
NeuroImage: Clinical 7 (2015) 222–229

Contents lists available at ScienceDirect

NeuroImage: Clinical

j ourna l homepage: www.e lsev ie r .com/ locate /yn ic l
Distinct frontal lobe morphology in girls and boys with ADHD
Benjamin Dirlikova,⁎, Keri Shiels Roscha,b, Deana Crocettia, Martha B. Dencklac,d,e,
E. Mark Mahoneb,d, Stewart H. Mostofskya,c,d

aCenter for Neurodevelopmental and Imaging Research, Kennedy Krieger Institute, Baltimore, MD, USA
bDepartment of Neuropsychology, Kennedy Krieger Institute, Baltimore, MD, USA
cDepartment of Neurology, Johns Hopkins University School of Medicine, Baltimore, MD, USA
dDepartment of Psychiatry and Behavioral Sciences, Johns Hopkins University School of Medicine, Baltimore, USA
eDepartment of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, MD, USA
* Corresponding author at: 716North Broadway, Baltim
923 9463; fax: (443)923 9279.

E-mail address: Dirlikov@kennedykrieger.org (B. Dirli

http://dx.doi.org/10.1016/j.nicl.2014.12.010
2213-1582/© 2014 Published by Elsevier Inc. This is an op
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 2 September 2014
Received in revised form 12 November 2014
Accepted 4 December 2014
Available online 10 December 2014

Keywords:
ADHD sex-differences
Cortical morphology
Development
Frontal lobe

Objective: This study investigated whether frontal lobe cortical morphology differs for boys and girls with ADHD
(ages 8–12 years) in comparison to typically developing (TD) peers.
Method: Participants included 226 children between the ages of 8–12 including 93 childrenwith ADHD (29 girls)
and 133 TD children (42 girls) for which 3T MPRAGE MRI scans were obtained. A fully automated frontal lobe
atlas was used to generate functionally distinct frontal subdivisions, with surface area (SA) and cortical thickness
(CT) assessed in each region. Analyses focused on overall diagnostic differences as well as examinations of the
effect of diagnosis within boys and girls.
Results:Girls, but not boys, with ADHD showed overall reductions in total prefrontal cortex (PFC) SA. Localization
revealed that girls showedwidely distributed reductions in the bilateral dorsolateral PFC, left inferior lateral PFC,
right medial PFC, right orbitofrontal cortex, and left anterior cingulate; and boys showed reduced SA only in the

right anterior cingulate and leftmedial PFC. In contrast, boys, but not girls, with ADHD showed overall reductions
in total premotor cortex (PMC) SA. Further localization revealed that in boys, premotor reductionswere observed
in bilateral lateral PMC regions; and in girls reductionswere observed in bilateral supplementarymotor complex.
In line with diagnostic group differences, PMC and PFC SAs were inversely correlated with symptom severity in
both girls and boys with ADHD.
Conclusions: These results elucidate sex-based differences in corticalmorphology of functional subdivisions of the
frontal lobe and provide additional evidence of associations among SA and symptom severity in children with
ADHD.
© 2014 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is among themost
common childhood disorders, characterized by developmentally inap-
propriate levels of hyperactivity, impulsivity, and inattention. Research
on children with ADHD primarily focuses on boys due to the dispropor-
tionate prevalence of boys over girls with ADHD (2:1 to 9:1) (Rucklidge,
2010), however the rate of diagnosis among girls is rapidly increasing
(Mahone, 2012). A growing body of research has focused specifically
on comparing girls with ADHD to typically developing (TD) girls
(Hinshaw et al., 2007; Wodka et al., 2008), but few studies have exam-
ined sex differences in large samples of boys and girls with ADHD
in comparison to each other and same-sex peers. In particular, sex
ore,MD 21205, USA. Tel.: (443)
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differences in brain structure and function in children with ADHD
have rarely been studied (cf. Castellanos et al., 2002; Mahone et al.,
2011) whereas there has beenmore research on behavioral functioning
in boys and girls with ADHD.

The limited literature on sex differences in ADHD has shown that
boys and girls with ADHD differ in terms of clinical presentation and,
to some extent, neuropsychological functioning. Clinically, boys are
more commonly diagnosed with the combined subtype and show a
greater preponderance of hyperactive/impulsive symptoms, whereas
girls with ADHD are more often diagnosed with the inattentive subtype
(Hinshaw et al., 2006). In addition, there is some evidence that boys and
girls diagnosedwithADHD in childhood tend to have different function-
al outcomes (Rucklidge, 2010). Research examining sex differences in
neuropsychological functioning suggests that, compared to age and
sex-matched controls, both boys and girls with ADHD show impair-
ments in executive function (O3Brien et al., 2010), greater multitask
interference (Ewen et al., 2012), and weaker skeletomotor control
(Mostofsky et al., 2003), cognitive control (Mostofsky et al., 2003;
-ND license (http://creativecommons.org/licenses/by/3.0/).
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Rubia et al., 2001), and emotional control (Castellanos et al., 2006). Boys
with ADHD tend to display greatermotor impairment, including persis-
tence of motor subtle signs (increased dysrhythmia) into late childhood
(Cole et al., 2008; MacNeil et al., 2011), greater impairment during ef-
fortful response inhibition (O3Brien et al., 2010), and slower execution
of timed movements (Denckla and Rudel, 1978). There is also some ev-
idence that girls with ADHD tend to showgreater higher order cognitive
deficits during childhood, such as impairments in planning (O3Brien
et al., 2010). In sum, sex differences in clinical presentation may be re-
lated to greatermotor impairments in boyswith ADHDanddifferent ex-
ecutive function profiles for girls and boys with ADHD.

