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Abstract
The current study examined regional frontal lobe volumes based on functionally relevant
subdivisions in contemporaneously recruited samples of boys and girls with and without attention-
deficit/hyperactivity disorder (ADHD). Forty-four boys (21 ADHD, 23 control) and 42 girls (21
ADHD, 21 control), ages 8–13 years, participated. Sulcal–gyral landmarks were used to manually
delimit functionally relevant regions within the frontal lobe: primary motor cortex, anterior
cingulate, deep white matter, premotor regions [supplementary motor complex (SMC), frontal eye
field, lateral premotor cortex (LPM)], and prefrontal cortex (PFC) regions [medial PFC,
dorsolateral PFC (DLPFC), inferior PFC, lateral orbitofrontal cortex (OFC), and medial OFC].
Compared to sex-matched controls, boys and girls with ADHD showed reduced volumes (gray
and white matter) in the left SMC. Conversely, girls (but not boys) with ADHD showed reduced
gray matter volume in left LPM; while boys (but not girls) with ADHD showed reduced white
matter volume in left medial PFC. Reduced left SMC gray matter volumes predicted increased go/
no–go commission rate in children with ADHD. Reduced left LPM gray matter volumes predicted
increased go/no–go variability, but only among girls with ADHD. Results highlight different
patterns of anomalous frontal lobe development among boys and girls with ADHD beyond that
detected by measuring whole lobar volumes.
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INTRODUCTION
Anatomic Neuroimaging in Children With ADHD

Neuroimaging and other methods that provide insight into the association between the brain
and behavior are often applied to examining the neural underpinnings of neuropsychiatric
disorders. Several lines of research suggest that indices of performance from tasks assessing
response control may be robust intermediate endophenotypes of attention-deficit/
hyperactivity disorder (ADHD) (Lijffijt, Kenemans, Verbaten, & Van Engeland, 2005).
Supporting this assertion have been a proliferation of quantitative anatomic MRI (aMRI)
studies of children with ADHD (Ellison-Wright, Ellison-Wright, & Bullmore, 2008; Kelly,
Margulies, & Castellanos, 2007), which have revealed abnormalities in brain regions
important for response control, including frontal cortex (Kates et al., 2002; Mostofsky,
Cooper, Kates, Denckla, & Kaufmann, 2002; Shaw et al., 2007), and inter-connected
subcortical structures, including the caudate, putamen (Wellington, Semrud-Clikeman,
Gregory, Murphy, & Lancaster, 2006), ventral striatum (Carmona et al., 2009), globus
pallidus (Basser & Pierpaoli, 1996), and cerebellum (Mackie et al., 2007; Mostofsky, Reiss,
Lockhart, & Denckla, 1998). At the cerebral cortical level, decreased volume of several
frontal (Mostofsky et al., 2002) and non-frontal (Kelly et al., 2007) regions, suggests that
abnormalities may not be localized to a specific area.

Among children with ADHD, converging evidence from aMRI studies has shown consistent
reductions in total cerebral volume (3–8%) among children with ADHD, compared to
typically developing (TD) children (Castellanos et al., 1996; Hill et al., 2003; Wolosin et al.,
2009). Decreased regional frontal lobe volume has been a consistent finding since the early
aMRI studies, with reductions observed in bilateral frontal (Fredericksen et al., 2002; Hynd,
Semrud-Clikeman, Lorys, Novey, & Eliopulos, 1990), right anterior frontal (Castellanos et
al., 1996), right anterior superior white matter (Filipek et al., 1997), right dorsolateral
prefrontal cortex (Hill et al., 2003), premotor and prefrontal (Mostofsky et al., 2002), and
left pre-frontal and deep white matter volumes (Kates et al., 2002). Conclusions about
functional relevance of anomalous frontal cortex development in ADHD have been
hindered, however, because the majority of studies examining regional frontal lobe volume
have relied on protocols based primarily on structural landmarks (Desikan et al., 2007;
Mostofsky et al., 2002). To address the latter issue, we recently expanded our larger-unit
manual frontal lobe parcellation protocol (Kates et al., 2002) to delineate 11 functionally
distinct regions (Ranta et al., 2009) (Figure 1) as indicated by cytoarchitectural, electro-
physiological, magnetic stimulation, and functional imaging findings, and linked to circuitry
outlined by Alexander and colleagues (Alexander & Crutcher, 1990).

