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Abstract
The ability to examine associations between neuropsychiatric conditions and functionally relevant
frontal lobe sub-regions is a fundamental goal in neuropsychiatry, but methods for identifying frontal
sub-regions in MR (magnetic resonance) images are not well established. Prior published techniques
have principally defined gyral regions that do not necessarily correspond to known functional
divisions. We present a method in which sulcal-gyral landmarks are used to manually delimit
functionally relevant regions within the frontal lobe: primary motor cortex, anterior cingulate, deep
white matter, premotor cortex regions (supplementary motor complex (SMC), frontal eye field and
lateral premotor cortex) and prefrontal cortex (PFC) regions (medial PFC, dorsolateral PFC
(DLPFC), inferior PFC, lateral orbitofrontal cortex (OFC) and medial OFC). Feasibility was tested
by applying the protocol to brain MR data from 15 boys with ADHD and 15 typically developing
controls, 8–12 years old. Intra- and inter-rater intraclass correlation coefficients were calculated using
parcellation volumes from a subset of that group. Inter-rater results for the 22 hemisphere specific
sub-regions ranged from 0.724 to 0.997, with all but six values above 0.9. Boys with ADHD showed
significantly smaller left hemisphere SMC and DLPFC volumes after normalization for total cerebral
volume. These findings support the method as a reliable and valid technique for parcellating the
frontal lobe into functionally relevant subregions.
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1.) INTRODUCTION
The frontal lobe is the region of the brain associated with executive control and planning,
including functions such as response inhibition and working memory (Tekin & Cummings,
2002; Alvarez & Emory, 2006). The frontal lobe is also involved in motivational aspects of
behavior and high-order motor control (Tekin et al., 2002; Ashe et al., 2006; Graziano & Aflalo,
2007). Due to this wide range of complex brain functions, abnormalities in frontal lobe structure
and function have been hypothesized to contribute to many neuropsychiatric disorders,
including obsessive-compulsive disorder (OCD), schizophrenia, depression and bipolar
disorder (Tekin et al., 2002; Yamasue et al., 2004;Suzuki et al., 2005; Shad et al., 2006). Frontal
lobe abnormalities have been particularly emphasized in the pathophysiology of developmental
disorders such as Down syndrome (Pinter et al., 2001; Porter et al., 2007), Rett Syndrome
(Carter et al., 2008b), Fragile X syndrome (Kates et al., 2002a; Gothelf et al., 2008), Williams
syndrome (Reiss et al., 2004; Porter et al., 2007), Neurofibromatosis Type 1 (Cutting et al.,
2002; Greenwood et al., 2005), idiopathic Autism (Acosta & Pearl, 2004; Courchesne et al.,
2007), Tourette Syndrome (Fredericksen et al., 2002; Marsh et al., 2007) and Attention-Deficit/
Hyperactivity Disorder (ADHD) (Mostofsky et al., 2002; Sowell et al., 2003; Nigg & Casey,
2005; Shaw et al., 2006; Kelly et al., 2007; Shaw et al., 2007). In view of the size and functional
heterogeneity of the frontal lobe (Fuster, 1997), it is likely that abnormalities in distinct
functional regions are preferentially associated with a particular disorder or with a specific
aspect of that disorder.