Research examining neuroanatomical differences in children with
ADHD is also predominated by male samples, limiting the opportunity
to examine sex differences. In general, these studies have shown region-
al abnormalities in the frontal cortex (Arnsten, 2009; Seidman et al.,
2005; Sowell et al., 2003), prefrontal and premotor cortex (Mostofsky
et al., 2002), supplementary motor cortex (Mahone et al., 2011), cere-
bellum (Berquin et al., 1998; Mostofsky et al., 1998), and basal ganglia
(Qiu et al., 2009) as well as parietal and temporal cortices (Shaw et al.,
2006; Wolosin et al., 2009). Longitudinal studies report that, although
the cortical development in ADHD follows a pattern similar to that of
TD children, in which primary sensory and motor regions develop be-
fore higher-order association areas, peak cortical thickness (CT) occurs
before peak cortical surface area (SA) and girls develop earlier than
boys, children with ADHD show a delay of several years in both peak
CT and SA that normalizes by age 15–17 (Shaw et al., 2012, 2007).
Furthermore, the rate at which children with ADHD normalize to TD
CT levels is associated with outcome (Shaw et al., 2006). Additionally,
children with ADHD show a disruption of typically developing
asymmetries, particularly in the orbito-inferior frontal gyral region
(Shaw et al., 2009). Cortical asymmetries in typically developing adults
show sensitivity to sex differences with a leftward bias, particularly
premotor, in males and mixed results in females (Goldberg et al., 2013;
Koelkebeck et al., 2014; Shaw et al., 2009). Despite these observations,
very little work has been done investigating sex-based differences in cor-
tical asymmetry in ADHD, while many studies of cortical morphology in
ADHD have included girls in their analyses, few studies have examined
or reported sex differences in ADHD, possibly due to insufficient sample
size and a lack of statistical power (e.g., Almeida Montes et al., 2013).

Very few studies have examined sex differences in neuroanatomy
among children with ADHD. Studies that have compared girls with
ADHD to TD girls found evidence of smaller total brain volume and cer-
ebellar volume in girls with ADHD (ages 5–16 years) (Castellanos et al.,
2001) and reduced gray matter density in the right cerebellum in girls
with ADHD (age 8–10 years) (Montes et al., 2011). Only two studies
have compared relatively large samples of girls and boys with ADHD
to same-sex TD children. Castellanos et al. (2002) applied a whole
brain approach in children ages 5–18 years and did not find evidence
of ADHD-related sex differences in gray andwhitematter in the frontal,
temporal, parietal and occipital lobes or the basal ganglia or cerebellum;
however, the authors note the need for approaches to detectmore local-
ized abnormalities in the frontal lobe.Mahone et al. (2011) performed a
detailed examination of frontal lobe morphology in children ages
8–12 years, reporting reduced gray matter volume in the left lateral
premotor cortex in girls with ADHDwhile boys with ADHD showed re-
duced white matter volume in the left medial PFC.

The current study builds upon the limited research on sex differ-
ences in cortical morphology in children with ADHD by directly com-
paring large samples of boys and girls with ADHD, matched on ADHD
subtype, to same-sex TD peers. Furthermore, we examined functionally
distinct sub-regions of the frontal lobe using a newly developed auto-
mated atlas (Ranta et al., 2014). The use of this atlas facilitates grouping
regions of interest (ROIs) by function (i.e., premotor and prefrontal) and
investigating the effects of diagnosis and sex for each functional subdi-
vision. We hypothesized that: 1) children with ADHD would show re-
gional reductions in cortical morphology compared to age matched TD
children, 2) boys with ADHDwould show greater premotor differences
compared to TD boys, and 3) cortical morphology would be associated
with symptom severity within the ADHD group.

2. Method

2.1. Participants

Participants included 226 children, ages 8–12 years. The ADHD
group comprised 93 children (29 girls), representing all three subtypes.
The remaining 133 subjects (42 girls) comprised the typically develop-
ing (TD) group. The demographic information is summarized in Table 1.

Participants were recruited so as to provide a representative com-
munity sample. Recruitment was principally through advertisement in
local public and private schools, with additional recruitment through
community-wide advertisement, volunteer organizations, medical in-
stitutions, andword ofmouth. A brief telephone interviewwas conduct-
ed with a parent to determine whether their child met the initial
inclusion criteria. Next, a structured diagnostic interview using the Di-
agnostic Interview for Children and Adolescents-IV (DICA-IV; Reich
et al., 1997) was conducted over the phone with the child3s parent.
Participants were then scheduled for a study visit and were mailed the
Conners3 Parent and Teacher Rating Scales-Revised Long Version
(CPRS-R:L; Conners et al., 1998), and the ADHD Rating Scale-IV, home
and school versions (ADHD-RS; DuPaul et al., 1998) to confirm diagnos-
tic status. During the initial study visit, participants were administered
the Wechsler Intelligence Scale for Children-IV (Wechsler, 2003) and
the Word Reading subtest from the WIAT-II (Wechsler, 2002) in order
to rule out intellectual and reading disabilities.

Exclusion criteria for the all participants consisted of the following:
(1) Full Scale IQ (FSIQ) score below80based on theWISC-IV, (2) history
of intellectual disability, seizures, traumatic brain injury or other neuro-
logical illnesses, (3) psychotropic medications (other than stimulant
medication for children with ADHD), (4) a WIAT-II Basic Reading
score below 85, and (5) a DICA-IV diagnosis of Conduct Disorder,
Mood Disorder, Generalized Anxiety Disorder, Separation Anxiety Dis-
order or Obsessive Compulsive Disorders. Given the high rates of co-
morbidity between ADHD and Oppositional Defiant Disorder (ODD)
(Jensen et al., 1999) and because we did not have specific predictions
about the impact of comorbid ODD in children with ADHD, children
with comorbid ODD were not excluded. We also did not exclude TD or
ADHD participants based on the presence of a Specific Phobia.

An ADHD diagnosis was based on the following criteria: (1) an ADHD
diagnosis on the DICA-IV psychiatric interview and (2) a T-score of 65 or
higher on the DSM-IV:inattentive or DSM-IV:hyperactive–impulsive
scales on the CPRS-R:L or a score of 2 or 3 on at least 6 out of 9 items on
the Inattentive or Hyperactivity/Impulsivity scales of the ADHD-RS. This
information was then reviewed by a child neurologist along with consid-
eration of teacher ratings for a final confirmation. Participants in the TD
group could not meet diagnostic criteria for any psychiatric disorder,
other than Specific Phobia, based on DICA-IV and their scores had to be
below clinical cutoff scores on the parent-report measures (CPRS-R:L
and ADHD-RS). Participants with ADHD taking stimulant medication
were asked to withhold medication on the day prior and day of testing.

This study was approved by the Hospital Medical Institutional Re-
view Board. Written consent was obtained from a parent/guardian
and assent was obtained from the participating child.

2.2. MRI acquisition and processing

Before each scanning session the participants completed a practice
scanning session to acquaint themselves with the scanning environ-
ment. Participants entered the mock scanner room with an instructor
and were guided through the sequence of events that occur on the
day of their actual scan, including sliding into the scanner, wearing ear



Table 1
Demographic statistics.

TD ADHD ADHD vs. TD p-values

Girls
(N = 42)

Boys
(N = 91)

All
(N = 133)

Girls
(N = 29)

Boys
(N = 64)

All
(N = 93)

Girls Boys All

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age (years) 10.0 0.94 10.4 1.3 10.3 1.2 10.3 1.6 10.1 1.4 10.2 1.4 .433 .278 .606
% minority 31% 26% 28% 24% 34% 31% .283 .530 .584
SES 52 10 52 10 52 10 52 10 50 11 51 11 .895 .303 .346
Handedness 0.79 0.33 0.63 0.58 0.68 0.52 0.73 0.42 0.65 0.55 0.68 0.51 .476 .859 .923
FSIQ 111 10 115 13 114 12 108 12 107 12 106 13 .049 b.001 b.001
VCI 113 12 121 14 118 14 111 13 113 15 111 15 .096 .001 b.001
PRI 106 10 112 14 110 13 105 13 109 13 108 13 .806 .193 .230
WMI 105 11 109 14 108 13 104 13 101 13 101 11 .375 .001 .001
PSI 105 15 100 13 102 14 102 15 91 10 93 11 .007 b.001 b.001

ADHD boys vs. ADHD girls p-values
CPRS:R–L total raw 4 3 6 5 5 5 32 11 33 9 33 10 .427
ADHD subtype, CO:IA:HI (count) 0 0 0 20:8:1 49:13:2 69:21:3 .730
% stimulant medication 69% 70% 70% .896
ODD (count) 0 0 0 13 22 35 .335
Phobia (count) 3 2 5 5 7 12 .401

Note. %minority=percentage of subjects with a self-reported race of African American, Asian, Hispanic, or biracial; SES=Hollingshead Four-Factor Index of Socioeconomic Status; hand-
edness = Edinburgh Handedness Inventory; FSIQ =Wechsler Intelligence Scale for Children Fourth Edition (WISC-IV) Full-scale IQ, VCI =WISC-IV verbal comprehension index, PRI =
WISC-IV perceptual reasoning index, WMI = WISC-IV working memory index, PSI = WISC-IV processing speed index; CPRS:R–L = Conners3 Parent and Teacher Rating Scales-Revised
Long Version; CO = combined subtype; IA = inattentive subtype; HI = Hyperactive/impulsive subtype; %stimulant medication = percentage of subjects taking stimulant medication
at the time of the study (all subjects discontinued medication the day prior to and day of study participation); ODD = Oppositional Defiant Disorder.
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plugs, hearing loud MRI scanner noises, and being alone in the scanner
for 10 min.

All scanning acquisition was completed using a 3.0 T Philips 3T
‘Achieva’ MRI scanner (Best, The Netherlands). MPRAGE images (Slice
thickness = 1.0 mm; FOV = 26 cm; Matrix size: 256 × 256) were
checked for motion and only images with minimal motion were used
for FreeSurfer processing. Atlas based regions of interest (ROIs) and
total cerebral volume measurements were obtained using FreeSurfer
(Fischl et al., 2004). Within FreeSurfer, ROIs were delineated using a
novel automated frontal lobe atlas, the Ranta atlas (Ranta et al., 2014).
Compared to the Desikan atlas, the Ranta atlas is based on functionally
distinct regions of interest that were manually delineated using a pedi-
atric population (8–12 years old). The Ranta frontal lobe atlas includes
the left and right hemisphere anterior cingulate (ACC), dorsal lateral
prefrontal cortex (DLPFC), medial prefrontal cortex (mPFC), inferior
lateral prefrontal cortex (ILPFC), medial orbitofrontal cortex, lateral
orbitofrontal cortex, frontal eye field (FEF), lateral premotor cortex
(LPM), supplementary motor complex (SMC), and primary motor cor-
tex (M1). The lateral and medial OFC were combined to create a single
orbitofrontal cortex (OFC) ROI. Ranta ROIswere combined to permit ex-
amination of prefrontal cortex (PFC) ROIs (ACC, DLPFC,mPFC, ILPFC, and
OFC) and premotor cortex (PMC) ROIs (FEF, LPM, and SMC) collectively.
SA and CT for each ROI were extracted using FreeSurfer. FreeSurfer
parcellation quality was visually inspected for each subject.
2.3. Data analysis

