1970s,
when the concept of attention dysfunction was introduced as the
central defining feature (Douglas 1972). The key symptoms
needed for the diagnosis, however, were behavioral descriptions
of motor and attentional problems rather than direct cognitive
measures of inattention. Nevertheless, the renaming of the
disorder and the subsequent focus on “attention” led to a range
of neuropsychologic and neurobiological hypotheses regarding
the etiology and pathophysiology of ADHD within a more
specific brain localization perspective (Barkley 1997; Mattes
1980) than the earlier concept of “MBD.” Moreover, these
hypotheses were linked to advances in understanding the neu-
rologic bases of attention (Mesulam 1990; Posner and Petersen
1990).

The diagnosis of ADHD is currently made on the basis of
developmentally inappropriate symptoms of inattention, impul-
sivity, and motor restlessness (American Psychiatric Association
1994), and three subtypes are recognized: inattentive, hyperac-
tive–impulsive, and combined (reflecting a combination of the
other two types). Symptoms must be 1) observed early in life
(before age 7), 2) pervasive across situations, and 3) persistent.
The similarities between ADHD and those of neurologic patients
suggest that ADHD is a brain disorder affecting the prefrontal
cortex (Mattes 1980). Current theories emphasize the central role
of attentional and executive dysfunctions in children (Barkley
1997; Pennington and Ozonoff 1996). Early support for the
“prefrontal” or “frontostriatal” model also came from the success
of stimulant medications, as well as from animal models impli-
cating dopamine pathways (Shaywitz et al 1978), that have a
strong predilection for prefrontal cortex. As neurocognitive
models of ADHD have become more refined, one particular

executive process, inhibition, is hypothesized to be a core deficit
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Barkley 1997; Pennington and Ozonoff 1996). Depending on
he kind of inhibitory task used, abnormalities may be largely
ssociated with either the right prefrontal cortex (Stop-Signal
ask; Aron et al 2003) or the anterior cingulate cortex (Stroop-
ype tasks; Bush et al 2003). Thus, neurocognitive models have
layed a major role in hypothesis generation regarding alter-
tions of neuroanatomy in ADHD (Seidman et al 2004a, 2004b).

tructural Brain Imaging in Children and Teenagers
ith ADHD

There are a number of previous reviews of structural and
unctional imaging studies of ADHD (Castellanos 1997; Durston
003; Seidman et al 2004a). This article differs from previous
eviews by providing a comprehensive table summarizing the
esults by anatomic region, proposing in some detail the impor-
ance of the cerebellum in ADHD, and providing a critical
nalysis of structural imaging studies. This review is based on a
earch through computer data bases, using key words such as
structural brain abnormalities,” “magnetic resonance imaging”
MRI), and “ADHD,” as well as a review of the references in all
ublished papers and reviews we obtained. Only quantitative
tudies are reviewed.

Most of the studies assessed boys between the ages of 4 and
8, but the few studies that also include girls are largely
onsistent with findings on boys (e.g., Castellanos et al 2001,
002). The primary technique for measuring brain structure in
iving people is MRI. Although there are a few computerized
omography (CT) studies published prior to 1990 when MRI
tudies on ADHD began to emerge, CT has substantially poorer
patial resolution than MRI and will not be covered. Most of the
tructural MRI studies used region of interest (ROI) methods to
easure volumes, and the results of these are summarized and

ompared with those observed using automated voxel-based
orphometry (VBM) or surface density techniques. We summa-

ize the findings in detail in Table 1.

heoretically Chosen Brain Regions of Interest

otal and Lateralized Cerebral Volume
Seven of twelve reports (Castellanos et al 1996, 2001, 2002;

ilipek et al 1997; Kates et al 2002; Mostofsky et al 2002; Hill et
l 2003) have shown that in ADHD children through age 19, the
otal cerebrum, particularly the right hemisphere, is 3%–5%
maller, and one study reported reduced intracranial volume
Durston et al 2004). Studies have also reported smaller total gray
nd white matter (Castellanos et al 2002; Mostofsky et al 2002).
o study reported significantly larger volumes.

refrontal Cortex (PFC)
The frontal cortex can be divided into five major functional

ubdivisions: the prefrontal (orbital, dorsolateral, and mesial),
remotor, and motor regions (Fuster 1989): Orbital frontal (OF)
esions are associated with social disinhibition and impulse
yscontrol; dorsolateral prefrontal (DLPFC) lesions are associ-
ted with organizational, planning, working memory, and atten-
ional dysfunctions; and mesial lesions are linked with dysflu-
ncy and slowing of spontaneous behaviors. Motor and
remotor cortices are involved in elemental and sequential
otor movements, respectively. Prefrontal hypotheses of ADHD
ave primarily involved DLPFC and OF. Some investigators
Cohen et al 1994) have hypothesized that the ability to maintain
ontext relies on dopaminergic tone in DLPFC, a putative

euromodulator disturbance in ADHD. Others (Barkley 1997)

ww.sobp.org/journal
have suggested that behavioral inhibition may be associated with
OF dysfunction as well.