Regional Brain Anomalies in Boys Versus Girls With ADHD
The generalizability of published aMRI findings to girls with ADHD has been questioned
because most published research on children with ADHD has been based on samples
comprised primarily (or exclusively) of boys (Mahone & Wodka, 2008) and females have
been underrepresented in aMRI studies of ADHD (Yang et al., 2008). A recent meta-
analysis found that only 20% of participants studied were female and only 50% of the
ADHD samples even included female subjects. This sampling disparity is problematic, since
there is considerable published evidence of sexual dimorphism in brain development, with
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girls maturing earlier than boys. For example, from age 4 to 20 years, linear increases in
white matter volume with age are observed in males and females, whereas age-related
changes in gray matter are nonlinear, regionally specific, and different for boys and girls. In
particular, frontal lobe gray matter volume increases during pre-adolescence, peaks around
10.5 years of age for boys (9.5 years for girls), and declines during post-adolescence
resulting in an overall net decrease across the age span (Lenroot et al., 2007; Tiemeier et al.,
2010).

When compared to female controls, frontal lobe findings among girls with ADHD have been
equivocal (Castellanos et al., 2001), indicating a need for additional studies using
contemporaneously collected scans among adequate samples of boys and girls with ADHD
and a variety of aMRI methodologies to effectively contrast the frontal lobe anomalies of
boys and girls with ADHD. Recently,Qiu et al. (2009) used large deformation diffeomorphic
metric mapping to map ADHD-associated differences in basal ganglia shape. Within the
striatum, boys with ADHD showed compression in several regions compared with control
boys, including the left anterior and right ventral putamen, bilateral mid-body of the caudate,
left dorsolateral and right ventromedial head of the caudate; however, no differences were
observed in girls with ADHD compared to female controls. These identified regions are in
circuit with the premotor cortex [including supplementary motor complex (SMC) and frontal
eye fields (FEF)], dorsolateral prefrontal cortex (DLPFC) and anterior cingulate (AC). Also
in boys, basal ganglia expansion was seen bilaterally in posterior putamen, which is in
circuit with primary sensorimotor cortex (Nachev, Kennard, & Husain, 2008). The findings
are consistent with a recently published ADHD study revealing delay in cortical thickening
in prefrontal and premotor cortices, but earlier increased thickness in primary motor cortex
(Shaw et al., 2007), and provide evidence for abnormalities in specific frontal-subcortical
circuits among boys with ADHD; whereas female-specific anomalies underlying ADHD
remain less clear.

Summary
These findings suggest that when studying neuroanatomic development in children with
ADHD, data from girls and boys should be compared to sex-matched controls to elucidate
the developmental anomalies unique to each sex, especially among earlier-maturing girls.
The current study extends our previous work to examine volumes of functionally relevant
frontal lobe sub-regions in a sample of contemporaneously recruited boys and girls with
ADHD and TD children matched on age, sex, IQ, socioeconomic status (SES), handedness,
and racial distribution. We hypothesized, based on prior research involving volumetric
differences in children with ADHD, that reductions within both premotor and prefrontal
regions would be observed in children with ADHD compared to controls. We further
hypothesized, based on prior aMRI and developmental studies that within the age range of
our sample (8–13 years), prefrontal and premotor reductions would be greater among boys
than among girls with ADHD.

METHODS
Participants

Approval was granted from the Johns Hopkins Medicine Institution Review Board. A total
of 86 children, ages 8–13 years, were included. Two groups were formed: TD controls
(n=44) and children with ADHD (n=42). All children entering the study met the following
the criteria: Full Scale IQ (FSIQ)>80 on the Wechsler Intellectual Scale for Children
(WISC)–3rd edition (Wechsler, 1991) or the WISC–4 (Wechsler, 2003), no history of
language, reading or neurological disorder, visual impairment, or hearing loss. Additionally,
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to minimize the effects of pubertal status on brain development, participants who (by
parental report) had reached puberty were excluded from the sample.

Children with ADHD were recruited from outpatient programs and from local pediatricians,
chapters of Children and Adults with ADHD (CHADD), schools, social organizations, and
community advertisements. Diagnosis of ADHD was determined by a structured parent
interview using DSM-IV criteria (Diagnostic Interview for Children and Adolescents,
Fourth Edition; DICA-IV) (Reich, Welner, & Herjanic, 1997) and administration of
behavior rating scales (Conners’ Parent Rating Scale-Revised—CPRS) (Conners, 1997).
Children with ADHD with DSM-IV diagnoses other than Oppositional Defiant Disorder
(n=13; 7 boys) and Specific Phobias (n=8; 5 boys) were excluded, as were those taking
long-acting psychoactive medications other than stimulants.

