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Quantitative Brain Magnetic Resonance Imaging
in Attention-Deficit Hyperactivity Disorder

F. Xavier Castellanos, MD; jay N. Giedd, MD; Wendy L. Marsh; Susan D. Hamburger, MA, MS;
A. Catherine Vaituzis; Daniel P. Dichstein; Stacey E. Sarfatti; Yolanda C. Vauss; John W. Snell, PhD;
Nicholas Lange, PhD; Debra Kaysen; Amy L. Krain; Gail F. Ritchie, MSW:

Jagath C. Rajapakse, PhD; Judith L. Rapoport, MD

Background: Anatomic magnetic resonance imaging
(MRI) studies of attention-deficit hyperactivity disorder
(ADHD) have been limited by small samples or measure-
ment of single brain regions. Since the neuropsychologi-
cal deficits in ADHD implicate a network linking basal
ganglia and frontal regions, 12 subcortical and cortical
regions and their symmetries were measured to deter-
mine if these structures best distinguished ADHD.

_ Method: Anatomic brain MRIs for 57 boys with ADHD

and 55 healthy matched controls, aged 5 to 18 years, were
obtained using a 1.5-T scanner with contiguous 2-mm
sections. Volumetric measures of the cerebrum, cau-
date nucleus, putamen, globus pallidus, amygdala, hip-
pocampus, temporal lobe, cerebellum; a measure of pre-
frontal cortex; and related right-left asymmetries were
examined along with midsagittal area measures of the cer-
ebellum and corpus callosum. Interrater reliabilities were
.82 or greater for all MRI measures.

Reswifss Subjects with ADHD had a 4.7% smaller
total cerebral volume (P=.02). Analysis of covariance
for total cerebral volume demonstrated a significant
loss of normal right>left asymmetry in the caudate
(P=.006), smaller right globus pallidus (P=.005),
smaller right anterior frontal region (P=.02), smaller
cerebellum (P=.05), and reversal of normal
lateral ventricular asymmetry (P=.03) in the ADHD
group. The normal age-related decrease in caudate
volume was not seen, and increases in lateral ven-
tricular volumes were significantly diminished in
ADHD.

Cemnclusiom: This first comprehensive morpho-
metric analysis is consistent with hypothesized dysfunc-
tion of right-sided prefrontal-striatal systems in
ADHD.
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TTENTION-DEFICIT hyper-
activity disorder (ADHD) is
the most common psychi-
atric disorder of children,
wfifes  wlidm  affecting approximately 5%
of the school-age popularion® and account-
ing for over 40% of clinic referrals.** Fam-
ily, twin, and adoption studies implicate
genetic factors as etiologic, but evidence for
environmentally mediated fetal brain
insult has also been reported.”” Prospec-
tive longitudinal studies® " indicate that up
to 50% of subjects with ADHD continue
to experience impairment from some
symptoms of the disorder, if not the full
syndrome, in adolescence and early adult-
hood and that ADHD is a risk factor for
conduct disorder, antisocial personality
disorder, and substance abuse.
Neuropsychological studies suggest
that the core deficit in ADHD is a failure to
inhibit or delay motor responses,!! while
sensory detection or early information pro-
cessing is intact.'*"” Phenomenological and
neuropsychological studies'* ' have impli-
cated prefrontal dysfunction in ADHD. In
light of findings of partial left visual field “ne-

glect,” deficits on delayed response tasks,
and poor gating of irrelevant stimuli, Hei-
Iman and colleagues™ proposed a right-
sided dysfunction of frontal-striatal cir-
cuitry for ADHD. This relatively specific
anatomic hypothesis received support from
early imaging studies. Lou and col-
leagues,*® using xenon blood flow in a
heterogeneous group of patients with
ADHD, found striatal hypoperfusion par-
ticularly on the right side, which was re-
versed by methylphenidate. Subsequent
functional imaging studies have been less
clear. Using positron emission tomogra-
phy, Zametkin and colleagues reporied
decreased 2-deoxy-2[*F-glucose uptake in
adults with ADHD,” particularly in fron-
tal regions, but this was not replicated for
adolescent subjects with ADHD.?*?* Fur-
ther, positron emission tomographic stud-
ies of short- and long-term stimulant drug

See guly‘ecits and Methods
on next page
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SUBJECTS AND METHODS