All of the studies measuring at least one compartment of PFC
reported smaller volumes in ADHD. Nine ROI MRI reports of
ADHD children (Castellanos et al 1996, 2001, 2002; Durston et al
2004; Filipek et al 1997; Hill et al 2003; Hynd et al 1990; Kates et
al 2002; Mostofsky et al 2002) identified smaller prefrontal
volumes in areas corresponding to the DLPFC, either in the right
or left hemisphere. Overmeyer et al (2001), using VBM, showed
a reduction in right superior frontal gyrus volume. Sowell et al
(2003) reported reduced brain surface extent in inferior portions
of DLPFC bilaterally using automated, computational image
analyses.

Dorsal Anterior Cingulate Cortex (dACC)
The dACC, lying on the medial surface of the frontal lobe, has

strong connections to the DLPFC. The dACC is considered to play
a critical role in complex cognitive processing (Bush et al 2000),
particularly target detection, response selection, error detection,
and reward-based decision making (Bush et al 2002), functions
that are thought to be impaired in ADHD. Functional neuroim-
aging studies on normal volunteers have shown the dACC to be
activated by numerous cognitive tasks, particularly Stroop and
Stroop-like cognitive interference tasks (Paus et al 1998). Al-
though this region is theoretically important, there are no struc-
tural studies of the dACC in ADHD. One study did report
significant cingulate abnormalities in brain structure in ADHD
children (using a VBM method) showing a reduction in right
posterior cingulate volume (Overmeyer et al 2001).

Corpus Callosum (CC)
The CC, composed of mostly myelinated axons, connects

homotypic regions of the two cerebral hemispheres and is
essential for communication between the two cerebral hemi-
spheres. Size variations in the CC presumably reflect differences
in the number or size of axons (relating to the extent of
myelination) that connect these regions. Changes may also
reflect differences in the number of cortical neurons within
homologous regions.

Abnormalities of the CC have been reported in a number of
morphometric studies of children with ADHD (Baumgardner et
al 1996; Giedd et al 1994; Hill et al 2003; Hynd et al 1991; Lyoo
et al 1996; Semrud-Clikeman et al 1994). Different measures were
used; some studies used five subdivisions in O’Kusky’s method
(O’Kusky et al 1988), and others used the seven subdivisions in
Witelson’s (1989) approach, so the results are not easily com-
pared. Nevertheless, fairly consistent evidence indicates that
abnormalities in children with ADHD are found particularly in
the posterior regions linked to temporal and parietal cortices in
the splenium (Lyoo et al 1996; Hill et al 2003; Hynd et al 1991;
Semrud-Clikeman et al 1994).

Basal Ganglia (Striatum)
The caudate, putamen, and globus pallidus (i.e., the palli-

dum) are part of discrete, somatotopically distributed circuits
essential for executive functions. These circuits include prefront-
al– basal ganglia– thalamic loops (Alexander et al 1986). Damage
to the striatum is plausibly associated with the etiology of ADHD
(Lou 1996). First, because it is located at a border zone of arterial
supply and is exposed to circulatory compromise, the striatum is
vulnerable to perinatal hypoxic complications (which occur at
higher than normal rates in ADHD; Sprich-Buckminster et al

1993). Second, experimental striatal lesions in animals produce
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able 1. Structural MRI Findings in Persons with Attention-Deficit/Hyperactivity Disorder Compared with Normal Control Subjects

OI Positive Findingsa Negative Findingsb Comments

otal Brain Volume 9, 11, (p � .10)c, 18, 19, 21,
22 (p � .07)c, 25

1, 10, 20, 24, 28 (L & R), cStudies 11 and 22 had small samples and showed nonsignificant
trends. In 11, ADHD subjects had 5% volume reduction,
comparable to 9. In 22, ADHD subjects had 6% volume
reduction.

Intracranial volume 28
Total cerebral WM 11c (p � .09), 19, 21 28 (bilateral) Study c11 has small sample.
Total cerebral GM 19, 21 28 (bilateral)

orpus Callosum (CC) Studies 2 and 8 used the O’Kusky method, which names the most
anterior section the genu, and the posterior part the splenium,
and then divides the remaining areas into three equal size
regions. Studies 4, 6, 10, and 25 used the Witelson method,
which divides the CC into 7 areas, with the rostrum being
names and anterior region. Thus, region and actual boundaries
differ somewhat and are not directly comparable. Study 15 is
not included in the table because the comparison group was
composed of siblings of children with ADHD.

Total 25
1. Rostrum 6 4, 8, 10, 25
2. Genu 2 4, 6, 10, 25
3. Rostral body 6, 8 4, 10, 25
4. Anterior midbody 2 4, 6, 10, 25
5. Posterior midbody 4, 6, 10, 25
6. Isthmus 10 4, 6, 25
7. Splenium 2, 4, 10, 25 6, 8

rontal Lobe 1 (R), 18 (L) 1 (L), 18 (R), 21 (total),
22 (total)

Study 1 used area measurements.

Prefrontal cortex
(PFC)

21 (total), 22 (L, R) When Bonferroni corrected, 22 was no longer significant.

“Anterior PFC” 9, 11 (R), 11 (L, p � .06)c c11 had small samples (� 20 per group) and showed trends.
PFC GM 21 (total bilateral) 22, 28 (R) 22 (bilateral), 28 (L)
Superior PFC 17, 25 (R), 25 (total) 25 (L) Study 17 uses voxel-based morphometry.
Inferior PFC 25 (total)
Frontal GM 19, 21 (bilateral) 21 (total)
PFC WM 21 (total, bilateral) 22

(total)
22 (bilateral), 28

(bilateral)
When Bonferroni corrected, 22 was no longer significant.

Frontal WM 19, 21 (L) 21 (total), 21 (R)
Frontal deep WM 21 (total and bilateral)
Orbitofrontal cortex 20 (L) 20 (R)
Premotor cortex 21 (total) 22 (total)
Premotor GM 21 (total and bilateral)
Premotor WM 21 (L) 21 (total & R)
Precentral cortex 22 (total)
Frontal motor 21 (total)
Cingulate cortex 17 (posterior) 21 (anterior), 22 (total)

emporal Lobe 26c 9 (L, R), 21 cStudy 26, anterior is smaller, posterior is larger
GM 19 28 (bilateral), p � .06
WM 19 28 (bilateral)
Planum temporale 1 (L, R)
Insula 1, 11 (L, R)

arietal Lobe 26 21 Study 26, significantly larger in ADHD.
GM 19 28 (bilateral, L p � .07)
WM 19 28 (bilateral), L p � .07)

ccipital Lobe 26 21 Study 26, significantly larger in ADHD.
GM 19, 28 (L) 28 (R)
WM 19, 28 (L) 28 (R)

osterior Area of Cortex Smaller 11 (p � .07)c

(bilateral)
1 cStudy 11 has small sample.

mygdala 9, 11 (L & R)
ippocampus 9, 11 (L & R)
audate
Head 3, 4 (L), 12 (R), 18 (bilateral),

19 (total)
12 (L), 3, 11 (R), 23–25

(bilateral), 24–25
(total)

Total (head � body) 11 (L), 5, 9 (R), 27 5, 7, 9 (L), 7, 11 (R) Studies 5, 9 (essentially same large sample, 2-mm-slice thickness),
study 27 compares monozygotic twins discordant for ADHD.

allidum 7, 9, 18 (L), 9, 17 (R) 7, 18 (R)
utamen 17 7, 9 (L & R)
ateral Ventricles

Anterior 10 (bilateral)

Posterior 10 (bilateral)

www.sobp.org/journal
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yperactivity and poor performance on working memory and
esponse inhibition tasks (Alexander et al 1986). Third, the
triatum is one of the richest sources of dopaminergic synapses
Dougherty et al 1999), and dopamine is important in the
egulation of striatal functions. Finally, stimulant medications,
ommonly used to treat ADHD, have effects on striatum (Volkow
t al 2002).

A growing body of brain-imaging evidence supports a role for
he basal ganglia in ADHD. Nine of thirteen studies (69%) have
hown significantly smaller caudate total or the head alone,
ither on the left or right side (Castellanos et al 1994, 1996, 2001,
002; Filipek et al 1997; Hynd et al 1993; Mataro et al 1997;
emrud-Clikeman et al 1994), including smaller total caudate
olumes in affected rather than unaffected monozygotic twins
iscordant for ADHD (Castellanos et al 2003). All four studies of
he pallidum have shown children with ADHD to have smaller
olumes, either on the right (Castellanos et al 1996; Overmeyer et
l 2001) or the left (Aylward et al 1996; Castellanos et al 2001,
002). In addition, an important finding was reported by Castel-
anos et al (2002), who demonstrated that significant differences
etween children with ADHD and control subjects in caudate
olume diminished by the oldest age studied (19 years). This was
he only region studied that showed a “normalization” of brain
olume over time. This suggests that studies of ADHD adults are
eeded to determine the persistence and stability of anatomical
hanges across the life span.

erebellum
Although the cerebellum has traditionally been thought to be

able 1. Continued

OI Positive Findingsa Negative Fi

Total 9, 11
erebellum (Total) 9 (bilateral), 18 (R), 19, 28 (R) 18 (L), 28 (L), 2

Vermal volume
(midsagittal)

13 18

Anterior vermis—
Lobes I–V

25 13, 14

Posterior superior
Vermis—Lobes
VI–VII

24 (total), 24 (L), 13, 14, 24 (R),

Posterior inferior
Vermis—lobes
VI–VII

18

Posterior inferior
Vermis—lobes
VIII–X

13, 14, 24 (total), 24 (L), 18, 25 24 (R)

Anterior lobe 24 (total and

ADHD, attention-deficit/hyperactivity disorder; bilateral, left and right an
maging; R, right side of brain; ROI, region of interest; Total, left and right he

References for table: 1) Hynd et al (1990); 2) Hynd et al (1991); 3) Hynd et
l (1994); 7) Aylward et al (1996); 8) Baumgardner et al (1996); 9) Castellanos 
erquin et al (1998); 14) Mostofsky et al (1998); 15) Overmeyer et al (2000); 1
9) Castellanos et al (2002); 20) Hesslinger et al (2002); 21) Mostofsky et al (2
t al (2003); 26) Sowell et al (2003); 27) Castellanos et al (2003); 28) Durston 

Only results from quantitative MRI studies presented in the table (not incl
s positive, except for trends which are noted. Small sample size was defined
0 –24, 27).

aIn all significant comparisons, ADHD subjects had smaller volumes, exc
bNo difference in volumes.
cp � .10 in small-sample-size studies.
rimarily involved in motor control, both clinical and research

ww.sobp.org/journal
findings over the past 20 years have shown cerebellar involve-
ment in a number of cognitive and affective processes. Schmah-
mann and Sherman (1998) coined the term “cerebellar cognitive
affective syndrome” after recognizing cognitive and affective
disturbances in cerebellar lesion patients. Furthermore, reviews
of neuroimaging data indicate that the cerebellum is active in a
number of cognitive tasks independent of motor control (Des-
mond and Fiez 1998). Additionally, Middleton and Strick (2001)
have demonstrated cerebellar–cortical connections that provide
an anatomic substrate for a cerebellar–prefrontal circuit in the
pathophysiology of ADHD.

All five groups of researchers studying the cerebellum in
ADHD children have observed structural abnormalities includ-
ing volume reduction in specific regions of the vermis. For
example, reductions in the posterior inferior lobules, VIII to X,
of the cerebellar vermis have been found for both ADHD boys
(Berquin et al 1998; Bussing et al 2002; Castellanos et al 1996;
Hill et al 2003; Mostofsky et al 1998) and girls (Castellanos et
al 2001; Hill et al 2003). Whereas Bussing and colleagues also
found reductions in lobules VI–VII, other groups did not find
differences. In the largest study, of 152 children and adoles-
cents with ADHD and 139 matched control subjects, Castella-
nos et al (2002) found reductions in ADHD for all brain
regions measured. When they adjusted for total cerebral
volume, however, only the difference for the cerebellar
volume remained significant. Additionally, cerebellar volumes
were significantly and negatively correlated with ratings of
attentional problems. Most recently, Durston et al (2004)
found smaller overall right cerebellar volumes in a group of 30

sb Comments

The cerebellum was the only region that remained statistically
significant after controlling for total cerebral volume and
Vocabulary in study 19.

ral)

d separately; GM, gray matter; L, left side of brain; MRI, magnetic resonance
heres combined; WM, white matter.
93); 4) Semrud-Clikeman et al (1994); 5) Castellanos et al (1994); 6) Giedd et
996); 10) Lyoo et al (1996); 11) Filipek et al (1997); 12) Mataro et al 1997); 13)
polous et al (2000); 17) Overmeyer et al (2001); 18) Castellanos et al (2001);

22) Kates et al (2002); 23) Pineda et al (2002); 24) Bussing et al (2002); 25) Hill
2004)
 Nopolous et al 2000) Only statistically significant results (p � .05) presented
subjects or fewer per group (including studies 1– 4, 6 – 8, 10 –12, 14 –15, 17,

tudy 26 (Sowell et al 2003).
nding

5

25
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xploratory Brain Regions of Interest

A number of reports have identified abnormalities in ROIs that
ere not predicted by cognitive models of ADHD. Although it is

oo soon to know whether these results will be robust, they are
mportant to consider, because a neurodevelopmental etiology
f ADHD can account for widespread alterations in the formation
f the brain that have yet to be well studied (Nopoulous et al
000).

emporal Lobe
This region may be of interest in ADHD because it contains

reas relevant to auditory–linguistic functioning that are consid-
red to be abnormal in some ADHD children. Castellanos et al
2002) reported significantly reduced temporal lobe volumes.
owell et al (2003), using computational measurements, reported
educed anterior temporal cortices bilaterally and increased
osterior temporal cortices in ADHD children.

arietal Lobe
This region may be of interest because it contains regions

elevant to attentional functioning that are considered to be
mportant in the cognitive pathophysiology of ADHD (Posner
nd Petersen 1990). Castellanos et al (2002) reported significantly
educed parietal lobe volumes. Filipek et al (1997) reported a
eduction in bilateral retrocallosal regions including the parietal
obe. Of note, this is opposite to that reported by Sowell et al
2003), who noted “prominent increases” in gray matter in
nferior parietal cortices bilaterally. These contradictory findings
ay reflect measurement or sample differences.

ccipital Lobe
This region may be of interest in ADHD because it contains

egions relevant to visual processing. Castellanos et al (2002)
eported significantly reduced occipital lobe volumes. Durston et
l (2004) reported that the left occipital gray and white matter
ere reduced as much as 9% in the children with ADHD.

ateral Ventricles
These structures may be of interest in ADHD because they are

ften affected by brain damage during the perinatal period,
hich has been proposed to be an etiologic factor in ADHD (Lou
996). Lyoo et al (1996) reported significantly larger posterior
ateral ventricles bilaterally, while noting no difference in the
nterior portion in ADHD. No significant differences were re-
orted for the total lateral ventricles (Castellanos et al 1996;
ilipek et al 1997).

ther Regions
A few ROIs have been studied once or twice. No significant

esults were reported for the planum temporale (Hynd et al
990), insula (Filipek et al 1997; Hynd et al 1990), or amygdala
nd hippocampus (Castellanos et al 1996; Filipek et al 1997).

tructural Brain Imaging in Adults with ADHD

It is unclear why there is only one structural brain imaging
tudy in adults with ADHD. Because this contrasts sharply with
he literature on most psychiatric disorders (for which there are
ypically numerous imaging studies), we suspect that the lack of
esearch reflects the fact that, until recently, the validity of ADHD
n adulthood was questioned. As illustrated by the burgeoning
iterature in other areas of adults with ADHD (seen in this issue),
his tendency is changing. Thus, future structural imaging studies

re anticipated and should prove to be informative.
Total Cerebral Volume (TCV)
In the only MRI study on adults with ADHD, Hesslinger and

colleagues (2002) failed to find differences in total cerebral
volume between 8 ADHD and 17 healthy men.

Frontal Cortex
Hesslinger et al (2002) also used an ROI analysis to examine

the OF cortex. Their rationale for assessing OF rather than DLPFC
was based on the hypothesis of potential affective dysregulation
in ADHD individuals. Their finding of a significant volume
reduction of the left OF confirmed their hypothesis. Given the
small sample size, these results are interesting, but quite prelim-
inary and require replication.

Are Brain Abnormalities in Childhood ADHD Accounted
for by Comorbidity?

Psychiatric Comorbidity
Children and adults with ADHD frequently have comorbid

antisocial, substance abuse, mood, anxiety, or learning disorders
(LDs; Biederman et al 1993). A key question is whether these
disorders account for the brain abnormalities. Importantly, stud-
ies in children and adults showed that neuropsychologic deficits
in ADHD remained robust after statistically adjusting for psychi-
atric comorbidities (Faraone et al 2000; Seidman et al 1998,
2004b). Most of the morphometric MRI studies of children with
ADHD did not address psychiatric or cognitive comorbidity, nor
medication status. Despite this, the results of a few studies
(Aylward et al 1996; Castellanos et al 1996; Filipek et al 1997;
Semrud-Clikeman et al 1994) dealing with these confounds
support the idea that structural abnormalities are found in
ADHD. In studies of children with ADHD but without comorbid-
ity, significant volume reductions in the anterior frontal lobes, the
caudate, and the corpus callosum were found (Filipek et al 1997;
Semrud-Clikeman et al 1994). In the largest and most compre-
hensive studies of childhood ADHD (Castellanos et al 1994, 2002;
Giedd et al 1994), results remained significant after adjusting
statistically for comorbidities and when subjects with LDs were
removed from analyses. Importantly, Castellanos et al (2002)
studied a substantial number of subjects with ADHD who were
medication naïve, and demonstrated that morphometric findings
could not be ascribed to medication exposure. Thus, the existing
data suggest that at least some brain abnormalities in ADHD are
independent of psychiatric comorbidity and medication.

An additional threat to the validity of demonstrating a neuro-
anatomy of ADHD comes from the frequent co-occurrence with
mood disorders. In MRI studies of adults with bipolar disorders,
brain abnormalities have been documented in the ventricles,
thalamus, temporal lobe, hippocampus and amygdala, cerebellar
volumes, and in the subcortical deep white matter and periven-
tricular region, with an increased number of white matter
hyperintensities (Bearden et al 2001). Adults with unipolar
depression have been reported to have a smaller frontal lobe,
cerebellum, caudate, and putamen (Drevets 2000). In contrast to
MRI findings in ADHD, MRI studies of mood-disordered patients
have not consistently found abnormalities in the corpus callosum
or global volume reductions (Drevets 2000; Hoge et al 1999).
Nevertheless, further research is needed to address the role of
mood disorders on brain abnormalities in ADHD.