Classification of ADHD subtype was made based on DICA-IV interview and rating scales.
Children were classified as Inattentive subtype if they met criteria for inattentiveness but not
hyperactivity/impulsivity on the DICA-IV and had a T-score >65 on the CPRS Scale L
(DSM-IV Inattentive) and a T-score ≤60 on the CPRS Scale M (DSM-IV Hyperactive-
Impulsive). Children were classified as Hyperactive-Impulsive subtype if they met criteria
for hyperactivity/impulsivity but not inattention on the DICA-IV and had a T-score of ≥65
on the CPRS Scale M and T-score of ≤60 on CPRS Scale L. All other children who met
criteria for ADHD were classified as Combined subtype. Within the ADHD group, 16 were
classified as Inattentive (7 boys), 1 girl as Hyperactive-Impulsive, and 25 as Combined
subtype (12 boys).

Controls were recruited through local schools and community flyers and were required to
have no history of mental health services for behavior problems, no DICA-IV diagnoses,
and no clinically significant elevation on the CPRS. Specific Phobias and ODD were not
specifically excluded among controls; however, none met criteria for ODD, and only four
(three girls) met criteria for Specific Phobia.

SES for the sample was assessed using the Hollingshead Index (Hollingshead, 1975). Scores
were based on a weighted index, based on rating of parental job (score 1–9, multiplied by 5)
and education (score 1–7, multiplied by 3). Scores for both parents were summed, and
divided by two. When information from only one parent was available, that score was used.

Behavioral Measure of Response Control: Go/No–Go Test
Participants completed a computer-based go/no–go paradigm in which a series of red and
green spaceships were presented. Each participant was instructed to use his/her dominant
hand index finger to push a button immediately in response to green spaceships only. For
detailed description of the paradigm, the reader is referred toRyan et al. (2010) and Wodka
et al. (2007). Cues appeared on the screen for 300milliseconds (ms), and the interstimulus
interval was fixed at 1500 ms. Presentation cues were weighted toward green spaceships at a
ratio of 3:1 (162 “go” cues; 54 “no–go” cues), intensifying the need to inhibit a habituated
motor response. Commission rate and intrasubject variability (ISV) were examined as
measures of response control. ISV was calculated as [(standard deviation of response time
for correct hits/mean response time for correct hits)×100].

MRI Acquisition and Measurement
High resolution T1-weighted three-dimensional magnetization prepared rapid gradient
recalled echo (MPRAGE) images were acquired using a Philips 1.5 T Gyroscan NT
system(MPRAGE parameters: TR=8 ms; TE=3.76 ms; flip angle=8°; matrix=256 × 256;
155 partitions; field of view=260 mm; voxel size=1×1×1.2 mm3). All image processing was
conducted using the MIPAV (Medical Image Processing, Analysis and Visualization)
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software package from the Center for Imaging Technology of the National Institutes of
Health (McAuliffe et al., 2001). Total cerebral volume was measured using Freesurfer
(Fischl et al., 2004). Freesurfer used a fully automated method to perform pre-processing
steps including Talairach alignment, intensity normalization, and removal of skull and non-
brain tissue with a hybrid watershed/surface deformation procedure, separation of the
cerebellum and brainstem from the cerebrum and splitting of the left and right hemispheres
(Fischl, Liu, & Dale, 2001; Segonne et al., 2004; Segonne, Grimson, & Fischl, 2005).

Sulcal–gyral landmarks, some extended as cut planes, were used to manually delimit eleven
functionally relevant regions within the frontal lobes, as indicated by cytoarchitectural,
electrophysiological, magnetic stimulation, and functional imaging findings, using the
protocol and methods previously published by our group (Ranta et al., 2009). To balance the
competing priorities of validity and reliability, sulcal contours were used when appropriate
for defining a functional area and cut planes were used where functional and sulcal divisions
diverged or when the level of anatomical detail in images or degree of inter-subject
variability made the use of standard anatomical landmarks excessively difficult.

Total tissue and segmented gray matter volumes for the protocol’s 10 (non-deep white
matter) regions (Ranta et al., 2009) were measured in each hemisphere: primary motor
cortex, anterior cingulate (AC), premotor cortex regions [supplementary motor complex
(SMC), frontal eye field (FEF) and lateral premotor cortex (LPM)], and prefrontal cortex
(PFC) regions [medial PFC, dorsolateral PFC (DLPFC), inferior PFC, lateral orbitofrontal
cortex (OFC) and medial OFC]. White matter volumes were also obtained for these same 10
regions, plus 1 additional region: frontal deep white matter (DWM). Using the procedure
outlined byKramer et al. (2007), each of these sub-regional volumes were normalized to
correct for variance in overall head size by multiplying absolute sub-regional volumes by the
average total cerebral volume of the analysis group and then dividing by the individual’s
total cerebral volume.

The DWM region definition allowed a distinction between short association fibers (gyral
white matter) and long or projecting association fibers (deep white matter). The (non-deep)
white matter segmented from within each parcellated frontal lobe region was predominantly
“superficial” (“radiate”) white matter (i.e., that found just below and between the gyri), as
opposed to deep white matter. Superficial white matter contains the highest density of U
fibers, whereas DWM contains longer fiber tracts (Makris et al., 1999). Thus, except for
DWM, gray matter volume for each region was primarily (but not exclusively) cortical;
whereas white matter volume was non-deep white, and otherwise determined by adjacent
regions’ boundaries.

Total tissue segmentation into gray matter (GM), white matter (WM) and cerebrospinal fluid
(CSF) components was carried out in MIPAV using a fuzzy segmentation algorithm
(McAuliffe et al., 2001). Images were normalized to remove inhomogeneity artifacts and
diffused to improve signal-to-noise ratio before segmentation. This segmentation method
produced three images, one each for the GM, WM, and CSF components, with voxel
intensity values ranging from zero to one, indicating the probability that an individual voxel
belonged to each category. This value defined the proportion of each voxel that should be
assigned to each tissue class (Ranta et al., 2009).

To determine reliability, frontal lobe isolation and parcellation components of the protocol
were examined separately. For frontal lobe isolation reliability component, volumes of
isolated frontal lobes of five boys with ADHD and five controls were measured. For the
frontal lobe sub-parcellation component, the volumes of left and right hemisphere frontal
sub-regions were measured for five boys, (two ADHD, three controls). Analyses of left and
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right hemisphere sub-regions were carried out independently. Raters were blind to diagnosis.
A single rater (MER) completed the isolation and parcellation steps twice, using the second
set of isolated frontal lobes as the starting point for both parcellation attempts. The time
elapsed between the two measurements for each region was at least 2 weeks. Comparing
unsegmented, absolute volume measurements for each sub-region in each hemisphere, 19 of
22 intra-rater intraclass correlation coefficients (ICC) were ≥0.9 (range, 0.778–0.997). A
second rater (DC) independently isolated the frontal lobes of the same 10 boys, and results
were compared with isolations by the first rater. Following this, the second rater carried out
the parcellation of all frontal lobes in the five boys in the parcellation reliability group.
Volumes of the parcellated regions produced by the second rater were compared with those
of the first rater. Inter-rater ICC for the 22 frontal sub-regions ranged from 0.724–0.997,
with all but seven measures >0.9 and all but two >0.8. Full results of the initial reliability
analysis are reported inRanta et al. (2009).

Data Analyses
Data were analyzed in a sequential manner (from global to specific regions) to identify
specific regions of anomalous development in children with ADHD. First, total cerebral
volume and normalized left and right frontal lobe volumes (total tissue) were examined
across the entire sample, using 2 (group)×2 (sex) analyses of variance (ANOVAs). Next, a 2
(hemisphere)×2 (gray vs. white matter)×2 (group)× 2 (sex) factorial multivariate ANOVA
(MANOVA) was used, using the 10 sub-regions as dependent variables. To reduce the
number of comparisons, univariate ANOVAs were only conducted following significant
multivariate main or interaction effects (p <.05). DWM was analyzed separately, as there
was no corresponding gray matter region. Finally, exploratory brain–behavior correlations
(examining age, symptom severity, and response control) were used for frontal lobe sub-
regions identified as anomalous among boys and girls with ADHD.

RESULTS
Demographic Information

Demographic information is listed in Table 1. The ADHD and control groups did not differ
in age (p=.78), SES (p=.94), sex (χ2=0.04; p=.83), handedness (χ2=2.67; p=.26), racial
distribution (χ2=3.38; p=.48), or Full Scale IQ (FSIQ) (p=.10). Within the ADHD group,
there were no significant differences between boys and girls in age (p=.56), FSIQ (p=.25),
SES (p=.87), handedness (χ2=2.10; p=.49), racial distribution (χ2=1.53; p=.68), or
proportion of ADHD subtype (χ2=1.29; p=.53). Additionally, among those in the ADHD
group, there were 24 children (10 boys) who were prescribed stimulant medications at the
time of assessment; 8 children (5 boys) who had been prescribed stimulant medications in
the past; and 10 children (6 boys) who were medication naïve. There were also no
significant differences between boys with ADHD and male controls in age (p=.76), FSIQ
(p=.49), SES (p=.99), handedness (χ2=4.02; p=.13), or racial distribution (χ2=0.88; p=.64),
or between girls with ADHD and female controls in age (p=.95), FSIQ (p=.11), SES (p=.
90), handedness (χ2=0.00; p=1.00), or racial distribution (χ2=3.03; p=.55).