In an attempt to develop a tool for functionally relevant morphological and volumetric
assessments of the frontal lobe and its sub-regions, we have developed a manual frontal
parcellation protocol that relies on prominent and consistent sulcal-gyral landmarks to delineate
functionally distinct regions. While gyral-sulcal landmarks define cytoarchitectonically- and
functionally-relevant discrete regions in most cortical areas (e.g., angular gyrus/area 39 of
Brodmann/posterior inferior parietal lobule) (Zilles et al., 1990; Geyer et al., 2000; Tekin et
al., 2002), the major frontal gyri traverse multiple cytoarchitectonic and functional regions
(Sanides, 1972). Therefore, frontal gyral regions may not correspond to functional regions and
identification of minor frontal gyri/sulci is neccessary for defining functional components.
Previous protocols have often used only the most prominent sulcal landmarks due to concerns
about rater reliability and image resolution, preserving most of the major frontal gyri as frontal
subdivisions and leading therefore to predominantly anatomical parcellation schemes (Wible
et al., 1997; Buchanan et al., 1998; Crespo-Facorro et al., 1999,2000; Convit et al., 2001;
Howard et al., 2003; Desikan et al., 2006; John et al., 2006). For example, the approach
proposed by Rademacher and colleagues in 1992 and its subsequent revisions (e.g. Kennedy,
1998 #1927) defined 14 frontal lobe sub-regions with boundaries defined by multiple sulci and
landmark-based planes extended through the brain volume (cut planes), using techniques
similar to ours (Kates et al., 2002b). However, the resulting parcellation units were
predominantly gyri or portions of them with limited correspondence to functional regions
(Rademacher et al., 1992; Kennedy et al., 1998). Significantly, two of the Rademacher sub-
regions, corresponding to the superior and middle frontal gyri, included several Brodmann
areas each, including regions from both prefrontal and premotor areas whose divergent
functions are well established (Tekin et al., 2002; Alvarez et al., 2006; Graziano et al., 2007).

In 2002 we reported on a protocol for dividing the frontal lobe into major components and
demonstrated its feasibility by applying the technique to MRI (magnetic resonance imaging)
data acquired from boys with ADHD or Tourette syndrome, whose scans were compared to
those acquired from a group of typically developing (TD) controls (Kates et al., 2002b). Our
functionally oriented 2002 method divided the frontal lobe into five modules: primary motor
cortex, anterior cingulate, premotor cortex, prefrontal cortex (PFC) and deep white matter
(DWM) (Kates et al., 2002b). Instead of relying only on prominent gyri and sulci, this protocol
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utilized both major and minor easily identifiable anatomical landmarks along with cut planes
along the trajectories of sulci or at sulcal intersections and turning points. The definition of
deep white matter was novel and allowed a distinction between short association fibers (gyral
white matter) and long or projecting association fibers (DWM), (Makris et al., 1999) increasing
the relevance of regional measurements.

In this paper we present the second stage in the development of this technique. As in the first
stage of the project, frontal lobe sub-regions were delineated on the bases of consistent sulcal/
gyral landmarks chosen because of their relationships to functional boundaries indicated by
cytoarchitectonic, electrophysiological, magnetic stimulation and functional imaging findings
(Geschwind, 1979; Zilles et al., 1990; Geyer et al., 2000; Tekin et al., 2002). 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 MR images or degree of inter-subject
variability made the use of standard anatomical landmarks excessively difficult. This strategy
led to high protocol reliability despite significant inter-subject cortical variability (Ono et al.,
1990; Zilles et al., 1997). On the foundations of traditional and more recent anatomical and
functional literature (McGlinchey-Berroth et al., 1995; Tekin et al., 2002; Ongur et al., 2003;
Costafreda et al., 2006; Rypma, 2006; Mostofsky et al., 2007; Rushworth et al., 2007) the
premotor and prefrontal modules were divided into several anatomo-physiologic sub-regions.
The premotor module was subdivided into supplementary motor complex (SMC), frontal eye
field (FEF) and lateral premotor cortex (LPM). The PFC module was subdivided into medial
PFC, dorsolateral PFC (DLPFC), inferior PFC, lateral orbitofrontal cortex (OFC) and medial
OFC. The SMC and FEF are traditionally described by physiological approaches, so the
proposed definitions can be considered as delineating anatomical-equivalent SMC and
anatomical FEF regions. The SMC includes the supplementary motor area (SMA), the pre-
SMA and the supplementary eye field. Similar approaches to studying selective frontal regions
provide additional support to the overall strategy of the present study (Howard et al., 2003;
Lacerda et al., 2003).