SUBJECTS
Normal Controls

Fifty-five healthy male subjects (mean age, 12.0 years; range,
5.5to 17.8 years) were recruited from the community. Screen-
ing included telephone interview; parent and teacher rating
scales; and in-person assessment, which included physical
and neurological examinations, the 12 handedness items from
the Revised Physical and Neurological Examination for Subtle
Signs,* structured psychiatric interview using the Child and
Parent Diagnostic Interview for Children and Adoles-
cents,* Child Behavior Checklist,*” Conners Parent and
Teacher Rating Scales,” the Vocabulary and Block Design
subtests of the Wechsler Intelligence Scale for Children-
Revised (WISC-R),” and Wide Range Achievement Test—
Revised.* Group means were substituted for two subjects
from each diagnostic group who did not undergo psycho-
logical assessment. Family psychiatric history for first- and
second-degree relatives was ascertained from one or both par-
ents. Individuals with physical, neurological, or lifetime his-
tory of psychiatric abnormalities, or who had any first-
degree relatives or greater than 20% of second-degree relatives
with major psychiatric disorders, were excluded. Approxi-
mately five candidates were screened for each one enrolled,
with the most common exclusions being family psychiatric
history, Conners Teacher Hyperactivity ratings greater than
1 SD above published age norms,” and probable psychiat-
ric diagnosis based on structured interviews.*

Subjects With ADHD

Fifty-seven male subjects with ADHD (mean age, 11.7 years;
range, 5.8 to 17.8 years) were recruited for a National In-
stitute of Mental Health ADHD pharmacotherapy study within
a specialized day treatment program. Fifty-three of them had
been previously treated with psychostimulants, and 56 par-
ticipated in a 12-week double-blind trial of methylpheni-
date, dextroamphetamine, and placebo, as described else-
where.*! A previous study’ used 50 of these patients and 48
of the control subjects. Inclusion criteria were a history of
hyperactive, inattentive, and impulsive behaviors that were
impairing in at least two settings (home, school, or day pro-
gram) and a Conners Teacher Hyperactivity rating greater
than 2 SDs above age mean.”® The DSM-III-R* diagnosis of
ADHD was based on the Diagnostic Interview for Children
and Adolescents with a parent and the patient, and Con-
ners Parent and Teacher Rating Scales.™ Exclusion criteria
were a full-scale WISC-R IQ of less than 80, evidence of medi-
cal or neurological disorders on examination or by history,
Tourette’s disorder, or any other Axis 1 psychiatric disor-
der, with the exception of mild-moderate conduct disorder
{(n=9) or vppositional defiant disorder (n=20). Two sub-
jects met criteria for mild anxiety disorders, and nine sub-
jects had specific learning disorders meeting Axis 11 diag-
nostic criteria, confirmed for reading disorder by discrepancy
(2>1.65) between Woodcock-Johnson Psychoeducational
Battery and WISC-R standard scores.*>*

Assent from the child and written consent from the
parents were obtained. The National Institute of Mental
Health Institutional Review Board approved the protocol.

METHODS

Behavioral Measures

Behavioral measures for patients were obtained after at least
4 weeks off psychoactive medications. Conduct and hy-
peractivity factors were extracted from the Conners Par-
entand Teacher Rating Scales.*** The Continuous Perfor-
mance Test (CPT)* yielded omission (CPT-O) and
commission (CPT-C) errors.

MRI Image Acquisition

All subjects were scanned on the same scanner (1.5-T GE
Signa, Oxford Instruments Inc, Oxford, England). T-
weighted images with contiguous 1.5-mm sections in the axial
and sagittal planes and 2.0-mm sections in the coronal plane
were obtained using three-dimensional spoiled gradient-
recalled echo in the steady state. liaging parameters were
as follows: echo time, 5 milliseconds; repetition time, 24 milli-
seconds; flip angle, 45, acquisition matrix, 256>192; number
of excitations, 1; and field of view, 24 cm. Vitamin E capsules,
wrapped in gauze and placed in each auditory meatus, were
used to help standardize head placement. A third capsule was
1aped to the lateral aspect of the left inferior orbital ridge. The
capsules are readily identitiable on MRI and were used to de-
fine a reference plane and to verify laterality. The patient’s
head was aligned in a padded head holder, so that a narrow
guide light passed through each capsule. A sagittal-
localizing plane was acquired and from this a multiecho axial
series. If all three capsules were not contained within a single
axial section, the patient was realigned until this criterion was
met. Subjects were scanned in the evening to facilitate sleep.
Younger children brought blankets and stuffed animals and
were read to by their parents. Three normal children (ages,
5,7, and 11 years) and two boys with ADHD (ages, 6 and 10
years) were unable to complete the scan because of claustro-
phobia or excessive anxiety. Scans for two normal boys had
excessive motion artifact and were omitted. No sedation was
used for normal subjects. Approximately 15 of the subjects
with ADHD were sedated with oral lorazepam (2 mg) or chlo-
ral hydrate (2 g). Further details are provided elsewhere.”

Image Analysis

Clinical Interpretation. T,-weighed images were also ob-
tained for evaluation by a clinical neuroradiologist. Two con-
trol subjects had an increased T, signal in the left semi-
ovale and right parietal lobe, respectively. One subject with
ADHD who had a subarachnoid cyst in the right temporal
fossa with decrease in volume of the right temporal cortex
was excluded. No other gross abnormalities were reported.
All raters were blind to subjects’ characteristics.

Cerebrum and Cerebellar Quantification. After standard-
izing spatial orientation using midline anterior and poste-
rior commissures (AC-PC line) and the interhemispheric
fissure, a novel image analysis technique was used to re-
move the brain from the intracranial cavity and quantify the
cerebral and cerebellar hemispheres.™ This method models
the brain surface as an elastically deformable structure and
uses an energy minimization function to bring template
surfaces into close correspondence with those of the
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individual brain. The resulting image was then edited
section by section to remove artifacts (dura or eyeballs),
This technique has been validated by comparison with
postmortem specimens and with volumes obtained from
conventional section-by-section hand-tracing through all
axial sections on which brain matter is visible (intraclass
correlation [ICC] =.95). Further details are provided
elsewhere *748

Due to variability in gyral and sulcal patterns, pre-
frontal brain volume was estimated.” A coronal plane
perpendicular to the AC-PC line was used to determine the
volume of brain in front of the most anterior point of cor-
pus callosum for both left and right hemispheres, exclud-
ing temporal lobe. This anterior frontal region overlaps
primarily with prefrontal cortex, but it also includes sub-
cortical white matter. Intrarater [CC for this semiauto-
mated measure was .98,

Subcortical Gray Matter. The caudate (head and body)
and putamen were manually outlined from coronal sec-
tions on a Macintosh II FX workstation using NIH Image
(version 1.55). Since the sum of areas from the odd- and
even-numbered sections correlated highly for the first 20
subjects {ICC = .98), subsequent outlining was done on
every other section. Intrarater reliability (ICC = .89 and .85
for caudate and putamen, respectively) was assessed
initially and periodically during analyses to monitor po-
tential operator drilt. Interrater ICCs were .88 and .84 for
caudate and putamen, respectively.

Globus pallidus, bounded medially by internal cap-
sule and laterally by putamen, was also measured on coro-
nal sections, but included every section, beginning 2 mm
anterior to anterior commissure and proceeding posteri-
orly for a total of 14 mm. Limiting sampling to this do-
main, which encompassed almost the entire globus palli-
dus in the majority of subjects, was necessary to achieve
adequate intrarater (ICC = .85) and interrater (ICC = .82)
reliabilities. This measure does not distinguish internal and
external segments.

Temporal Lobe Structures. Measures of temporal lobe,
amygdala, and hippocampus were manually traced in the
coronal plane. The temporal lobe is readily separated from
frontal and parietal lobes by the sylvian fissure. The tem-
poral stem was divided by a line connecting the most in-
ferior point of the insular cisterns to the most lateral
point of the hippocampal fissure. The coronal section
including the posteriormost aspect of the corpus callo-
sum was arbitrarily designated the temporal lobe poste-
rior boundary (inclusive).* The section containing the
most anterior portions of the mammillary bodies was
used as the amygdala-hippocampus boundary.>*
Intrarater and interrater ICCs for amygdala were .89 and
86; for hippocampus, .89 and .87; and for temporal lobe,
.99 and .98, respectively.

Lateral Ventricles. Lateral ventricular volumes were mea-
sured in the coronal plane using an operator-supervised
thresholding technique that required little subjectivity, yield-
ing high intrarater and interrater reliabilities (1CC=.99).

Midsagittal Area Measures. Corpus callosum area was
obtained from a single midsagittal section reconstructed
from the axial series. Resectioning allows more precise

designation of the midsagittal plane than choosing a “best”
midsagittal section.*” Using the three-dimensional data set,
a line was drawn to bisect the cerebral hemispheres in the
axial plane. From this line, a midsagittal image was recon-
structed in the same plane as the AC-PC line. Criteria to
confirm a midsagittal orientation were patency of the cer-
ebral aqueduct and presence of the septum pellucidum.
An elliptical region of interest was drawn, and, within
this region, a supervised thresholding technique was used
to determine the corpus callosum perimeter x-y coordi-
nates. These coordinates were saved and analyzed along
radial lines to compute areas of seven subregions: ros-
trum, genu, rostral body, anterior midbody, posterior mid-
body, isthmus, and splenium, as defined by Witelson.*?
Intrarater ICC averaged .92 for the corpus callosum
subdivisions.

For quantification of the cerebellar vermian lobules,
we resectioned the axial series to determine the midsagit-
tal plane with reference to vermian structures.” Total
midsagittal area was defined as the sum of vermian lob-
ules [-V, VI-VIL, and VIII-X.** Intrarater 1CC for midsag-
ittal cerebellar area was .86.

Statistical Analysis

Volumetric measurements of the right and left brain
regions (anterior frontal region, caudate, putamen, glo-
bus pallidus, lateral ventricles, amygdala, hippocampus, tem-
poral lobe, and cerebellum) were analyzed by two-way re-
peated-measures analyses of covariance (ANCOVA) (BMDP
P2V software program™) with diagnosis as the between-
subjects factor, side (right and left) as the repeated factor,
and total cerebral volume (TCV) as the covariate. Percent
asymmetry was defined as {(R—L)/[(R+L)/2]) X 100. Mid-
sagittal cerebellar and corpus callosal areas and symine-
tries for bilateral structures were analyzed by one-way
ANCOVA with TCV as the covariate. Since the diagnostic
groups also differed significantly in 1Q subscores, all analy-
ses were retested by ANCOVA with both WISC-R
Vocabulary score and TCV as covariates. Vocabulary
subscore was chosen because it has the highest correla-
tion to full-scale 1Q*® and because we measured it
directly, although results were unchanged when short-
form full-scale 1Q (combining Vocabulary and Block
Design)* was used. Bonferroni tests were used to deter-
mine post hoc significance of least-square adjusted
means.”’

The relations between volumetric and asymmetry mea-
sures and behavioral and demographic variables were ex-
amined with Pearson’s correlations except for CPT errors
(CPT-O and CPT-C), which were nonparametric and for
which we used Spearman’s correlations (SAS Version 6.07,
SAS Institute Inc, Cary, NC). Partial correlations con-
trolled for potentially confounding variables such as age
or IQ. Because of the large number of comparisons, we set
=01 for correlations. Age-related changes in regions that
differed significantly between groups were examined with
linear regression. After significance testing with linear
regression, linearity and constant variance assumptions were
relaxed by use of a “local regression” procedure that
reiained subtle nonlinearities in the data (a “super-
smoother™)*® to yield curvilinear fits to the scatter plots of
structure volumes by age, diagnosis, and side, as shown in
Figure 1and Figure 2.
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Figure 1. Volumes of caudate nuclei in relation to age for 57 boys with attention-deficit hyperactivity disorder (ADHD) and 55 healthy control subjects. Local
regression lines for each group are indicated in the main plot; lingar regression coefficients and lings appear in the upper portion of the graph.
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Flgure 2. Volumes of lateral ventricles in relation to age for 57 boys with attention-deficit hyperactivity disorder (ADHD) and 55 healthy control subjects.
Local regression lines for each group are indicated in the main plot; finear regression coefficients and lines appear in the upper portion of the graph.

treatment in adults with ADHD did not produce consis-
tent changes.?*?

Early computed tomographic studies of children with
ADHD reported nonspecific abnormalities***” that were
not confirmed when quantitative techniques and an ap-

See also pages 574, 577, 585, 595,
617, and 625

propriate contrast group were employed.” In a series of
magnetic resonance imaging (MRI) studies with seven
to 11 children with ADHD compared with control sub-
jects, Hynd and colleagues reported a narrower right fron-

tal cortex,” smaller total midsagittal corpus callosum
area,’® and a reversal of “normal” (reported to be
left>right) caudate asymmetry based on a single 5-mm
axial section.? Two other groups®* also reported sig-
nificantly smaller callosal areas in patients with ADHD.
However, neither group found differences in total cor-
pus callosum midsagittal area: one found differences in
the rostrum and rostral body*?; the other, only in the sple-
nium.® Both studies used small samples (18 and 15 sub-
jects per diagnostic group, respectively), and the latter
found a significant difference only in the splenium when
five stimulant nonresponders were combined with 10
stimulant responders.

In a subsequent report,* the present authors com-
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*ADHD indicates attention-deficit hyperactivity disorder: WISC-R,
Wechsler Intelligence Scale for Children--Revised.

tP<.001.

tP<.01.

§Short Form Full-Scale 1Q using WISC-R Vocabulary and Block Design
subscales.*

pared MRI caudate volumes in 50 boys with ADHD and
48 normal boys. In contrast to findings by Hynd et al,*
a normal right>left caudate asymmetry was found for con-
trols, which was absent in subjects with ADHD (P=.001).
The strengths of this study included a large sample size,
well-characterized patients who were sufficiently im-
paired to participate in controlled stimulant trials, 2-mm
coronal sections to minimize partial voluming effects, and
a wide age range (6 to 18 years) that provided a devel-
opmental perspective.

Herein, we present a comprehensive morphomet-
ric MRI study for an expanded sample. We hypoth-
esized right-sided frontal-striatal abnormalities, and we
included contrast regions for which no abnormalities were
hypothesized. Thus, the present study compared cere-
bral, prefrontal, and basal ganglia (caudate, putamen, and
globus pallidus) volumes and corpus callosum area for
which abnormalities were predicted, as well as explor-
atory analyses of cerebellar, temporal lobe, amygdala, and
hippocampal volumes and midsagittal cerebellar areas.

R

SUBJECTS

Table 1 presents patient and control characteristics. There
were no significant group differences in age, height, weight,
Tanner pubertal stage, or handedness. Scores of WISC-R
Vocabulary and Block Design subscale and full-scale scores
were higher for control subjects (P<<.01), although for both
groups, subtests and estimated full-scale scores were above
average (subscore population mean, 10%3).

MORPHOMETRY

Total cerebral volume was significantly smaller for ADHD
onanalysis of variance (F[1,110]=5.69, P=.02; not shown).
Right hemispheric volume was larger than left for both
groups (F[1,110]=24.33,P=.001), but the between-group
disparity was larger for the right (3.2%) than for the left
hemisphere (4.2%) (F[1,110]=4.62, P=.03). Total cerebral
volume was used as a covariate for all subsequent analyses.

As shown in Table 2, there was a significant (P=.02)
diagnosis-by-side interaction for the anterior frontal re-
gion. Post hoc testing revealed that the groups differed
significantly in right anterior frontal volume (P<.05).

Total caudate volume also did not differ between
groups. The loss of normal right>left caudate asymme-
try in ADHD (reflected in the significant side-by-
diagnosis interaction, P=.006) was due to reduced right
caudate volume for the subjects with ADHD (P<<.05, by
Bonferroni test). This loss of asymmetry was seen across
our entire age range (data not shown).

The left putamen was larger than the right for both
groups, and there were no diagnostic differences with re-
spect to volume or symmetry.

Although both the main effect of diagnosis and the
interaction of diagnosis by side are significant for the glo-
bus pallidus, differences between groups were, again, most
prominent for the right-sided structure (adjusted between-
group difference of 10.3% on the right vs 4.3% on the
left side). There were no age-related changes for globus
pallidus volumes or symmetry. As Table 3 shows, the
absolute magnitude of the right globus pallidus between-
group difference, while highly significant (interaction
P=.005), is only 0.12 mL.

Since some prior studies™* discuss the lenticular
nucleus as a unit (globus pallidus plus putamen), our data
include statistics for this measure (Tables 2 and 3 and
Table 4). The lenticular nucleus retains the left>right
asymmetry of the putamen; no diagnostically relevant
differences were seen.

Midsagittal area was calculated for total corpus
callosum and seven subregions.>>*2 Only total measure-
ments appear in Table 4, but no significant group differ-
ences were found for total region or any subregion.

Cerebellar volume was significantly smaller in
ADHD, although the groups did not differ in midsagit-
tal cross-sectional area.™

Temporal lobe measures revealed a robust right>left
asymmetry for both groups but no group effects. While
ANCOVA suggested smaller amygdala volume for ADHD
(P=.07), unlike our other findings, this was not signifi-
cant when Vocabulary IQ subscale score and TCV were
covaried (P=.19). Overall lateral ventricular volume did
not ditfer between groups, but the left lateral ventricle was
significantly smaller for ADHD than for control subjects.

SYMMETRY

Analysis of symmetry indexes is a common way of com-
paring bilateral structures, although it is comparable tc a
side-by-diagnosis interaction. Symmetry indexes and AN-
COVA statistics are presented in Table 4 primarily for com-
parison to other data sets. A positive symmetry index in-
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Tabie 2. Repeated Méasures ANGD.VA for Diagnosis, Side, and Diagnosis by Side Interactions
for Brain Volumes of 57 Boys With ADHD and 55 Controls®

‘ ‘Side fmagnasisx‘:sm
s 1 o ; ]

Lateral ventricles.

E . P . F P , . Comment

Anterior frontal region 342 07 5.64 582 Control>ADHD only of right
Caudate ' 1158 001 o T.94 ,006 Controlz=ADHD only on right
Putarrien e 119.91 o001 0 8 L
Globusg pallidus . 017 58 L8B4 .005 Controb=ADHD right and. Jeft;
G : : effect larger on right
 Lenticular nucleus 18 78.86 0001 313 08 i
~ Cerebelium g5 3.60 .06 1,81 A8 Corrol>ADHD
Temporal lohe i 25.54 0081 . 043 B L
Amygdala o o7 8.60 004 3.0 09
Hippocampus - 15 104 02 141 30

30 362 06 461 0 Gontrob=ADHD onty on left;

control left=control right

* ANCOVA indicates analysis of covariance (covarying for total cerebral volume; df=1,104-110, due to missing data); ADHD, attention-deficit hyperactivity

disorder. Statistically significant values are holdfaced.

Table 3. Unadjusted and Adjusted Mean Valumes for 57 Boys With ADHD and 55 Controis*
‘ ‘ ’ Volume, mL
- S
Unadiusied Meanst8Ds Adjusted Least Square Meanst
b I i
Loft Right ' Loft Right
f i { R {
o ADHD Cantrols ADHD comeals | 'WOHD  Controls  ADHD  Controls
. Cerebral volume. 557.38=582 58164653  561.52x588 592192632 ... . .. ...
- Anterior frontal region 80.03%158 82.83x15.2 7941147 87.84+13.2 81.82 80.93 81.20 85.94
Caudate 48706 499+0.6 48807 514505 4.93 492 4.95 507
 Putaren 550=06 560405 595+05 53904 553 557 5.29 535
Globus pallidus 113202 1.18%0.2 110201 122202 113 1.18 1.10 1.22
- Lenticular nucleus 663206 67906 536206 561205 6:66 .76 640 6.58
Cerebelium 77982114 86.31 2168 80.30:x11.9 86.83::17.3 78:65 84.86 8167 85.38
Temporal lobe 84,1363 8868119 B7.46=95 9301103 85.32 87.46 88.66 91.79
- Amypdala 2.23+05 23405 229::0.5 2,56=0.5 225 233 2.30 2.85
| Hippocampus 457207 455%04 4.752:0.7 485405 461 451 478 460
Lateral ventriclss 496228 590=35 500426 §20+32 4.96 5.90 5.00 5.92

*ADHD indicates attention-deficit hyperactivity disorder.
tAdjusted for total cerebral volume.

dicates right>>left and is seen for control subjects for all
structures except for putamen, lenticular nuclei, and ven-
tricles. Significant decreases in asymmetry are noted for the
boys with ADHD in the cerebral hemmispheres, anterior fron-
tal region, caudate, and globus pallidus.

AGE-RELATED CHANGES

Caudate volume decreases with age for control subjects
between 6 and 12 years old in this cross-sectional analy-
sis. This is reflected in a significant negative slope (for
right plus left caudate, B=—0.12 mL/y, P=.01), which is
greater in magnitude than in subjects with ADHD
(8=—0.03 mL/y, P=.60), although between-group dif-
ferences were not significant (z=1.16, P>.20). Figure 1
presents these data along with local regression curves,
with linear regressions shown in inset boxes.

Since ventricular volumes change significantly with
age in normal male subjects in this age group,** age-
related effects were examined. Ventricular volume in-

creased significantly with age for normal male subjects
(B=0.48 and 0.43 mL/y for right and left ventricles, P<<.001
and P=.002, respectively), while for subjects with ADHD,
there were no significant age-related changes (right §=.13
ml/y, P=.21; left B=.08 mL/y, P=.51). Slopes for right,
left, and total ventricular volumes differed significantly
between diagnostic groups (z=1.96, 2.07, and 2.12, re-
spectively; P<.05).

A “super-smoother” analysis of lateral ventricular
volume detected a significant slope change point at age
11 years for the normal boys. Prior to that age, the non-
significant age slope was 0.08 mL/y, increasing to 2.19
mL/y after age 11 years (P=.03).® No significant age
changes in slope were seen for the ADHD group (see Fig-
ure 2).

ABILITY TO DISTINGUISH BETWEEN GROUPS

A stepwise discriminant function using jackknife vali-
dation was performed, which included all measures (in-
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‘Table 4. Unadjusted aml Aﬂiusted Means and ANCOVA for Subjects Wlth A»EJHD and can!fols*
. . Adinstad Least Sciuam
Unad]usted Meaas+SBs . mmt
, : Contols ,Aortn  reonh
- _ RDHD (n=57) _ (n=B8) QM'T) . (ME)
- Total carebral volume, L . 1118901163 11.73,83:127.2; .
: . Area measures, mm? ‘ : . G
f; | Cerebellum 11353121640 1711821160 f4200 etz a4
- Corpus callosum 625.5483.2 6069£798 BN BME9 016 68
| Symmetry measures, %3 o o o o
[ Gerebrum S 0.7=24 1.9::3.3 : S e
i Anterior froal region ~06+16840 83143 ~0479 0z
Gaudate 00954 2.9+45 . 0.26 ey ‘
Putamen : 44243 o ~39+40 —4.41 58
Globus paltidus ~24%11.3 34205 -2.65 S 008 ’
" Lenticular nucleus 4144 ~2.6238 ~4.13 oo
i) - Gerebellum 3.82133 BAz117 § A8
fy Temporal lobe 3.9+83 53285 3.76 a3
‘ Amygdala 231224 934236 : 210 AL
Hipposampus 40294 18100 oA 2
— Lateral ventriles 052299 =11.5430.2 ~0.99 08
*ANCOVA indicates analysis of covariance; ADHD, attention-deficit hyperactivity disorder.
- tAdjusted for tolal cerebral volume; df=1,104-110 due to missing data.
- tPercentage of asymmetry defined as {(R—L)/[(R+L)/2)]Ix 100. Statistically significant values are boldfaced.
4
cluding asymmetry scores). Right globus pallidus vol- IQ-MATCHED ANALYSIS
s ume, caudate symmetry, and left cerebellum volume
- emerged, in that order, as significant, independent pre- Analysis of variance was also performed for a subgroup of
| dictors of group membership. These three measures cor- ADHD and control subjects matched by WISC-R Vocabu-
; rectly classified 72% of 106 subjects (the number of sub- lary score. The groups thus defined, composed of 44 sub-
] jects was smaller owing to missing data; 78% of the jects with ADHD and 55 normal control boys, did not dif-
) subjects with ADHD, and 65% of the control subjects) fer significantly on age, height, weight, Tanner pubertal
} and together accounted for 27% of total variance. When stage, Block Design score, or full-scale 1Q} (short-form for
*;’ TCV was forced in as the first variable, the classification control subjects).”® The results were virtually identical to
‘ remained virtually unchanged, with 72% of subjects (75% those shown in Tables 2 through 4 except that the group
3 of subjects with ADHD, 69% of control subjects) cor- difference in total cerebral volume (diagnosis analysis of
y rectly classified and 29% of total variance accounted for. variance F[1,97]=1.87, P=.17) was no longer significant.
ANATOMIC-BEHAVIOR CORRELATIONS — e
Within the ADHD group, Full-Scale WISC-R 1Q score This is the first comprehensive regional morphometric
ects correlated with total cerebral volume (n=57, r=.32, P=.01) analysis of ADHD and age-matched healthy boys. Using
001 and with right and left prefrontal regions (n=33, r=.43, large samples, thin MRI sections, and highly reliable mea-
HD, and r=.40, respectively, P<{.003). Within the relatively surement algorithms, we found subtle yet statistically ro- |
=13 restricted range of the healthy control subjects, similar, bust hypothesized between-group differences in the right !
ght, but attenuated, correlations were also found (right pre- anterior frontal region'*'%!® (approximating prefrontal
ntly frontal regions correlated significantly with Vocabulary gray and white matter volumes), right caudate,''**"** and |
, Te- (n=52, r=.33, P=.016), while left prefrontal correlations globus pallidus,% most prominently on the right side. Un- ’ 3
were not significant (r=.20). expectedly, we did not replicate prior reports of differ- |
ular Correlations within the ADHD group between re- ences in corpus callosum,**3%% nor did we find ex-
age gions differing across groups and ratings of ADHD se- pected differences in putaminal volume or symmetry.
1on- verity, demographics (Hollingshead socioeconomic sta- Exploratory analyses were generally negative except in ’ |
2.19 tus), perinatal risk taken from the Diagnostic Interview lateral ventricles, where age-related changes appear to di- ‘
age for Children and Adolescents,®? as well as a measure of verge, and in cerebellar volume. ;
Fig- learning disability (reading discrepancy score)*® showed Our groups differed significantly in IQ scores. Since J
asignificant association (at a<<.01) between caudate asym- 1Q differences may be intrinsic to ADHD,* we did not co- f
metry index and prenatal, perinatal, and infancy vary IQ (or its surrogate, Vocabulary) in primary analy-
PS complications (n=47, r=-.42, P=.003). Decreased (nor- ses.® However, results were essentially unchanged after co- 5
mal) caudate asymmetry was associated with increas- varying 1Q alone, when combined with TCV (data not ’
vali- ing perinatal risk in the ADHD group and not in the presented), or when IQ-matched subgroups were com-
(in- healthy boys. pared. Itis also worth noting that while socioeconomic sta-

ARCH GEN PSYCHIATRY/VOL 53, JULY 1996
613




i

tus correlated significantly with full-scale IQ in ADHD sub-
jects (n=32, r=— 43, P=.001), it did not correlate significantly
with any brain regions, including total cerebral volume.

In normal adults, three independent groups have now
reported right™left caudate asymmetry.**% In the largest
of these studies, as with our pediatric normative study,*
the magnitude of the asymmetry is also quite modest (3.9%
in normal male subjects), but the level of statistical signifi-
cance is very high (F[1,179]=84, P<.001).% Lateral ven-
tricles were significantly larger on the left side for our nor-
mal subjects, as was also noted in adult samples.*®** Lack
of normal asymmetry has been reported in neuropsychi-
atric disorders linked to early neurodevelopmental devia-
tions," " including dyslexia,™" Tourette’s disorder,**' and
schizophrenia,*%"> We found diagnostic differences in
asymmetry in our measures of prefrontal cortex, caudate,
globus pallidus, and lateral ventricles as well as in the ce-
rebral hemispheres. We speculate that an early, presum-
ably fetal, event affecting normal development of asym-
melry is etiologically related to ADHD. In this respect, the
significant correlation between decreased normal caudate
asymmetry and a measure of pregnancy, delivery, or in-
fancy complications is of great interest. If replicated, the
“markers” for ADHD reported here may be useful for fu-
ture high-risk, genetic, and treatment studies.

There are several limitations of this study. The ab-
sence of true boundaries for most brain regions neces-
sitates manual tracing of individual sections. When clear
boundaries are adopted, highly reliable morphometry is
possible. However, arbitrary boundaries inherently limit
validity. For example, some groups only quantify the head
of the caudate,”® whereas we included both head and body,
but not the tail. Likewise, in globus pallidus, we limited
our mensuration to a seven-slice “frame,” which did not
always include the entire structure. Thus, in spite of blind
and reliable ratings, diagnostic differences may not be
strictly comparable across studies.

Given the variability of sulcal and gyral patterns be-
tween even genetically identical individuals’""® and cur-
rent methodological limits, valid subdivision of cortical
regions was not feasible. Qur estimate of anterior fron-
tal region is susceptible to between-group shape differ-
ences in corpus callosum and includes both gray and white
matter, which diverge with increasing age.”" The find-
ings of age-related changes in lateral ventricular and cau-
date volumes suggest that, in ADHD, a more general pro-
cess possibly linked to synaptic pruning® may continue
into adolescence. A prospective longitudinal study of pa-
tients and control subjects is under way to validate these
maturational differences. Technical advances are needed
for gray-white segmentation and quantification of other
relevant regions, such as nucleus accumbens, anterior cin-
gulate gyrus, and thalamus.

Because almost all (93%) subjects with ADHD had
been exposed to stimulants, we cannot be certain that
our results are not drug related. A replication study with
stimulant-naive boys with ADHD is under way. Our find-
ings for male individuals, if replicated, need to be ex-
tended to female individuals with ADHD.

The differences that we found in the caudate and
not in the putamen are consistent with preclinical stud-
ies implicating caudate lesions in hyperactivity.®'# The

lack of differences in putaminal volumes between sub-
jects with ADHD and control subjects is consistent with
the hypothesis that the ADHD-relevant corticostriatal-
thalamocortical circuits are those that link the caudate
and prefrontal regions such as orbital-frontal cortex,"!
rather than the parallel circuits linking the putamen and
motor or supplementary motor cortex,” which have been
linked to Tourette’s disorder.®*!

Comorbidity between ADHD and oppositional de-
fiant disorder, conduct disorder, and with specific learn-
ing disorders is well established."*## It has been ar-
gued that most of the impairment associated with ADHD
is actually owing to comorbid conditions and that ADHD
is merely a variant of normal exuberant behavior.*® We
examined this question by comparing all measures in our
55 control subjects with those in the 48 subjects with
ADHD without a specific learning disability and in the
28 boys with ADHD who did not have either opposi-
tional defiant disorder or conduct disorder. In both cases,
all of our hypothesized findings remained statistically sig-
nificant. In fact, despite decreasing our ADHD sample by
half, this subanalysis was even more robust for the 28
subjects with ADHD and without comorbid disruptive
behavior disorders. Finally, although our groups did not
differ in handedness, we reanalyzed our results for only
strongly right-handed subjects and found no differ-
ences from our primary analyses for this subset of 46 boys
with ADHD and 48 control subjects.

Reports on morphologic characteristics of the cor-
pus callosum morphometry in ADHD have been incon-
sistent. Three independent groups, using small samples,
found diagnostic differences in three different regions.
In the present large sample, we fail to replicate our own™
and our colleagues™®* work. Our sample was relatively
“clean,” with only nine subjects (16%) having had spe-
cific learning disorders. The possibility that corpus cal-
losal differences may be more pertinent to comorbidity
with developmental disorders should be explored.®”#

There were no diagnostically relevant differences in
the total temporal lobe, amygdala, or hippocampus. Since
the amygdala and hippocampus partially overlap when
measured in the coronal plane, the volumes that we ob-
tained are not independent, and our negative findings
should not be taken as definitive. However, we hypoth-
esized that temporal lobe structures would not differen-
tiate the groups based on reports of intact posterior
parietal® and temporal lobe performance® in ADHD in
the face of subtle deficits in tasks that require prefrontal
involvement.®*?

Decreased cerebellar volume, if replicated, is in-
triguing in light of recent anatomic,” clinical,”* and func-
tional® results, suggesting that the cerebellum may have
a prominent role in cognitive processes and executive
functioning.?>%

In summary, we have found decreased volume of sev-
eral candidate brain regions previously hypothesized to be
involved in the pathophysiology of ADHD, ie, prefrontal
cortex,*1%1% caudate nucleus,’”'**1* and globus palli-
dus,® predominantly on the right side. These support other
converging evidence that a lack of normal asymmetry me-
diates the expression of ADHD.!##°1% In humans, the
functional significance of basal ganglia asymmetry is un-
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known. Interestingly, a study of rats not demonstrating the
usual behavioral side preference reported them to be “the
most active and the poorest overall learners on all tasks stud-
ied.”'* Lateralized rodent behavior has been associated with
asymmetric basal ganglia neurochemistry.'®'% These ob-
servations led to the suggestion that rats that exhibit low
behavioral asymmetry may serve as an animal model of
ADHD.'® Other indirect evidence for the right-
hemisphere abnormality in ADHD comes from positron
emission tomographic studies in normal adults, in which
the right hemisphere was preferentially activated in vigi-
lance tasks.''™!! In ADHD, subtle left-hemisphere “ne-
glect” is normalized by administration of methylpheni-
date 10210312113 The sionificance of basal ganglia asymmetry
is being examined in functional imaging studies.
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