Data analysis was accomplished using SPSS Statistical Version 20
(IBM, Chicago). In line with previous research, each participant3s frontal
lobe ROI cortical measurements were normalized by multiplying the
raw cortical metric by the ratio of their respective diagnostic group3s
average total brain volume (TBV) and individual subject3s total brain
volume (e.g., [Subject ROI SA ∗ Mean ADHD TBV]/Subject TBV)
(Kramer et al., 2007; Mahone et al., 2011; Ranta et al., 2009).
Normalization was done to account for common findings of reduced
cerebral/frontal graymatter volume in childrenwith ADHD.More strin-
gent methods of account for TBV (e.g., covarying for TBV) were not
employed due to the expectation of subtle group differences. Separate
2 Diagnosis × 2 Sex × 2 Hemisphere × 3 (PMC) or 5 (PFC) ROI repeated
measure ANOVAswere run for CT and SA, resulting in four total models.
Hemisphere was included in the model due to evidence of abnormal
cortical asymmetries in ADHD as well as anatomical differences in cor-
tical lateralization in boys and girls that may underlie functional differ-
ences seen in ADHD (Goldberg et al., 2013; Koelkebeck et al., 2014;
Shaw et al., 2009). The normalized scores for PFC and PMC ROIs were
used as dependent variables in their respective models. Only effects
involving diagnosis as a main effect or in interaction were reported
and interpreted. Univariate ANOVAs were used to further investigate
significant main effects and interactions. Additionally, due to the high
prevalence of comorbid ODD and participants prescribed stimulant
medication at the time of the study among our sample of children
with ADHD, we repeated our analysis for children currently prescribed
stimulant medication and those not currently prescribed stimulant
medication, as well as those children with and without comorbid ODD
to test the effect of both medication and ODD status.

A hierarchical approachwas used to assess the relationship between
symptom severity, as measured by the CPRS-R:L ADHD Total Score, and
SA in the ADHD group only. Since correlations with symptom severity
were only tested in the ADHD group, unnormalized scores of SA were
used. First, partial correlations were used to investigate associations be-
tween CPRS-R:L raw total score and PMC and PFC morphology while
controlling for age. Second, for significant associations, follow-up partial
correlations were used to investigate the association between CPRS-R:L
raw total score and PFC and PMC ROIs within sex.
3. Results

3.1. Sample characteristics

There were no significant diagnostic differences within sex or at the
whole group level (ADHD vs. TD) for age, socio-economic status, sex,
WISC-IV Perceptual Reasoning Index (PRI), and Edinburgh Handedness
Inventory. Representation of the ADHD subtypes, current use of stimu-
lant medication, and comorbid ODD and phobia did not differ in boys
and girls with ADHD. Demographic information is summarized in
Table 1.
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3.2. Prefrontal cortex analysis

3.2.1. Cortical thickness (CT)
A 2 Diagnosis × 2 Sex × 2 Hemisphere × 5 ROI repeated measures

ANOVA for CT of the PFC ROIs (ACC, DLPFC, ILPFC, mPFC, and OFC)
revealed no significant effect of diagnosis, F(1,222) b 1, p = .947, or
Diagnosis × Sex interaction, F(1,222)= 0.24, p= .625. There was a sig-
nificant Diagnosis × ROI interaction, F(4,219) = 2.9, p = .023, ηp2 =
.05, thatwas qualified by a significant Diagnosis ×Hemisphere× ROI in-
teraction, F(4,219)=2.8, p=.026,ηp2= .049. Examination of post-hoc
tests comparing diagnostic groups for each ROI within each hemisphere
revealed no significant differences between ADHD and TD groups for
any of the ROIs, p-values N .30, although there was a trend for reduced
ACC CT in the ADHD group, p = .070, which may have driven this
interaction.
3.2.2. Surface area (SA)
A 2 Diagnosis × 2 Sex × 2 Hemisphere × 5 ROI repeated measures

ANOVA for SA of PFC ROIs (ACC, DLPFC, ILPFC, mPFC, and OFC) revealed
a significant effect of diagnosis (TD N ADHD), F(1,222) = 13.6, p b .001,
ηp2 = .058. This effect of diagnosis differed for boys and girls as evi-
denced by a marginal Diagnosis × Sex interaction, F(1,222) = 3.59,
p = .059, ηp2 = .016, such that the effect of diagnosis was significant
for girls, F(1,222) = 11.4, p = .001, ηp2 = .049, but not for boys,
F(1,222) = 2.57, p = .110, ηp2 = .011 (see Fig. 1).

These effects were qualified by a significant Diagnosis × Sex ×
Hemisphere × ROI interaction, F(4,219) = 2.8, p = .026, ηp2 =
.049. Post-hoc tests revealed that girls with ADHD showed smaller
cortical SA in a much wider distribution of PFC regions than did
boys with ADHD, including bilaterally in the DLPFC, left DLPFC:
F(1,222) = 6.4, p = .012, ηp2 = .028; right DLPFC: F(1,222) =
5.0, p = .026, ηp2 = .022, as well as left ILPFC, F(1,222) = 6.4,
p = .012, ηp2 = .028, left ACC, F(1,222) = 8.1, p = .005, ηp2 =
.035, right mPFC, F(1,222) = 7.8, p = .006, ηp2 = .034, and right
OFC, F(1,222) = 5.21, p = .023, ηp2 = .023. In contrast, boys
with ADHD showed fewer PFC reductions compared to TD boys
than did girls with ADHD, including the left mPFC, F(1,222) =
3.9, p = .050, ηp2 = .017, right ACC, F(1,222) = 9.4, p = .002,
ηp2 = .041, and right OFC, F(1,222) = 3.7, p = .055, ηp2 = .016.
Pairwise comparisons are summarized in Table 2.
Fig. 1. Left, reductions in PFC surface areawere observed in girls with ADHD, compared to TD gir
boys, but not girls. The error bars represent 95% confidence intervals and a single asterisk repr
3.3. Premotor cortex analysis

3.3.1. Cortical thickness
A 2 Diagnosis × 2 Sex × 2 Hemisphere × 3 ROI repeated measures

ANOVA for the PMC ROIs (SMC, LPM, FEF) revealed no significant main
effect of Diagnosis, F(1,222) b 1, p=.679, and noDiagnosis × Sex interac-
tion, F(1,222) b 1, p= .807. Additionally, all other interactions with Diag-
nosis were not significant.

3.3.2. Surface area
A 2 Diagnosis × 2 Sex × 2 Hemisphere × 3 ROI repeated measures

ANOVA for the PMC ROIs (SMC, LPM, FEF) revealed a marginally signif-
icant main effect of diagnosis (TD N ADHD), F(1,222) = 3.7, p = .057,
ηp2 = .016. The effect of diagnosis did not significantly vary by sex,
Diagnosis × Sex interaction: F(1,222) = 0.6, p = .441, although it was
qualified by a Diagnosis × ROI interaction, F(2,221) = 5.2, p = .006,
ηp2 = .045. Post-hoc tests revealed that SA was reduced in children
with ADHD in the LPM, F(1,222) = 4.2, p = .042, ηp2 = .018, and
SMC, F(1,222) = 3.9, p = .05, ηp2 = .017.

Given the pattern of findings for the PFC and our interest in sex dif-
ferences in ADHD boys and girls compared to their sex-matched peers,
separate analyses (Diagnosis × Hemisphere × ROI) for each sex were
also conducted to determine whether the Diagnosis × ROI interaction
reported above for surface areawas present among boys and girls (2 ad-
ditional models). These analyses revealed a significant effect of diagno-
sis for boys, F(1,153) = 5.2, p = .024, ηp2 = .033, but not for girls,
F(1,69) = 0.6, p= .433, ηp2 = .009, suggesting that PMC SA is reduced
in boys with ADHD compared to TD boys, but not in girls with ADHD
compared to TD girls (see Fig. 1). For boys, there was a significant
Diagnosis × ROI interaction, F(2,152) = 3.6, p = .03, ηp2 = .045, such
that boys with ADHD showed significantly smaller cortical SA only in
the bilateral LPM, F(1,153) = 8.4, p = .004, ηp2 = .052. For girls,
there was also a Diagnosis × ROI interaction, F(2,68) = 4.9, p = .011,
ηp2 = .13, such that girls with ADHD showed smaller cortical SA only
in the bilateral SMC only, F(1,69) = 4.1, p= .046, ηp2 = .056. Pairwise
comparisons are summarized in Table 2.

3.4. Effects of ODD and medication status

For the PFC, separate analyses of children with ADHD with (n=35)
and without (n=58) comorbid ODD compared to TD children revealed
ls, but not boys. Right, reductions in PMC SA observed in boyswith ADHD, compared to TD
esents p b 0.05 and a double asterisk represents p b 0.01.



Table 2
Total brain volume and frontal lobe cortical surface area.

TD ADHD ADHD vs. TD
differences

Girls Boys All Girls Boys All

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Girls Boys

Total brain volume (mm3) 990,656 82,200 1,096,920 100,946 1,063,363 107,261 981,137 86,723 1,074,734 90,312 1,045,548 98,866
Surface area (mm2)
Prefrontal ROIs

ACC 5148 521 4909 428 4984 471 4885 435 4752 471 4794 461 (L)** (R)**
DLPFC 14,389 1248 14,053 1224 14,159 1237 13,600 1291 14,116 1077 13,955 1165 (B)*
ILPFC 7611 825 7530 875 7555 857 7234 687 7393 752 7344 733 (L)*
mPFC 9736 614 9559 752 9615 714 9305 867 9385 683 9360 742 (R)** (L)*
OFC 12,444 799 12,246 952 12,309 909 12,227 872 11,983 860 12,059 866 (R)*
Premotor ROIs
FEF 1885 181 1871 292 1876 261 1969 241 1856 281 1882 266
LPM 5627 430 5634 605 5632 554 5570 603 5350 597 5544 583 (Bw)**
SMC 3738 357 3625 441 3661 418 3563 356 3576 346 3624 392 (Bw)*

ACC= Anterior cingulate, DLPFC = dorsolateral prefrontal cortex, ILPFC= inferior lateral prefrontal cortex, mPFC=medial prefrontal cortex, OFC = orbitofrontal cortex; FEF = frontal
eyefield, LPM= lateral premotor cortex, SMC=supplementarymotor cortex;+p≤ 0.1; L= left, R= right, B= left and right, Bw=bilateral ROIwas significant and laterality effectswere
not tested.

* p ≤ 0.05.
** p ≤ 0.01.
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that for the ADHD without ODD group there was an effect of ADHD Di-
agnosis, F(1,186) = 7.9, p = .005, ηp2 = .04, as well as a significant
Diagnosis × Sex × Hemisphere × ROI interaction, F(4, 183) = 3.2,
p = .014, ηp2 = .07. In contrast, for children with comorbid ODD,
while there was a main effect of Diagnosis on PFC SA, F(1,
165) = 8.7, p = .004, ηp2 = .05, there was no
Diagnosis × Sex × Hemisphere × ROI interaction, F(4, 162) = 1.2,
p = .297, ηp2 = .03. These results suggest that the diagnosis of
ADHD, and not the presence of comorbid ODD, is driving the inter-
action findings observed in the whole group. There was also an ef-
fect of medication status for the PFC such that among the children
currently prescribed with stimulant medication (n=65), a signifi-
cant effect of diagnosis, F(1,195) = 13.9, p b .001, ηp2 = .07, and
a marginal Diagnosis × Sex interaction, F(1,195) = 3.6, p = .058,
ηp2 = .02, was observed, similar to the findings for the whole
Fig. 2.The scatter plots illustrate the inverse relationship between PFC (left) andPMC (right) SAs
(partial correlation). PFCwas significantly associatedwith symptom severity in both girls andbo
symptom severity in boys (r= –.244, p= .056), whereas it was not significant in girls (r= –.2
lines represent boys.
group. In contrast, these effects were not present among those
that were not currently prescribed stimulant medication (n=28),
diagnosis: F(1,156) = 2.6, p = .108, ηp2 = .02, Diagnosis × Sex:
F(1,156) = .92, p= .340, ηp2 b .01. Analysis of ODD andmedication
status on PFC cortical thickness revealed no effect of ODD or medi-
cation status.

Similarly, for the PMC, separate analyses of childrenwith ADHDwith
and without comorbid ODD compared to TD children revealed that
for the ADHDwithout ODD group, there was an effect of ADHD diagno-
sis, F(1,186) = 7.7, p = .006, ηp2 = .04, as well as a significant
Diagnosis × ROI interaction, F(2,185)=5.0, p= .008, ηp2= .05. In con-
trast, for children with ODD, there was no significant effect of diagnosis,
F(1,165) = .05, p = .83, ηp2 b .001, or a Diagnosis × ROI interaction,
F(2,164)= 2.4, p= .091, ηp2= .03. These results suggest that the diag-
nosis of ADHD, and not the presence of comorbid ODD, is driving the
andConners3 Parent Rating Scale-Revised LongVersion Total Scorewhile covarying for age
ys (boys: r= –.289, p=.023; r= –.441, p=.019). PMCSAwasmarginally associatedwith
66, p= .171). Filled circles and solid lines represent girls while unfilled circles and dotted
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findings observed in thewhole group. Analyses of the effect of stimulant
medication status on the PM SA revealed that both groups showed a
significant Diagnosis × ROI interaction (currently not prescribed
medication: F[2,155] = 4.0, p = .021, ηp2 = .05; currently prescribed
medication: F[2,194] = 3.3, p= .038, ηp2 = .03), suggesting that med-
ication status had no impact on PMC SA findings from the whole group.
Additionally, there were no significant main effects or interactions ob-
served in any of the ODD or medication status subgroups for PMC corti-
cal thickness.

3.5. Brain behavior correlation

Partial correlations were used to assess relationships between Ranta
atlas ROIs and symptom severity (CPRS-R:L ADHD Total score) in
children with ADHD. Although age was only correlated with PMC SA
(bilateral PMC SA: r = .232, p = .026) but not PFC SA (bilateral PFC
SA: r = .162, p = .121), age was included as a covariate in both PMC
and PFC associations with symptom severity to be consistent.

In the overall sample of children with ADHD we found that greater
total PFC andPMCSAwas significantly associatedwith lowerADHDsymp-
tom severity (PFC: r=–.252, p=.016; PMC: r=–.219, p=.037). Follow-
up analyses exclusively investigated symptomcorrelationswith SA in each
of the ROIs for each sex. Among boys, PMC SA was associated with symp-
tom severity (r = –.244, p = .056), whereas this correlation was not
significant for girls with ADHD (r= –.266, p= .171). However, it should
be noted that the correlation coefficient was similar for boys and girls
with ADHD, suggesting that the lack of significance among girls with
ADHDmay be due to reduced power. In contrast, PFC SAwas significantly
associatedwith symptomseverity in both girls andboyswithADHD (girls:
r= –.441, p= .019; boys: r= –.289, p= .023), although this relationship
appears to be stronger among girls with ADHD (Fig. 2). Correlation
statistics are summarized in Table 3.

4. Discussion

The primary focus of this studywas to examineneuroanatomical dif-
ferences in the frontal lobe in 8–12year-old boys and girlswith ADHD in
comparison to same-sex TD children. To accomplish this, we included a
large sample of both TD and ADHD boys and girls and employed an au-
tomated parcellation of functionally distinct subdivisions of the frontal
lobe (Ranta et al., 2014). In linewith previous research,we found reduc-
tions in frontal lobe SA in school-age (pre-adolescent) children with
ADHD, whereas no significant differences in CTwere observed. Inter-
estingly, differential patterns of reduced SA relative to TD children
were observed for girls with ADHD compared to boys with ADHD.
Boys with ADHD, compared to TD boys, showed posterior (premotor
cortex; PMC) decreases in SA, whereas girls with ADHD showed
more anterior (prefrontal cortex; PFC) decreases in SA when com-
pared to TD girls. These findings should be considered in light of
the different neurodevelopmental trajectories for both diagnostic groups
and sexes, such that girls develop earlier than boys (Lenroot et al., 2007)
and TD children develop earlier than ADHD children (Shaw et al., 2007).
Therefore, higher order association areas that develop last, such as anteri-
or regions of the frontal lobe, may show differences in the girls but not
boys because boys, both TDandADHD, have not undergone this advanced
Table 3
Partial correlation coefficients for frontal lobe ROI morphology and symptom severity.

Surface area

Total prefrontal ACC DLPFC ILPFC

Girls CPRS:R −.441* −.359+ −.369+ −.407*
Boys CPRS:R −.289* −.192 −.176 −.229+

Note: Partial correlation coefficients were calculated in the ADHD group only while covarying fo
ACC = anterior cingulate, DLPFC = dorsolateral prefrontal cortex, ILPFC = inferior lateral prefr
eye field, LPM= lateral premotor cortex, SMC = supplementary motor cortex; +p ≤ 0.1, *p ≤
stage of cortical development. Additionally, although approximately 40%
of our sample had comorbidODD, follow-up analysis revealed that the re-
sults presented at thewhole group level for both PFC and PMCwere prin-
cipally driven byADHD, andnotODD, status. Furthermore, approximately
70% of the ADHD sample were prescribed stimulant medication at the
time of the study. Follow-up analyses indicated that there was no signifi-
cant effect of medication status on PMC SA, yet PFC SA differences were
more pronounced in those currently prescribed stimulants. Thismay sug-
gest more atypical prefrontal morphometry or greater power to detect
thesedifferences among the sample of children currently prescribed stim-
ulant medication compared to those that are not, relative to TD children.
Although our sample was relatively large, it was still not sufficient to ex-
amine the impact of medication on Diagnosis × Sex interactions (only 10
ADHD females were not currently prescribed stimulant medication).
Therefore our findings regarding the impact of stimulant medication on
the effect of sex in ADHD should be considered preliminary.

Reductions in PMC SA in boys with ADHD are in line with previous
research showing impairments in motor function (Cole et al., 2008;
MacNeil et al., 2011; Mostofsky et al., 2003), basic motor response inhi-
bition and preparation (O3Brien et al., 2010), and reductions in PMC
volume (Mostofsky et al., 2002). These anatomical differences may be
relevant to ADHD-related sex differences in motor impairments, such
that boys with ADHD in this age range (8–12 years old) show a greater
propensity to producemirror overflow than do girlswith ADHD,whodo
not show increased mirror overflow compared to TD girls (MacNeil
et al., 2011). Mirror overflow movements in boys with ADHD, thought
to reflect a maturational delay of intracortical inhibition, are in line
with research by Shaw and colleagues showing a maturational delay
in cortical development in ADHD (Shaw et al., 2007).

Girlswith ADHDshowedmore distributed decreases in SA in the PFC
compared to ADHDboys. These results are in linewith neuropsycholog-
ical testing showing that girls with ADHD present with impairments in
planning/switching (O3Brien et al., 2010) but do not show significant
impairments in motor control relative to age matched TD girls (Cole
et al., 2008;MacNeil et al., 2011). Our neuroanatomical findings suggest
that higher order deficits in planning and greater propensity for inter-
nalizing behaviors in girls with ADHD (Lahey et al., 2007) may be relat-
ed to decreased SA in the mPFC and DLPFC (planning and switching)
and OFC (emotion regulation). The greater distribution of significant re-
ductions in the PFC in girls with ADHD may reflect a general delay in
cortical development (compared to TD girls) but, like all girls, a relative
advancement of cortical development compared to ADHD boys.

Although boys and girls with ADHD showed different patterns of re-
ductions in SA, regions such as the OFC, mPFC, and ACCwere reduced in
both boys and girls with ADHD. These regions, given their connections
with the ventral striatum (Haber and Knutson, 2010), are part of the
brain reward circuitry and are involved in integrating cognitive andmo-
tivational processes. Etiological theories of ADHD have emphasized the
interaction of cognition and motivation (Castellanos et al., 2006) as
underlying the behavioral dysregulation that characterizes this disor-
der. Specifically, children with ADHD tend to display atypical reward-
based decision-making (i.e., delay discounting; e.g., Sonuga-Barke and
Fairchild, 2012), motivation/response to reinforcement (e.g., Luman
et al., 2010), and emotion regulation (Shaw et al., 2014). Studies have
shown that the OFC is involved in the inhibition of inappropriate
Surface area

mPFC OFC Total premotor FEF LPM SMC

−.379* −.223 −.266 −.108 −.303 −.173
−.241+ −.312* −.244+ −.167** −.168 −.293*

r age. CPRS: R–L= Conners3 Parent Rating Scale-Revised Long Version ADHD Total Score;
ontal cortex, mPFC =medial prefrontal cortex, OFC = orbitofrontal cortex; FEF = frontal
0.05, and **p ≤ 0.01.
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emotional responses (Itami and Uno, 2002) and identifying the rein-
forcing value of stimuli (Chib et al., 2009). The ACC is also thought to
be an interface between cognition andmotivation and is involved in re-
ward processing and error or conflict awareness (Holroyd and Yeung,
2011). Research has also shown that the mPFC is associated with reward
processing, executive control, error detection, conflict monitoring, and
reward-guided learning (Euston et al., 2012). Furthermore, resting-state
fMRI has implicated the mPFC as a central node in the default mode net-
work (DMN), which has been suggested to be a network that emerges
during non-task related, self-reflective periods. Previous work from
Castellanos and colleagues has shown a decreased coherence in the
DMN and that a decreased DMN suppression is associated with intra-
individual variability (Uddin et al., 2008). Thus, our findings of reduced
mPFC SA in boys and girls with ADHD might suggest an anatomical
basis for an immature DMN, in support of the idea of a developmental
delay in ADHD (Fair et al., 2010).

In line with diagnostic group differences in SA, increased SA (more
typical SA) was associated with decreased ADHD symptom severity
within the ADHD group. Additionally, PMC and PFC SAswere associated
with ADHD symptom severity among boys, whereas PMC SA was not
significantly associated with symptom severity among girls with
ADHD, although the correlation coefficient was similar to that of boys
suggesting a lack of power, and a strong association between PFC SA
and symptom severity, was observed. Similar to the PFC SA diagnostic
group differences seen in boys and girls with ADHD, a stronger associa-
tion between PFC SA and symptom severitymay be related to the earlier
development of the PMC relative to the PFC and of girls relative to boys,
such that ADHD-associated differences in PFC SA seen in the girls may
predate that of boys. Previous work by Shaw and colleagues has
shown that the rate of cortical thinning is associated with symptom se-
verity as well as syndromatic and symptomatic remission (Shaw et al.,
2011). In this study we find that a decrease in SA is associated with
greater symptom severity while controlling for age. It is possible that
children in our samplewho showdecreased SAmay show a greater per-
turbation in their cortical development and therefore present with
greater symptom severity, an interpretation that is consistent with re-
search by Shaw (Shaw et al., 2006). Furthermore, a sex difference in
the developmental trajectory of cortical folding is a likely mechanism
underlying this association, but longitudinal studies would be needed
in order to understand whether boys with ADHD show similar differ-
ences in PFC SA as do girls with ADHD at a later point in development.

To our knowledge, only one other study has investigated sex differ-
ences in frontal lobemorphology in childrenwith ADHD (Mahone et al.,
2011). Although both studies found similar frontal lobe results, de-
creases in ADHD children compared to TD children, some differences
were observed at the ROI level, as the prior study found reduced SMC
volume in both girls and boys with ADHD with sexual dimorphic
findings only for lateral PMC (only girls) and medial PFC (only boys).
These differences may be the result of using different parcellation
methods as well as the use of different cortical metrics. Mahone
et al. used manually delineated ROIs to extract gray and white mat-
ter volume. In the current study, an automated parcellation, based
on the aforementioned manual parcellation, was used to extract SA
and CT, not volume. Additionally, this study had larger group sizes
(64 ADHD boys compared to 21, and 29 ADHD girls compared to
21) that may also contribute to the differences in our results. In par-
ticular, the larger group sizes and focus on more specific metrics
may have been useful in detecting a wider distribution of PFC abnor-
malities in girls with ADHD.

Due to the limited research on sex differences in children with
ADHD, we chose to focus our investigation on PMC and PFC regions in
a group of relatively “pure ADHD” children (i.e., without significant co-
morbidities). The ROI based approach used in this study allowed us to
investigate functional subdivision of the frontal lobe, which has not
been done. By doing so, we were unable to localize the clusters within
the ROI that drove these sex and diagnostic differences. Additionally,
the inclusion of hemisphere in our analysis revealed significant differ-
ences between boys and girls with ADHD, yet no clear laterality effect
was observed. Although our data suggest differences in frontal lobe cor-
tical development in boys and girls with ADHD compared to their TD
peers, we were unable to test those differences in cortical development
due to our cross-sectional data. Previous longitudinal research has
shown a general reduction in volume across all lobes aswell cerebellum
in ADHD subjects ages 5–19 (Castellanos et al., 2002). Furthermore, the
use of a “pure ADHD” sample may reduce our ability to generalize our
results. Larger group sizes will allow for further investigation into the
effect of comorbidities in ADHD as well as the effect of stimulant medi-
cation. However, our findings provide an important foundation for fu-
ture research, which can expand upon the methods and sample
characteristics for the current study.

This study emphasizes the need for the investigation of sex-
differences in ADHD, particularly in terms of brain structure and func-
tion, cognition, and behavior. In this study we were able to identify
sex-based differences in SA, such that boys with ADHD showed more
prominent PMC reductions in SA, while girls with ADHD showed more
prominent PFC reductions in SA. We also found that greater SA was as-
sociatedwith lower ADHD symptom severity. Future research is needed
to clarify the following: 1)whether boys and girls with ADHD follow the
same developmental trajectory in SA, but with girls somewhat ahead of
boys, and 2) how these reductions in SA are related to changing devel-
opmental cognitive and behavioral impairments. A greater understand-
ing of sex differences in ADHD and trajectories of brain development
and functional outcomes has important implications for possible reme-
diation or therapies tailored differentially to boys and girls with ADHD.
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