The labor intensive nature of manual delineation methods provide irreplaceable data on
subjects’ individual anatomy compared to automatic or semi-automatic methods that have also
been applied to frontal assessments (Mostofsky et al., 2002; Carter et al., 2008a; Carter et al.,
2008b). This attention to individual differences in sulcal patterns is particularly important for
studying disorders with subtle neuroanatomical abnormalities, such as ADHD and learning
disabilities, where small changes spanning a functional region are often predicted (Kelly et al.,
2007).

As proof-of-principle, and in line with the implementation of the first stage of this protocol
(Kates et al., 2002b), the present, more comprehensive protocol was applied to MR data
acquired from a group of boys with ADHD and compared to that of matched TD controls.
Frontal abnormalities have been widely reported in ADHD but the relative contributions of
different frontal regions remain poorly defined (Castellanos et al., 1996; Castellanos et al.,
2002; Kates et al., 2002b; Mostofsky et al., 2002; Sowell et al., 2003; Shaw et al., 2006; Shaw
et al., 2007). The application of our frontal lobe parcellation technique has the potential to
illuminate the roles of discrete functionally relevant regions in ADHD and other
neuropsychological disorders.

2.) METHODS
2.1) Participants

2.1.1.) Group comparison—The present frontal lobe parcellation method was applied to
brain MR data acquired from 15 boys with ADHD and from 15 TD control boys, 8–12 years
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old. The two groups were closely matched on age (ADHD mean age = 10.5 years, Control
mean age = 11.0 years, P = 0.28, df = 1) and full scale IQ (ADHD mean FSIQ = 114.5, Control
mean FSIQ = 117.9, P = 0.64, df = 1), based on one-way analysis of variance (ANOVA)
calculations. The group was restricted to boys for this initial study because regional brain
volume differences in ADHD have primarily been found only in boys (Castellanos et al.,
2001).

2.1.2.) Reliability analysis—A subset of the group was used to establish intra- and inter-
rater reliability for the parcellation protocol. For the first step, the isolation of the frontal lobe,
the reliability subgroup consisted of 5 ADHD boys and 5 TD boys, matched on age and FSIQ.
For reliability on the frontal sub-parcellation, the reliability group consisted of 5 boys, 2 ADHD
and 3 TD, randomly chosen from the isolation reliability group. This produced a total of 10
parcellated hemispheres, 5 left and 5 right, which were analyzed independently.

2.1.3.) Participant screening—Participants were recruited from outpatient clinics at the
Kennedy Krieger Institute and from local pediatricians, chapters of Children and Adults with
Attention-Deficit/Hyperactivity Disorder (CHADD), schools, social/service organizations
(e.g., Boy Scouts), and advertisements in the community (e.g., postings at libraries).

All children entering the study had a FSIQ of 80 or higher based on performance on the
Wechsler Intellectual Scale for Children WISC– 3rd edition (Wechsler, 1991) (n = 5) or the
WISC– 4th edition (Wechsler, 2003) (n = 25). None of the children had a history of speech/
language disorder or a reading disability, and all had a basic reading standard score of 85
(16th percentile) or higher on the word reading subtest from the Wechsler Individual
Achievement Test, 1st Edition (WIAT) (Wechsler, 1992) (n = 4) or Second Edition (WIAT–
II) (Wechsler, 2002) (n = 26).

The structured parent interview, Diagnostic Interview for Children and Adolescents- 4th
edition (DICA-IV) (Reich et al., 1997) and ADHD-specific and broad behavior rating scales
(Conners’ Parent and Teacher Rating Scales-Revised CPRS-R, CTRS-R, long form (Conners,
1997)]) were used to confirm diagnosis. Control children with T-scores greater than 60 on the
ADHD (DSM-IV Inattention, DSM-IV Hyperactivity) subscales of CPRS-R were excluded
from the study. The CPRS-R and DSM IV criteria were used to evaluate ADHD subtype
(Predominantly Hyperactive-Impulsive, Predominantly Inattentive or Combined). Of the 15
ADHD subjects analyzed, 7 were Combined subtype and 8 were Predominantly Inattentive
subtype.