Learning Disabilities
There is much research indicating that subjects with ADHD

often have comorbid LDs; estimates are approximately 30%,

depending on how LD is defined (Seidman et al 2001; Semrud-

www.sobp.org/journal
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likeman et al 1992). Because LDs such as dyslexia involve brain
bnormalities, it is necessary to know which abnormalities are
ue to ADHD and which are due to the LD. Comorbidity has
een addressed in only one small sample, early-generation MRI
tudy (Hynd et al 1990), which found that both dyslexic and
DHD children had smaller right anterior-width measurements

han did control subjects. The dyslexic children had a bilaterally
maller insular region and a significantly smaller left planum
emporale than the control subjects. The dyslexia literature
uggests that dyslexia manifests itself with symmetry of the plana
compared with the typical larger left asymmetry found in
ealthy control subjects); a larger corpus callosum, especially in
he posterior third (Rumsey et al 1996); and left hemisphere
tructural and functional abnormalities (Galaburda et al 1985;
haywitz 1998). Recent work has demonstrated differences from
ontrol subjects in a number of brain regions including the
nferior frontal gyrus and cerebellum (Eckert et al 2003). Given
he substantial overlap in brain region volumes between the two
isorders, additional research with larger samples is needed to
ddress this issue.

ssessing the Effects of Gender on Brain Abnormalities
n ADHD

Because severe behavioral disturbances are observed less
requently among ADHD girls, they may be less likely to come to
he attention of health care providers (Gaub and Carlson 1997).
epending on the sampling source, ADHD is 2 to 9 times more
revalent among boys than girls. In adults, however, the ratio is
loser to 1.5:1.0 (male:female; Biederman 1998). Although it is
ncreasingly recognized that ADHD affects both genders, most of
he research literature had been limited to male subjects (Gaub
nd Carlson 1997). Nevertheless, a growing literature indicates
ore similarities than differences in the core features of ADHD

Biederman et al 2002). Additionally, MRI reports that included
emale samples, have found comparable findings to what has
een found in male subjects (Castellanos et al 2001). Nonethe-
ess, additional brain research directly comparing male and
emale subjects will be important to rule out potential gender
ifferences. These studies will need to take into account variabil-
ty between sexes in brain volumes (Goldstein et al 2001) by
ncluding matched control subjects within gender.

eterogeneity of ADHD and Brain Abnormalities

A number of other potentially important sources of heteroge-
eity exist in addition to those described thus far—for example,
resence or absence of family history of ADHD, inattentive
ersus hyperactive–impulsive symptoms, and perinatal compli-
ations. Studies indicate that as many as 57% of ADHD adults
ave at least one first-degree relative with ADHD (Biederman et
l 1995). There is preliminary evidence that these individuals are
ore neuropsychologically impaired than those without a posi-

ive family history (Seidman et al 1995). The most robust
unctional brain abnormalities in ADHD adults were acquired on
amples of adults with familial, childhood-onset ADHD (Bush et
l 1999; Zametkin et al 1990). In addition, a structural MRI study
f ADHD in childhood is based on a similarly acquired sample of
amilial ADHD (Filipek et al 1997; Semrud-Clikeman et al 1994).
hese data provide some support for the idea that the familial
ubgroup may have more reliably demonstrable brain abnormal-
ties. Alternatively, they may lie on a more impaired end of a
ontinuum of severity. Because of sample-size considerations, no

tudies have yet compared DSM-IV subgroups of persons with

ww.sobp.org/journal
ADHD inattentive versus combined type, nor evaluated the role
of perinatal complications on the neuroanatomy of ADHD. These
issues seem important to address because they likely account for
variance in type of brain abnormalities in ADHD.

Relationship of Brain Structure
and Neuropsychologic Dysfunctions

The analysis of attention and executive functions into sub-
components—and the mapping of attentional functions onto
different brain regions—supports the proposition that inhibition
and other executive deficits in ADHD will be associated with
brain abnormalities. In children, Casey et al (1997) found that
performance on three response inhibition tasks correlated only
with those anatomic measures of frontostriatal circuitry observed
to be abnormal in ADHD (i.e., the PFC, caudate, and pallidum,
but not the putamen). The significant correlations were predom-
inantly in the right hemisphere, supporting the role of right
frontostriatal circuitry in response inhibition and ADHD. Semrud-
Clikeman et al (2000) found a significant relationship between
reversed caudate asymmetry and measures of inhibition and
externalizing behavior. Poorer performance on sustained atten-
tion tasks was related to smaller volume of right hemispheric
white matter (Semrud-Clikeman et al 2000). Castellanos et al
(1996) found that full-scale IQ score correlated significantly with
total brain volume and with left and right prefrontal regions.
Using the same ADHD sample, researchers found that full-scale
IQ correlated with cerebellar volumes (Berquin et al 1998). The
area of the rostral body of the corpus callosum was significantly
correlated with scores on the impulsivity/hyperactivity scale of
the Conners questionnaire (Giedd et al 1994). These studies
were conducted on boys with ADHD. A study of girls dem-
onstrated that the pallidum, caudate, and prefrontal volumes
correlated significantly with ratings of ADHD severity and
cognitive performance (Castellanos et al 2001). The extant
data, although limited, suggest that impairments on neuropsy-
chologic measures of executive and attention dysfunction are
modestly associated with abnormal brain volumes in ADHD
(Castellanos et al 2002).

Summary

In summary, many investigators hypothesize that a key brain
abnormality in ADHD involves structural and functional abnor-
malities in frontostriatal circuitry (Castellanos 1997; Faraone and
Biederman 1998). Although our review suggests that there is
substantial anatomic support for this hypothesis, a growing
literature indicates abnormalities in other cortical regions as well
as the cerebellum. Because there is only one report of ADHD
adults, we must currently rely on results in children with ADHD.
A major limitation of the literature is that until recently most of
the studies have been underpowered, using samples of fewer
than 20 subjects per group, which suggests that meta-analysis
will be useful. Thus, it is difficult to summarize the literature
without relying heavily on the most comprehensive and defini-
tive study (Castellanos et al 2002). Moreover, studies differ in the
degree to which they address the influence of medications,
comorbidities, or gender and have not addressed potentially
important sources of heterogeneity such as presence of family
history of ADHD, DSM subtype, or perinatal complications.
Despite these limitations, a relatively consistent picture tends to
emerge. The most replicated alterations in ADHD children
include significantly smaller volumes in the DLPFC, caudate,

pallidum, corpus callosum, and cerebellum. The findings of
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maller total brain volumes and widespread cortical changes,
owever, measured with ROI techniques (Castellanos et al 2002)
nd automated approaches (Sowell et al 2003), suggest that the
rain may be altered in a more widespread manner than has
een previously hypothesized.

Another important issue for the field of anatomic neuroimag-
ng is to gain a better understanding of the relationship of
indings from largely manual, ROI-based segmentation and par-
ellation methods and from automated methods using VBM or
ther computational approaches (Sowell et al 2003). In this
ualitative review, we summarized findings by anatomic region,
hoosing to articulate consistencies or discrepancies and remind-
ng the reader when different types of methods were used.
oxel-based morphometry techniques have been validated in

heir ability to detect volumetric changes (Ashburner and Friston
001), and because VBM is automatic, there is no human error
aused by decision making about anatomic boundaries. Never-
heless, these alternative methods have not had “head-to-head”
omparisons, leaving much unknown about whether they will
ield substantially comparable results. Thus far, in ADHD,
hereas Sowell et al (2003) reported findings in the DLPFC
onsistent with other investigators, results for the posterior cortex
ent in the opposite direction from Castellanos et al (2002).
urther research is needed to reconcile the differing methodol-
gies.

uture Directions for Research

icroanalysis of ROIs—Example of Cerebellar Anatomy and
onnections

The subtle but widespread and developmentally based alter-
tions in the brain in ADHD can be conceptualized as potentially
nvolving dysfunctions of brain connectivity. Although it is
eyond the scope of this article to address this in detail, one of
he most interesting questions in ADHD is how to understand the
ole and relationship of cerebellar to frontostriatal abnormalities.
he cerebellum is increasingly understood to be important in
DHD, and the precise measurement of cerebellar structures
ould be advantageous. We can begin to deal with this issue

hrough discussing the well-known pathways and extensive
onnectivity between the cerebellum and prefrontal cortex as
utlined by Schmahmann 2001. Shown is a schematic represen-
ation of the cerebrocerebellar circuitry (the following sections
re numbered in reference to Figure 1). The cerebral cortex
including frontal, parietal, and ventromedial limbic temporal
ortices) conveys perceptual, paralimbic, higher-order associa-
ive and motor information to the pontine nuclei in the ventral
ons (1). These nuclei relay this information to the cerebellar
ortex (2) through the pontocerebellar projection within the
iddle cerebellar peduncle. This part of the circuitry has been

eferred to as the feedforward limb of the cerebrocerebellar
ircuit (Schmahmann 1994). The cerebellar cortex feeds back to
he cerebral cortex via the projection of the cerebellar cortex to
he deep cerebellar nuclei (3), the projection of the deep nuclei
o the thalamus through the red nucleus (4), and through the
halamocortical projection (5). This circuitry forms a complete
oop by which the cerebral cortex interacts with the cerebellum
Schmahmann 2001). Although this circuitry represents the major
onnections of the cerebellum with the cerebrum, other connec-
ions have been documented such as with the hypothalamus and
imbic structures including the septal nuclei, hippocampus, and

mygdala (Heath 1974).
Cerebellar Parcellation
To take advantage of the increasing knowledge of cerebellar

function and structure, researchers can benefit from advances in
applied tools to measure the cerebellum in exquisite detail
(Makris et al, in press). Previous studies have not been able to
measure volumetrically the entire cerebellum. Such a volumetric
method now exists. The method is described in detail by Makris
et al (2003). We have begun to apply this method preliminarily to
the MRI scans of a small number of adults with ADHD and
control subjects (Seidman et al, unpublished data) from an
ongoing study. First the cerebellum and cerebellar white matter
are segmented, and then 11 principle fissures are traced. These
are the precentral, preculminate, intraculminate, primary, supe-
rior posterior, horizontal, ansoparamedian, prebiventer, intra-
biventer, secondary, and posterolateral fissures. In addition, the
paravermian sulcus is traced. The cortex is then parcellated
manually into 40 parcellation units, resulting in 12 units in each
cerebellar hemisphere and 8 parcellation units in the posterior
(or “true”) vermis. Finally, an automatic procedure divides the
intermediate zone from the lateral zone and assigns the borders
of the anterior vermis. This results in 64 final parcellation units,
which can be painted onto the flattened cerebellar surface where

Figure 1. Pathways to and from the cerebellum via the pons and thalamus.
The cerebral cortex conveys perceptual, paralimbic, higher-order associa-
tive and motor information to the pontine nuclei in the ventral pons (1).
These nuclei relay this information to the cerebellar cortex (2) through the
pontocerebellar projection within the middle cerebellar peduncle. The cer-
ebellar cortex feeds back to the cerebral cortex via the projection of the
cerebellar cortex to the deep cerebellar nuclei (3), the projection of the deep
nuclei to the thalamus through the red nucleus (4), and through the
thalamocortical projection (5). This circuitry forms a complete loop by which
the cerebral cortex interacts with the cerebellum. Adapted from Schmah-
mann 1994, 2001.
the initial fissures were traced (see Figure 2).
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ongitudinal Studies
Although there is growing information that identifies neuro-

iological abnormalities in childhood and teenage years, there is
till little systematic neurobiological information on ADHD in
dulthood. These lacunae suggest several directions for future
esearch regarding the pathophysiology of ADHD. First, it would
e useful to conduct studies that use identical measures to assess
eurobiological continuity in children and adults with ADHD. By
ollecting structural imaging data in both adults and children,
ne will be able to determine whether ADHD adults share
bnormalities found in children with the disorder. Second, it
ould be important to evaluate a child sample longitudinally to
etermine whether the brain abnormalities change throughout
he life cycle. There is only one study that has begun to conduct
ongitudinal studies of brain structure in ADHD (Castellanos et al
002), and more research is clearly needed.

enes and Family Studies
There is a need to link the increasing evidence of genetic

nomalies in ADHD with measures of brain dysfunction. We
elieve that when ADHD susceptibility genes have been discov-
red and confirmed, DNA-imaging resources will provide a
seful means of testing hypotheses about gene–brain associa-
ions. This work could include genes such as the 7-repeat allele
f the DRD4 gene and the 480 allele of the DAT gene, which
ave already been implicated in ADHD by several studies

igure 2. Cerebellar parcellation: sections A–E depict the stages needed to
reate accurate magnetic resonance images. Adapted from Makris et al
003.
Faraone et al 2005). These dopamine genes may have particular

ww.sobp.org/journal
relevance to certain brain regions altered in ADHD (e.g., the
caudate) that are rich in dopamine (Dougherty et al 1999).

In another type of genetic approach, Durston et al (2004)
published a pioneering study of sib pairs to assess the influence
of family risk on ADHD brain morphology. Assessing 30 ADHD
boys, 30 of their unaffected siblings, and 30 matched control
subjects, they discovered that, with the exception of the cerebel-
lum and intracranial volume, brain volumes that were reduced in
the boys with ADHD relative to the control subjects were also
reduced in the ADHD male siblings. This suggests that some
brain alterations may be related to familial risk, whereas other
abnormalities are linked to ADHD. More work is clearly indicated
in this area. This strategy, which has been much more exten-
sively applied in family brain studies of medial temporal lobe
dysfunction in schizophrenia (Seidman et al 2003), allows an
avoidance of medication confounds that tend to limit clear and
definitive conclusions about the neuroanatomy of a disorder.

Conclusion

The identification of neuroanatomic, neuropsychologic, and
functional abnormalities in ADHD, as well as the interrelation-
ship among these abnormalities, is crucial for understanding the
neurobiological mechanisms involved in ADHD. Additional re-
search on the neuroanatomy of adult ADHD is needed using
high-resolution MRI, and a subsequent meta-analysis would
strengthen these findings. This greater knowledge of the ADHD
brain is necessary to help clarify the neurodevelopmental evo-
lution of the disorder, treatment response, and the meaning of
the disorder to patients, families, and treating clinicians.
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