Total Cerebral and Frontal Lobe Volumes
For total cerebral volume, there were significant main effects for group (controls > ADHD)
[F(1,82)=7.0; p=.01; η2 p=0.08)], and sex (boys > girls) [F(1,82)=30.9; p=.0003;
η2 p=0.28)], but no significant group-by-sex inter-action (p=.65). Children with ADHD
showed significantly reduced left [F(1,82)=10.7; p=.002; η2 p=0.116] and right
[F(1,82)=15.4; p <.0001, η2 p=0.158] total frontal lobe gray matter volume, and significantly
reduced left [F(1,82)=5.6; p=0.02; η2 p=0.064] and right [F(1,82)=7.6; p=.007; η2 p=0.084]
total frontal lobe white matter volume. Main effects for sex (all p >.60) and group-by-sex
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interactions (all p >.70) were not significant for left or right frontal total gray or white matter
volumes.

Analyses of Frontal Lobe Sub-regions
Factorial MANOVA yielded significant main effects (Pillai’s V) for tissue (gray > white; p
<.00001; η2 p=0.98); hemisphere (right > left; p=0.0001; η2 p=0.15), and group (control >
ADHD; p <.0001; η2 p=0.18), but not for sex (p=.36; η2 p=0.03). The group-by-sex
interaction was also significant (p=.041; η2 p=0.06); however, none of the other two-way,
three-way, or four-way interactions were significant. For DWM (analyzed separately), boys
had significantly larger volumes than girls (p=.0001; η2 p=0.24); however, the effects for
group, hemisphere, and the two-way and three-way interactions were not significant.

For frontal sub-region tissue, there were significant univariate differences (gray > white) in
all 10 regions (all p <.001). In contrast, univariate analyses of regional volumes yielded
significant hemispheric differences (collapsing data across groups, sex, and tissue type) in
only two regions: AC (left > right; p=.01; η2 p=0.02) and medial OFC (right > left; p <.001;
η2 p=0.08).

Further examination of the group differences revealed that children with ADHD showed
significantly reduced volumes (collapsing data across hemispheres, sex, and tissue)
compared to controls in 5 of 10 regions: AC (p=.033; η2 p=0.014), DLPFC (p=.029;
η2 p=0.015), lateral OFC (p=.047; η2 p=0.012), medial PFC (p=.002; η2 p=0.028), and SMC
(p=.0001; η2 p=0.054); however, in only two regions (medial PFC, SMC) were significant
group differences observed when tissue types were examined separately (collapsing across
sex and hemisphere)—medial PFC: gray (p=.046; η2 p=0.024), white (p=.005; η2 p=0.047);
SMC: gray (p=.003; η2 p=0.052), white (p=.002; η2 p=0.058). Within these two regions,
group differences were observed in the left hemisphere (collapsing across sex) for SMC:
gray (p=.003; η2 p=0.105) and white matter (p <.001; η2 p=0.148), and medial PFC: white
matter (p=.008; η2 p=0.082) although the group differences were not significant for these
regions in the right hemisphere for gray or white matter. Within left SMC, there were
significant reductions in gray matter for girls (p=.043; η2 p=0.099) and boys with ADHD
(p=.025; η2 p=0.115), compared to sex-matched controls (Figure 2), and in white matter for
girls (p=.047; η2 p=0.095) and boys with ADHD (p=.001; η2 p=0.216), compared to sex-
matched controls. Within left medial PFC white matter, reductions were observed for boys
with ADHD, compared to sex-matched controls (p=.014; η2 p=0.135), but not for girls with
ADHD (p=.234; η2 p=0.035).