The DICA-IV was also used to examine for the presence of other psychiatric disorders. Any
children, whether ADHD or Control, with co-morbid conduct disorder, mood disorder,
generalized anxiety disorder, separation anxiety disorder, or obsessive–compulsive disorder
were excluded from this study. ADHD children with Oppositional Defiant Disorder (ODD)
and/or simple phobia were included; ODD was present in 5 of the ADHD subjects and simple
phobia was present in 3, including 1 subject with both.

Children with ADHD were also excluded from the study if they were taking long-acting
psychoactive medications. Additional exclusion criteria for controls included history of mental
health service utilization for behavioral or emotional problems, history of academic problems
requiring school-based intervention services or history of defined primary reading or language-
based learning disability.

The study was approved by the Johns Hopkins University School of Medicine Institutional
Review Board. Participants provided written consent (caregivers) and assent (children) and
received a copy of the consent form before beginning testing.
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2.2.) MRI image acquisition and preprocessing
T1-weighted 3D-volume MPRAGE images of the brain (matrix size = 256 × 256, echo time
= 3 ms, repetition time = 7 ms, field of view = 260 mm, slice thickness = 1.2 mm) were acquired
using a 1.5T Philips Gyroscan NT (Royal Philips Electronics, Amsterdam, The Netherlands)
for each subject in the study. All image processing was conducted using the MIPAV (Medical
Image Processing, Analysis and Visualization) software package from the Center for Imaging
Technology (CIT) of the National Institutes of Health (NIH, Bethesda, MD, USA) (McAuliffe
et al., 2001). Initial post-acquisition processing consisted of intensity normalization, manual
removal of skull, membrane and vascular structures and Anterior Commissure-Posterior
Commissure (AC-PC) alignment. The AC-PC alignment created a coordinate system in which
one axis is defined by the line between the AC and PC, the second is orthogonal to the AC-PC
line and passes through the inter-hemispheric fissure, and the third is orthogonal to both of the
previous two.

2.3.) Parcellation method
In this protocol, the frontal lobe is manually isolated from the rest of the brain and subdivided
into 11 sub-regions in each hemisphere using gyral and sulcal landmarks. A sample final
parcellation is shown in Figures 1 and 2 and the protocol is described in full detail in the
supplementary material. A summary of the main boundaries and individual functions of the
frontal lobe sub-regions in list form is provided in Supplementary Table 1. Throughout the
protocol, landmarks were chosen for their use in delineating functional sub-divisions of the
frontal lobe, based on multiple cytoarchitectonic, electrophysiological, magnetic stimulation
and functional imaging findings referenced fully in the supplementary material. The AC-PC
alignment creates a coordinate system in which individual brains can be placed in a standard
orientation. Sulcal localization and patterns are based on reviews by Ono et al. (Ono et al.,
1990) and Zilles (Zilles et al., 1997) and on our experiences with the initial implementation of
this approach (Aylward et al., 1997; Kates et al., 2002b).

2.4.) Segmentation
Segmentation into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue
components was carried out in MIPAV using a fuzzy segmentation algorithm (FANTASM)
(McAuliffe et al., 2001). Images were normalized to remove inhomogeneity artifacts, diffused
to improve signal-to-noise ratio and rotated to match the AC-PC aligned orientation of the
parcellated regions before segmentation. This segmentation method produces 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 belongs to each category. This value
also defines the proportion of each voxel that should be assigned to each tissue class.

2.5.) Volume calculation
At the completion of the frontal lobe parcellation, each voxel of the frontal lobe is assigned to
a single frontal sub-region. Each region can be defined by a volume of interest (VOI) file that
can be used to calculate image statistics within the VOI when applied to an underlying image.
For each region, the number of voxels was measured and multiplied by the volume of a single
voxel to obtain the total volume contained in the VOI. To determine GM and WM volumes
the VOI was applied to the GM or WM segmentation image and the number of voxels and
average intensity of voxels within the VOI were calculated. The final GM or WM volume was
obtained by multiplying the number of voxels within the VOI by the average intensity of the
all voxels within the VOI and by the volume of a single voxel.
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2.6.) