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Background: Magnetic resonance imaging (MRI) studies have shown decreased caudate volumes in individuals with attention deficit
hyperactivity disorder (ADHD). However, most of these studies have been carried out in male children. Very little research has been
done in adults, and the results obtained in children are difficult to extrapolate to adults. We sought to compare the volume of the caudate
of adults with ADHD with that of healthy controls; we also compared these volumes between men and women. Methods: We performed
an MRI scan on 20 adults with ADHD (10 men and 10 women) aged 25–35 years and 20 healthy controls matched by age and sex. We
used voxel-based morphometry with the DARTEL algorithm for image analyses. We used the specifically designed Friederichsen,
Almeida, Serrano, Cortes Test (FASCT) to measure the severity of ADHD; both the self-reported (FASCT-SR) and the observer
(FASCT-O) versions were used. Results: The statistical parametric map showed a smaller region with low grey matter volume and a
smaller concentration of grey matter in this region of the right caudate in ADHD patients than in health controls, both in the entire sample
and within each sex. There was a significant correlation between the volume of this region of the caudate with the number of DSM IV-TR
criteria, as well as with the total scores and most of the factors of the FASCT-SR and FASCT-O scales. A separate correlation analysis
by sex gave similar results. Limitations: The study design was cross-sectional. Conclusion: The region of the right caudate with low
grey matter volume was smaller in adults with ADHD in both sexes and was correlated with ADHD severity.
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Introduction

Follow-up studies have found that 5%–66% of children with
attention deficit hyperactivity disorder (ADHD) continue to
have this disorder into adulthood.1 In addition, ADHD is more
frequent in boys than girls.2 As of 1990, there have been many
structural magnetic resonance imaging (MRI) studies involv-
ing ADHD individuals,3-5 but most research has focused on pa-
tients aged 9 to 15 years, and the majority (95%) of samples
have included only male patients. Despite the homogeneity of

the samples, there have been many contradictory findings,
likely owing to differences in experimental methods, particu-
larly those used to measure the encephalic structures.6

Valera and colleagues4 a meta-analysis of the data from 21
non–voxel based morphometry (VBM) studies involving pa-
tients with ADHD.4 They concluded that the regions most
frequently assessed and displaying the largest differences in
ADHD individuals included the cerebellar regions, the sple-
nium of the corpus callosum, the total and right cerebral re-
gions and the right caudate.
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However, another meta-analysis that included 7 VBM
studies showed that the putamen and globus pallidus were
smaller in youth (9.9–15.4 yr) with ADHD.7 A more recent
study that involved manual tracing and large-deformation
diffeomorphic metric surface mapping in 47 children with
ADHD and 66 healthy controls found that the putamen, cau-
date and globus pallidus were smaller and abnormally
shaped in children with ADHD.5 These contradictory find-
ings stress the need for further research.

The abnormalities in the volume of the caudate nucleus
and other basal ganglia8 make sense because these regions
have a role in diverse cognitive functions (e.g., language,9

learning and memory,10,11 attention12 and control of behav-
ioural responses13,14 ). The results of diverse studies of the
anatomic features of the caudate in ADHD patients have
been contradictory. Some studies have reported that the right
caudate nucleus is smaller in children with ADHD,4,15–17

whereas others have found that only the left caudate is
smaller in ADHD individuals5 or that there is no difference.18

Another study found that the total volume of the caudate
was smaller in individuals with ADHD but that this differ-
ence disappeared during adolescence.19

Structural studies involving adults with ADHD are lim-
ited, despite the fact that the prevalence of adult ADHD in
the general population is 4.4%20 and only about 10% of pa-
tients with childhood ADHD achieve functional remission at
18–20 years of age.21 These findings clearly support the pres-
ence of ADHD in adults.20,22,23 There have been 4 structural
MRI reports regarding morphologic abnormalities in adults
with ADHD.24–27 Two studies did not report an analysis of the
subcortical structures,24,25 and the other 2 studies26,27 reported
that there was no difference in the volume of the caudate nu-
cleus between adults with ADHD and healthy individuals.

It is important to mention that the latter 2 studies26,27 used
nearly identical sample populations, which suggests that too
few adults with ADHD have been studied to yield definite
conclusions about the structural features of this disease in
adults. Additionally, to the best of our knowledge, there are
no published studies investigating a correlation between the
severity of ADHD and structural measures of the caudate,
and there have been no straightforward comparisons be-
tween adults with ADHD and controls by sex performed in
an independent fashion. Therefore, we attempted to study
the structural features of adults with ADHD because, al-
though ADHD is considered a primarily childhood disorder,
it is important to acknowledge the low rate of functional re-
mission and the few available data about the structural fea-
tures of ADHD in adulthood.

Our aims were to compare the concentration of grey mat-
ter and the volume of the caudate nucleus in adults with
ADHD and to compare these characteristics by sex.

Methods

Participants

We included 20 unmedicated adults with ADHD, combined
type, diagnosed according to the Diagnostic and Statistical Man-

ual of Mental Disorders, 4th Edition, Text Revised (DSM-IV-TR)
criteria and the Mini International Neuropsychiatric Interview
plus version 5.0 (MINI).28 We included patients aged 25–35
years, and 50% were women. We included 20 healthy individ-
uals as controls, who were matched to the ADHD patients by
age, sex, body mass index (BMI) and intelligence quotient (IQ).
We excluded individuals with a current or previous neuro-
logic or psychiatric disease other than ADHD, general medical
illness, an IQ less than 85 points, a history of substance abuse
or dependence or stimulant treatment, or any abnormality on
the MRI scan. We also excluded patients who met the DSM-
IV-TR criteria for ADHD, predominantly inattentive type, and
ADHD, predominantly hyperactive/impulsive type.

A certified neuroradiologist (A.F.-B.), who was unaware of
the individual’s identity, evaluated all MRI scans. The control
and ADHD individuals were recruited from the general com-
munity of the urban areas of Querétaro City and México City
by means of an open invitation poster. The study took place
from March 2006 to February 2008.

After having fully explained the study to all participants,
written informed consent was obtained. Certified physicians
obtained a full medical history and performed a physical ex-
amination of each participant. The Institutional Review Board
of the General Hospital of Querétaro, México, approved the
study protocol and the informed consent document.

Clinical measures

The diagnosis of ADHD was made using the MINI-plus
(Spanish version) for all participants by 2 experienced, certi-
fied psychiatrists. The kappa agreement index for the diagno-
sis of adult ADHD between the 2 psychiatrists was 0.85 (p <
0.001). To quantify the severity of ADHD and to correlate
severity with the volumes of the brain structures, we used
both versions of the Friederichsen, Almeida, Serrano, Cortes
Test (FASCT):22 the self-reported (FASCT-SR) and the ob-
server (FASCT-O) scales. The FASCT scale was specifically
developed to assess ADHD in adults.

The mother of each patient completed the FASCT-O. Al-
though the FASCT was designed to screen and measure the
severity of ADHD in adults, the agreement kappa indices for
the diagnosis of ADHD between the semistructured inter-
view (MINI-plus) and a FASCT-SR or a FASCT-O score of 23
points or greater were 0.82 and 0.88, respectively. The
FASCT-SR has 3 factors: hyperactivity and deficits in mem-
ory; organization and functional impairment; and low frus-
tration tolerance. The FASCT-O scale has 4 factors: hyperac-
tivity and memory; organization and functional impairment;
low frustration tolerance; and legal problems. More detailed
information about the FASCT scale has been published else-
where.22 All participants were tested on the Weschler Adult
Intelligence Scale, 3rd edition (WAIS-III)29 by a certified 
neuropsychologist.

Data acquisition

A 1-T Philips new Intera MRI machine (release 10.3; Philips
Medical Systems) was used for all scans. A fast-field echo T1



3-dimensional (3-D) volumetric sequence produced 190 con-
tinuous 1.0-mm thick coronal slices without any gaps be-
tween slices.

The acquisition parameters were echo time 6.9 ms, repeti-
tion time 25 ms, flip angle 30°, acquisition matrix 230 ×
230 mm, field of view 256 mm and voxel size 1.0 mm3. The
MRI scanner was located at the Instituto de Neurobiología
Universidad Nacional Autónoma de México, Campus Ju-
riquilla Querétaro, México. There were no variations in the
acquisition, such as the use of different scanners, scanner up-
grade or changes in pulse sequence. No equipment calibra-
tion was done during the MRI scanning phase of the study.

Data processing

Voxel-based morphometry 
We used the Statistical Parametric Mapping software version
5 (SPM5; Wellcome Trust Centre of Neuroimaging, Institute
of Neurology, University College of London) and Matlab
R2007a (version 7.4.0) to analyze the MRI data. To improve
the registration of the MRI images, we used the diffeomor-
phic anatomic registration through exponentiated Lie algebra
algorithm (DARTEL).30–32

The DARTEL technique was developed to analyze defor-
mations in terms of spatial transformations by applying con-
cepts from differential geometry (e.g., diffeomorphism and
Lie algebra), which were introduced to study infinitesimal
transformations. Deformations are parameterized by a flow
field or slope field and are considered a member of Lie alge-
bra, which is exponentiated to produce a deformation field,
defining an objective function that is optimized locally in
terms of a nonlinear extended least squares technique
known as the Levenberg–Marquardt strategy. This tech-
nique is an iterative procedure that locates the minimum of a
function in terms of the combination of the square of nonlin-
ear functions. Once the objective function is built, the para-
meters that describe a spatial transformation between the
source and reference (template) images are optimized, con-
sidering the template as a deformable probability density.33

The DARTEL technique is superior to standard VBM because
it improves registration using the Levenberg–Marquardt
strategy. We used a constant Eulerian velocity framework,
which allows a rapid scaling and squaring method to be used
in the computations.

Because DARTEL produces a more accurate registration,
it improves the sensitivity of finding differences and localiz-
ing differences between groups in the concentration of grey
or white matter. This is because the images processed by
DARTEL require less smoothing (full-width at half-maxi-
mum [FWHM] Gaussian kernel 8 mm instead of 12 mm, as
is usually used in standard VBM), thus improving the inter-
pretation of the results.30,31

We performed smoothing using a Gaussian kernel with a
FWHM of 8 mm. We chose this parameter because the detec-
tion of the differences between groups would be greater, ac-
cording to the study by Davatzikos and colleagues.34 The final
step was to convert these images to the Montreal Neurologic
Institute (MNI) space. This was achieved by matching the

grey matter component of the template with a probability
map of grey matter tissue in MNI space. Afterwards, the spa-
tial transformation that maps from MNI space to the space of
the DARTEL template was combined with the deformations
estimated by DARTEL for each individual.

Volume calculations 
We performed a search for small volumes of interest in the
global maxima of SPM5 using a sphere whose radius pro-
vided statistically significant p values at the cluster and voxel
levels. With this sphere radius, a 3-D sphere mask image
with a radius equal to the radius used in the small volume-
of-interest search was constructed by use of the WFU PickAt-
las tool (version 2.4). We used this mask to calculate the vol-
ume for each participant where SPM showed statistical
differences in the concentration of grey matter between
groups. The number of voxels that met the p value threshold
produced a “bulb” whose size allowed us to perform a small
volume search using a sphere of 10 mm for the whole sample
and 5 mm for the analysis by sex. We chose these values be-
cause a greater radius exceeded the significance level and a
lower one would not have covered the entire portion of the
statistical difference between groups shown by the whole-
sample SPM analysis.

When we compared healthy and ADHD women and
healthy and ADHD men, the SPM analysis showed a bulb
with a smaller size than the one obtained in the whole-
sample analysis. Thus, the sphere radius was set at 10 mm to
create the 3-D mask to calculate the volume for each partici-
pant when comparing all healthy and ADHD participants.
We chose a sphere radius of 5 mm to create the 3-D mask to
calculate the volume for each participant in the sex compari-
son. The 3-D mask was built on the MNI coordinates where
SPM showed the maximum statistical difference between
groups. We applied this mask to the SPM.mat file that con-
tained the statistical information for the 40 individuals (or 20
in the case of the sex analysis). This mask was applied to
each individual scan with the SPM5 extension known as
“volumes toolbox,” which gives the volume of the portion of
grey matter of each individual where SPM showed statistical
differences between groups.

Statistical analyses

We used the χ2 test for nominal characteristic data. We used
the Fisher exact test if any of the expected frequencies were
less than 2 or if more than half of the expected frequencies
were less than 5. For numerical data, we used a t test or the
Mann–Whitney U test, according to the result of a test for
normality (Kolmogorov–Smirnov, Lilliefor correction).

We calculated either Pearson (r) or Spearman (rho) coeffi-
cients (depending on the distribution of the data), and we
used these coefficients to analyze the correlation between
clinical measures and the volume of the portion of the cau-
date where SPM found statistical differences between the
ADHD patients and healthy controls. All tests were 2-tailed.35

These analyses were carried out using the Statistical Package
for the Social Sciences (version 17, SPSS Inc.).
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Grey matter concentration
For the whole-brain analyses, we analyzed the data using a
t test for 2 samples, which was included in the SPM5 soft-
ware. We selected a p value threshold of 0.001 for 20 voxels.
Our intention was to find a cluster of at least 20 voxels whose
concentration of grey matter had a low probability of being
equal between healthy controls and ADHD patients.

Once the SPM of the whole brain was obtained, we per-
formed a small volume search at the MNI coordinates x = 18,
y = 6, z = 22 and x = 18, y = 2, z = 44 (right caudate) using a
sphere with a radius of 10 mm. At the voxel level, the p val-
ues were corrected for multiple comparisons, and a family-
wise error (FWE) and false discovery rate (FDR) corrections
were applied to the voxels that built the cluster that reached
significance at the cluster-level.

To detect structural differences or similarities between
healthy male or female controls and ADHD men or ADHD
women, respectively, we performed a separate statistical
analysis. The contrast parameters for both sexes were a 
p value threshold of 0.001 and a threshold of 20 contiguous
voxels. For men, a small volume correction was used at MNI

coordinates x = 21, y = 9, z = 18 (right caudate) using a sphere
with a radius of 5 mm. For women, the small volume correc-
tion was used at MNI coordinates x = 21, y = 9, z = 18 (right
caudate) using a sphere with a radius of 5 mm.

After obtaining the volume of the grey matter in each indi-
vidual where SPM showed a statistical difference, we per-
formed a 2-tailed t test for independent groups (previous
normality test of Kolmogorov–Smirnov, Lilliefor correction)
to compare the proportional grey-matter volume of the right
caudate between healthy controls and ADHD patients. The
same statistical analysis was used to compare the volume in
healthy women and ADHD women and in healthy men and
ADHD men. This test was 2-tailed and was done with SPSS
version 17.

Results

There were no differences in demographic variables (e.g., age,
sex, somatometric parameters, income level and IQ) between
healthy controls and ADHD patients (Table 1). All participants
were right-handed Hispanic people. The ADHD patients more

Table 1: Sociodemographic, psychometric and clinimetric characteristics of the study participants

Group; mean (SD)*

Characteristic Healthy control ADHD T38* p value

Age, yr, mean (SD) [range] 27.57 (2.6) [25–35] 28.95 (4.01) [25–35] –1.2 0.21 

Sex, male:female, no. (%) of
participants

10 (50) : 10 (50) 10 (50) : 10 (50) χ
1

2 = 0.0 1.0

Weight, kg 66.52 (10.20) 72.47 (12.32) –1.6 0.10 

Height, m 1.64 (0.08) 1.67 (0.07) –1.2 0.21 
Body mass index 24.42 (2.35) 25.64 (2.44) –1.3 0.20 
Right-handed, no (%) of participants 20 (100) 20 (100) —

Hispanic, no. (%) of participants 20 (100) 20 (100) —

History of school problems, no.
(%) of participants† 

1 (5) 8 (40) 0.02§

Education, no. (%) of participants‡

Junior high school 0 (0) 2 (10) 0.49§

Senior high school 2 (10) 4 (20) 0.66§

College or university 11 (55) 8 (40) 0.34§

Postgraduate 7 (35) 6 (30) 0.74§

Monthly income, no. (%) of participants χ
1

2 = 1.1 0.28

US$2692–6461 16 (80) 13 (72)

> US$5638 4 (20) 7 (35)

WAIS-III score

Verbal scale 102.55 (9.61) 103.95 (10.05) –0.4 0.65 

Executive scale 99.25 (11.46) 103.55 (10.47) –1.2 0.22

Total 100.15 (11.51) 102.85 (10.17) –0.7 0.43

DSM-IV criteria

Inattention 0.40 (0.68) 7.60 (1.18) U = 0.0
Z = 5.7

< 0.001

Hyperactivity/impulsivity 1.30 (1.83) 6.65 (1.81) – 9.6 < 0.001

FASCT

Self-reported score 10.85 (5.81) 34.00 (6.67) –11.8 < 0.001 
Observer score 11.45 (9.43) 29.10 (8.44) –6.2 < 0.001 