Univariate analyses of the significant multivariate group-by-sex interactions (collapsing data
across hemispheres and tissue) yielded significant differences in two regions: LPM (p=.001;
η2 p=0.034), and primary motor cortex (p=.005; η2 p=0.024). To explore the significant
group-by-sex interactions, sex-specific univariate analyses were used to examine group
differences in frontal lobe regions (collapsing across hemispheres and tissue). For LPM,
girls with ADHD had significantly reduced volume, compared to female controls (p=.037;
η2 p=0.026), while no significant differences were observed between boys with ADHD and
male controls (p=.148; η2 p=0.012). Conversely, for primary motor cortex, no significant
differences were observed between girls with ADHD and female controls (p=.084;
η2 p=0.018), or between boys with ADHD and male controls (p=.38; η2 p=0.004). As
follow-up to the significant reduction in LPM volume among girls with ADHD, univariate
group comparisons were made among girls separately for gray matter and white matter, and
then separately for each hemisphere. Compared to female controls, girls with ADHD
showed reduced LPM gray matter (collapsing across hemispheres) [F(1,82)=5.0; p=.03;
η2 p=0.057], but not white matter volumes [F(1,82)=2.6; p=.11; η2 p=0.031]. Within LPM
gray matter, girls with ADHD showed reduced volumes compared to female controls for left
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LPM gray matter [F(1,40)=3.8; p=.05; η2 p=0.087], but not right LPM gray matter
[F(1,40)=1.3; p=.27; η2 p=0.031] (Figure 3).

In summary, the sequential analyses yielded six regions with significant sex-specific
ADHD-related reductions: 1–4) left SMC gray and white matter (boys and girls); 5) left
medial PFC white matter (boys); and 6) left LPM gray matter (girls). Of note, all these
regions of interest were ones in which intra-rater and inter-rater measurement reliability
(ICC) from the initial reliability analysis (Ranta et al., 2009) was greater than 0.90.
Correlational analyses (below) were conducted only on these regions. Because left SMC
volumes reductions were observed in boys and girls with ADHD, correlations across both
sexes for left SMC gray and white matter were examined first, followed by sex-specific
analyses in cases of significant combined sex associations. Conversely, correlations with left
medial PFC white matter were only examined among boys; and correlations with left LPM
gray matter were only examined among girls.

Frontal Lobe Correlations With Age
Across groups and sex, left SMC gray matter (r=−0.29; p=.027), but not white matter
volumes (r=−0.12; p=.134) were associated with age. Left SMC gray matter volumes were
significantly associated with age among controls (r=−0.51; p=.001), but not among children
with ADHD (r=0.60; p=.354). Within controls, left SMC and age were significantly
correlated in boys (r=−0.74; p=.001), but not girls (r=−0.30; p=.09).

Among girls, age was not significantly correlated with left SMC gray matter (r=−0.117; p=.
459) or left LPM gray matter (r=−0.080; p=.614). Among boys, age was significantly
correlated with left SMC gray matter only in controls (r=−0.737; p <.0001). Of note, among
boys, the group difference (ADHD < control) in left SMC gray matter remained after
covarying for age [F(1,41)=6.60; p=0.014; η2 p=.139]. Age was not significantly associated
with left medial PFC white matter (r=0.168; p= =.277) among boys.

Frontal Lobe Regions and Associations With ADHD Symptoms
Across diagnostic groups and sex, left SMC gray matter (r=−0.256; p=.011) and white
matter (r=−0.302; p=.003) volumes were significantly associated with ADHD symptom
severity (CPRS-R Scale N: DSM-IV Total T-score); however, the associations were not
significant in either of these region-tissue type combinations when examining diagnostic
groups separately. Among girls, the association between left LPM gray matter volume and
ADHD symptoms in girls was significant across groups (r=−0.292; p=.038), but not within
either the ADHD or control group alone. Among boys, across groups, the associations
between left SMC gray matter (r=−0.369; p=.008) and left SMC white matter (r=−0.486; p=.
0005) were significantly associated with ADHD symptoms; however, these associations
were not significant when ADHD and control groups were analyzed separately. The
association between left medial PFC white matter and ADHD symptoms was significant
only within control boys (r=0.353; p=.049).

Frontal Lobe Regions and Associations With Response Control
The relationships among the specific region-sex group combinations identified as anomalous
among children with ADHD and performance on a go/no–go test were also examined.
Across diagnostic groups and sex, left SMC gray matter (r=−0.183; p=.05) was significantly
associated with commission rate. This association was also observed within children with
ADHD (r=−0.30; p=.031), but not in controls (r=0.13; p=.210) (Figure 4). Conversely, left
SMC white matter (r=−0.115; p=.16) was not associated with commission rate, and neither
left SMC gray (r=−0.070; p=.269), nor left SMC white matter (r=0.05; p=.331) were
significantly associated with go/no–go ISV.
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Among girls, across groups, neither left SMC gray matter (r=−0.153; p=.171), nor left LPM
volumes (r=−0.07; p=.338) were associated with go/no–go commission rate. Conversely,
across groups, left LPM gray matter volume was significantly associated with ISV (r=−0.29;
p=.035). Within girls with ADHD, left LPM gray matter volume remained significantly
associated with ISV, such that reduced left LPM volume was associated with greater
variability (r=−0.41; p=.033); in contrast, the relationship between left LPM gray matter
volume and ISV among female controls was not significant (r=−0.02; p=.474; Figure 5).

Among boys (groups combined), left SMC gray matter was not significantly correlated with
commission rate (r=−0.21; p=.102), and left medial PFC white matter volumes were not
significantly correlated with either commissions (r=−0.13; p=.212) or ISV (r=−0.17; p=.
156).

DISCUSSION
New comprehensive frontal parcellation methods, such as the one used in the present study,
provide important data about the anatomy of functionally relevant regions in comparison
with more gyral–sulcal methods applied in the past (Kelly et al., 2007). Additionally,
studying samples of boys and girls with ADHD simultaneously allows for comparison of the
ADHD-related frontal lobe anomalies common to (and unique to) each sex. The present
results highlight anomalous frontal lobe development among boys and girls with ADHD
beyond that detected by measuring whole lobar volumes. By measuring functionally
relevant frontal lobe sub-divisions, we identified ADHD-related reductions in multiple
frontal lobe regions and identified those regions in which ADHD-related anomalies appear
to differ by sex (medial prefrontal and lateral premotor cortex).

In this age range (8–13 years) the left SMC emerged as the most anomalous frontal lobe
region (based on effect size) in children with ADHD, with reductions observed in both boys
and girls, in both gray and white matter. Furthermore, reduced left SMC gray matter volume
was significantly associated with increased commission rate on a go/no–go test among
children with ADHD. This pattern of reduced SMC volume, and its link with impaired
response control, suggests that abnormal development of circuits involving the SMC may be
critical to the pathophysiology of ADHD. The SMC (in particular the rostral portion or “pre-
SMA”) is considered to be critical to response control and selection, including consciously
selecting to withhold (i.e., inhibit) responses (Mostofsky & Simmonds, 2008). Thus, it
follows that abnormal SMC development may underlie impaired inhibitory control (Wodka
et al., 2007), which has been identified as a core impairment in ADHD. Additionally, the
basal ganglia, which serve as the nexus through which prefrontal, premotor and motor
signals inhibit competing motor programs and disinhibit intended behaviors (Mink, 1996;
Nachev et al., 2008),may also be involved in this process, since the number of cells that
project from the basal ganglia to the SMC (reduced in boys and girls with ADHD) is 3–4
times the number that project from the cerebellum to the SMC, unlike the pattern for other
cortical motor areas (Akkal, Dum, & Strick, 2007).

While boys and girls with ADHD showed similar patterns of reduced SMC volumes relative
to controls, there were also sex-specific anomalies identified in left LPM (among girls) and
left medial PFC (among boys). The finding of decreased left medial PFC white matter
volumes only in boys with ADHD highlights dysfunction in circuits important for executive
control of behavior. Since ADHD in both sexes is associated with reduced SMC volume, but
persistent motor disinhibition (i.e., motor overflow) in this age range is observed primarily
in boys (Cole, Mostofsky, Larson, Denckla, & Mahone, 2008; Macneil et al., 2011), the
finding of spared prefrontal cortex suggests that girls with ADHD may be better able to
recruit prefrontal regions for “top-down” control of behavior, including the inhibition of
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hyperactivity and more precise motor control; although, given the atypical development of
the lateral premotor cortex and SMC among girls with ADHD, this recruitment may
contribute to the emergence of more “inattentive” symptoms (including deficits associated
with maintenance of response control) in girls by draining resources away from the
cognitive tasks. The observed association between left lateral premotor cortex volume and
go/no–go variability among girls with ADHD appears to support this hypothesis.

Quantitative aMRI techniques can also be used to examine mechanisms of effective
compensation in childhood disorders. Cortical development progresses in a region-specific
manner coinciding with functional maturation; regions that subserve primary sensorimotor
functions mature earliest and higher-order association areas much later. Within the frontal
lobe, the primary motor region matures earliest; after this, there is an anterior progression
with premotor regions maturing next followed by prefrontal regions (DLPFC, medial PFC
and orbitofrontal regions) maturing last in late adolescence/early adulthood (Gogtay et al.,
2004). In ADHD, symptoms of impulsivity and hyperactivity tend to diminish with age in a
manner parallel with frontal lobe maturation (Biederman, Mick, & Faraone, 2000). This
pattern may be because by late elementary school age, the prefrontal cortex is thought to
modulate activity in subcortical structures (Miller & D’Esposito, 2005), including limbic
areas, giving rise to the ability to engage in inhibitory (i.e., top-down) control over behavior
(Marsh, Gerber, & Peterson, 2008). Considering these patterns, some researchers have
hypothesized that the prefrontal cortex and its interconnections may be primarily involved in
the compensation for (and recovery from) ADHD, rather than in the primary cause of the
disorder (Halperin & Schulz, 2006). The early childhood onset of ADHD would therefore
appear to be inconsistent with PFC pathology and, in fact, early prefrontal lesions present a
clinical picture very different from ADHD, with late childhood onset and worsening through
adolescence (Anderson, Bechara, Damasio, Tranel, & Damasio, 1999). The observed
patterns of brain development suggest that a core element in the pathophysiology of ADHD
in boys and girls may involve abnormalities in earlier-maturing premotor/basal ganglia
systems that subserve motor response control, with anomalous SMC development playing a
key role. Given our present findings, alterations in the prefrontal development may also play
a role in the pathogenesis and developmental trajectory of ADHD (Rubia et al., 2000; Shaw,
Lalonde et al., 2009).

The different rates of development for boys and girls may affect group comparisons
involving children with and without ADHD, especially in the pre-adolescent years. We
addressed this potential confound by directly examining within-sex group differences in
regional brain volumes. Sex-specific analyses are particularly important for examining gray
matter differences, since gray matter volumes may plateau and decrease (especially in girls)
during the age range of our sample (8–13 years), while white matter volumes are thought to
increase throughout this age range for both boys and girls. The current findings, considered
in light of prior studies, suggest that when studying disorders associated with anomalous
regional brain development, differences in brain development and its timing, relative to
one’s own sex, should be considered (Cahill, 2006).

Unique aspects of the current study design include the strict diagnostic procedures for
ADHD (i.e., the exclusion of most comorbid conditions that could confound the
interpretation of results), the over-sampling for girls with ADHD, and the matching of boys
and girls with ADHD on subtype. While these procedures produce ADHD samples that are
more “pure” diagnostically, they also tend to be associated with groups with slightly higher
than average IQ. As such, the present findings may be less applicable to children with a
wider range of comorbidities. Additionally, the study did not address the impact of length of
stimulant medication treatment on frontal lobe development, and is a limitation, given the
growing evidence suggesting more rapid “normalization” of volumes in those treated with
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stimulants (Shaw, Sharp et al., 2009). An additional limitation is the large number of
variables obtained via the parcellation analysis and the use of a more liberal p <.05
significance level. Data analyses were similar to those from prior neuroimaging studies
(Mostofsky et al., 2002; Wolosin et al., 2009), specifically designed to be sequential,
beginning with an omnibus factorial MANOVA with additional analyses conducted only
after significant multivariate effects. Future studies are indicated to replicate these findings
with larger samples.

Given these considerations, future research should also continue to explore sex differences
in brain–behavior relationships, emphasizing sexually dimorphic patterns of regional frontal
lobe anomalies identified here. Given sex differences in brain maturation (Lenroot et al.,
2007), it may be necessary to study children, in particular girls, with ADHD at younger ages
to determine how these patterns of anomalous development (brain and behavior) emerge,
how their trajectory affects later presentation (symptoms, subtype), and how these
differences might be ameliorated with treatment. It will also be important to study regional
brain development in children with ADHD beyond adolescence to examine the impact of
post-pubertal growth patterns in boys and girls, and the relationship with progression of
behavioral symptoms. The relationship between structural abnormality and dysfunction is
complex. While structural abnormalities are almost invariably linked to functional
abnormalities, the absence of structural abnormalities cannot be assumed to exclude
dysfunction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Parcellation of the left frontal lobe on a) lateral, b) medial, c) dorsal, and d) ventral surfaces.
The deep white matter region is not visible on the surface.
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Fig. 2.
Scatterplots revealing significant reductions in supplemental motor complex (SMC) gray
matter volume in both boys (left) and girls (right) with attention-deficit/hyperactivity
disorder (ADHD) compared to typically developing (TD) children.
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Fig. 3.
Significant group-by-sex interaction effect for left lateral premotor cortex (LPM) gray
matter volume, corrected for total cerebral volume [F(1,84)=7.56; p=.007; η2 p=0.084].
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Fig. 4.
Significant association between left SMC gray matter volume (boys and girls combined) and
go/no–go commission rate (r2=0.09; p=.03) among children with ADHD, but not among
controls r2=0.008; p=.21).
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Fig. 5.
Normalized left lateral premotor cortex (LPM) volume predicts performance on a go/no-test
among girls with ADHD (r2=0.17), but not among female controls (r2<0.001).
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