ADHD = attention deficit hyperactivity disorder; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th edition;
FASCT = Friederichsen, Almeida, Serrano, Cortes Test;22 SD = standard deviation; WAIS-III = Weschler Adult Intelligence
Scale, 3rd edition.29

*Unless otherwise indicated.
†Including academic achievement and misconduct problems.
‡Maximum education degree obtained.
§The Fisher exact test.



frequently had a history of school problems than did the
healthy adults (40% v. 5%, p = 0.02). The mean number of
DSM-IV-TR criteria for inattention among adults with ADHD
was 7.60 (standard deviation [SD] 1.18) and 0.40 (SD 0.68) for
healthy controls (Mann-Whitney U = 0.00, Z = 5.73, p < 0.001).

The mean number of hyperactivity/impulsivity criteria
was 6.65 (SD 1.81) for ADHD individuals and 1.30 (SD 1.83)
for healthy controls (t38 = –9.63, p < 0.001). The mean score on
the FASCT-SR scale was 34.0 (SD 6.67) points for ADHD pa-
tients and 10.85 (SD 5.81) points for healthy controls (t38 =
–11.8, p < 0.001). The mean FASCT-O score was 29.10 (SD
8.44) points for ADHD patients and 11.45 (SD 9.43) points for
healthy participants (t38 = –6.23, p < 0.001; Table 1).

Grey matter concentration

The results for the whole sample are shown in Figure 1. Note
that there is a statistical difference in the right caudate be-
tween groups. In both sexes, there were significant differences
between ADHD patients and healthy controls in the right cau-
date. For the whole sample the cluster-level results at MNI co-
ordinates x = 18 mm, y = 6 mm, z = 22 mm (right caudate)
were pcorr = 0.004 and expected voxels per cluster (Ke) = 147.

The voxel-level values were as follows: pFWE-corr = 0.014, 
pFDR-corr = 0.004, t = 4.04, and Z = 3.67. At MNI coordinates x =
18 mm, y = 2 mm, z = 44 mm (right caudate), the voxel-level
values were pFWE-corr = 0.016, pFDR-corr = 0.004, t = 3.60, Z = 3.60;
FWHMestimated = 10.6 mm, 11.7 mm and 10.7 mm; resel count =
3.2; and voxel size = 1.5 mm, 1.5 mm, 1.5 mm.

The comparison between healthy men and ADHD men
gave the following results: cluster-level pcorr = 0.034, Ke = 77;
voxel-level pFWE-corr = 0.047, pFDR-corr = 0.010, t = 3.10, Z = 2.74;
FWHMestimated = 10.2 mm, 11.2 mm, 10.3 mm, and resel

count = 1 (Fig. 2). The contrast between healthy women and
ADHD women gave the following results: cluster-level pcorr =
0.049, Ke = 56; voxel-level pFWE-corr = 0.039, pFDR-corr = 0.017, t =
3.30; Z = 2.88, FWHMestimated = 10.4 mm, 11.5 mm, 10.4 mm,
and resel count = 1.

Grey matter volume 

For the whole sample, the calculated volume of the portion of
the right caudate that showed a low concentration of grey
matter was 580 mm3 (SD 0.08) for healthy controls and 525
mm3 (SD 0.05) for ADHD patients (t38 = 2.59, p < 0.001). The
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try showed statistical differences between 10 controls and 10 adults
with attention deficit hyperactivity disorder (left) in men and (right)
women. The statistical parametric mapping (SPM) projection over
the Montreal Neurological Institute T1 template is shown. The SPM
contrast was set at a p value threshold of 0.01 and a voxel thresh-
old of 20. The settings for small volume correction in men with a
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results of the comparisons between healthy women and
ADHD women are presented in Figure 3. The ADHD men
and women both had a smaller volume of the portion of the
right caudate with low-concentration grey matter than their
respective healthy controls.

Correlations within the whole sample population

There were significant correlations between the volume of
the low-concentration grey matter portion of the right cau-
date and the DSM-IV-TR criteria for inattention, impulsivity
and hyperactivity. The greatest value was the correlation of
volume with the number of hyperactivity criteria (rho38 =
–0.51, p < 0.001). For the FASCT-SR and FASCT-O subscales,
the strongest correlation was observed with the “organiza-
tion problems factor”(r38 = –0.48, p < 0.001 and r38 = –0.38, p <
0.001; Table 2).

Correlations within the sexes

For men, there were significant correlations between the vol-
ume of the portion of the right caudate with a low concentra-
tion of grey matter and the DSM-IV-TR criteria for inatten-
tion, impulsivity and hyperactivity. The strongest correlation
was with the number of hyperactivity criteria (r18 = –0.72, p <
0.001). The highest correlation was observed with organiza-
tion and functional impairment on the FASCT-SR and

FASCT–O scales (r18 = –0.636, p < 0.001 and r18 = –0.452, p =
0.04, respectively; Table 3).

For women, the strongest correlation between the volume
and the number of DSM-IV-TR criteria was for impulsivity 
(r18 = –0.51, p = 0.02). The strongest FASCT scale correlations
were observed for the “low tolerance to frustration factor” of
FASCT-SR (r18 = –0.63, p < 0.001) and the “hyperactivity factor”
of FASCT-O (r18 = –0.45, p = 0.04) (Table 3).

Discussion

Our results show that the portion of the right caudate with a
statistically lower concentration of grey matter than the sur-
rounding tissue has a smaller volume and lower concentra-
tion of grey matter in adults with ADHD compared with
healthy controls. The same results were obtained in a sepa-
rate analysis by sex. The volume of this portion of the right
caudate was significantly correlated with the number of cri -
teria of the 3 ADHD clusters of the DSM-IV-TR. This volume
was also associated with most of the individual factors and
with total scores on the FASCT-SR and FASCT-O scales.

Studies that have compared the morphometric characteris-
tics of the caudate in adults with ADHD26,27 have found no
differences between healthy controls and ADHD patients. In
contrast, we found significant differences. We hypothesize
that these contradictory results are because of differences in
the sample characteristics and methods, particularly in the
measurement of the caudate nucleus. The most notable dif-
ferences were in the image analysis methods used. We used
VBM with DARTEL, whereas others have used a semiauto-
mated technique.

The studies by Biederman and colleagues27 and Siedman
and colleagues26 used the same image analysis method devel-
oped by Filipek and Kennedy.36–38 This approach includes the
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Table 2: Correlation between the volume of the portion of the right
caudate where the voxel-based morphometry showed statistical
difference in the concentration of grey matter and the clinical
measures

Clinical measure Coefficient correlation* p value

DSM-IV-TR

Inattention rho38 = –0.35 0.02

Hyperactivity rho38 = –0.51 < 0.001

Impulsivity rho38 = –0.37 < 0.001

FASCT, self-reported version

Hyperactivity r38 = –0.32 0.04

Organization problems r38 = –0.48 < 0.001

Low tolerance to frustration r38 = –0.47 < 0.001

Total score r38 = –0.49 < 0.001

FASCT, observer version

Hyperactivity r38 = –0.31 0.05

Organization problems r
38

= –0.38 0.01

Low tolerance to frustration r
38

= –0.23 0.14

Legal problems rho38 = –0.19 0.21

Total score r
38

= –0.39 0.01

DSM-IV-TR = Diagnostic and Statistical Manual of Mental Disorders, 4th edition, text
revised; FASCT = Friederichsen, Almeida, Serrano, Cortes Test.22

*Calculated with the Spearman correlation coefficient (rho) and the Pearson
correlation coefficient (r).



selection of region of interest by the user and may produce
somewhat imprecise anatomic validity.39 However, the relia-
bility of VBM is uncertain. Nonetheless, in a study published
by Segall and colleagues,40 the authors evaluated the consis-
tency of the results obtained in different studies and samples.
This study included 327 patients with schizophrenia and 266
healthy individuals across 13 study sites using SPM–VBM
with a Gaussian kernel of 10 mm. The samples came from 2
multisite, independent studies: the Functional Biomedical In-
formatics Research Network and the Mind Clinical Imaging
Consortium. Different makes and models of scanners were
used, as were different strengths of magnetic fields (e.g., 1.5,
3 and 4 T) and different sequences and slice thicknesses (1.2,
1.5 and 1.6 mm). Despite these methodological variations,
similar results were obtained across studies. The strongest
similarity was observed in the rostral section of the superior
temporal lobe, where the schizophrenia patients showed a
smaller concentration of grey matter.40 The extrapolation of
the results from this study must be handled with caution be-
cause Segall and colleagues40 included patients with schizo-
phrenia, and the DARTEL algorithm was not used.

In a recent study by Peelle and colleagues,41 MRI scans of
330 participants (18–78 yr) were analyzed using SPM5 soft-
ware. Images of the grey matter were normalized to either an
MNI template (the “standard” approach) or to an average tem-
plate using DARTEL. Modulation and smoothing at 8 mm
FWHM were done in the standard approach and the DARTEL
algorithm. The images obtained with DARTEL were not as
blurred as the images obtained with the standard approach.
Further, registration errors were noted in the standard ap-
proach but not in the DARTEL approach. An analysis of age-
related decreases in grey matter volume showed more focal re-
sults using DARTEL than using the standard approach, where
registration errors were observed on the edges of the images.41

It is not surprising that we found a reduced volume of a

portion the caudate, given that studies using diverse func-
tional imaging techniques (e.g., positron emission tomogra-
phy) have shown a malfunction in the striatum of adults with
ADHD.42–44

Considering our findings and the fact that few studies in-
volving adult ADHD patients have been published, there is a
need for additional research into the volume of the caudate
nucleus in adults with ADHD.

Limitations

Given the cross-sectional design of this work, our results can
only be applied to patients aged 25 to 35 years. The results
obtained with the image analysis method used here must be
considered with caution because any significant differences
found using VBM could be explained by a number of causes,
such as a real increase or decrease in the concentration of
brain tissue, errors in the classification of the brain tissues or
the complex folding of the brain cortex.

A critique of VBM is that it is sensitive to systematic shape
differences attributable to misregistration from the spatial
normalization step;45 nevertheless, this does not imply that
VBM is invalid.46 Indeed, VBM is a completely automated
method and is free of user bias. It is sensitive to differences in
the local composition of brain tissue types, by means of dis-
counting positional and other large-scale volumetric differ-
ences of the gross anatomy. Additionally, it uses probabilistic
maps to achieve better segmentation.47

Although some authors33,34 have examined the effect of the
size of the Gaussian kernel (FWHM) on t scores when com-
paring 2 groups using VBM or other techniques, those results
have limited applicability to this study because the parame-
ters of registration used in VBM by Davatzikos and col-
leagues,34 for example, are referred to as VBM without the use
of the DARTEL algorithm. The VBM technique has some
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Table 3: Correlation by sex between the volume of the portion of the right caudate where the voxel-based
morphometry showed statistical difference in the concentration of grey matter and the clinical measures

Men Women

Clinical measure Coefficient correlation, r18 p value Coefficient correlation, r18 p value

DSM-IV-TR

Inattention –0.57 < 0.001 –0.51 0.02

Hyperactivity –0.72 < 0.001 –0.45 0.04

Impulsivity –0.68 < 0.001 –0.51 0.02

FASCT, self-reported version

Hyperactivity –0.40 0.07 –0.45 0.04

Organization problems –0.63 < 0.001 –0.49 0.02

Low tolerance to frustration –0.57 0.01 –0.63 < 0.001

Total score –0.72 < 0.001 –0.54 0.01

FASCT, observer version

Hyperactivity –0.43 0.04 –0.45 0.04

Organization problems –0.45 0.04 –0.45 0.04

Low tolerance to frustration –0.35 0.13 –0.31 0.17

Legal problems –0.28 0.21 –0.11 0.64
Total score –0.52 0.01 –0.44 0.04

DSM-IV-TR Diagnostic and Statistical Manual of Mental Disorders, 4th edition, text revised; FASCT = Friederichsen, Almeida, Serrano,
Cortes Test.22
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flaws and some advantages, and some issues remain unclear
(e.g., the optimal kernel size and the reliability indices for the
measures of VBM with the DARTEL algorithm).

Conclusion

Given the limited data about the possible anatomic abnor-
malities of the right caudate in adults with ADHD and our
results, we suggest that additional studies with the following
features should be performed: longitudinal, multimodal (e.g.,
structural and functional techniques) studies with a larger
sample size and a broader age range, and using homoge-
nized image analysis methods whose validity and reliability
are well-known and robust.

The results of this study suggest a reduction of a portion of
the right caudate in adults with ADHD; this reduction is cor-
related with the severity of illness.
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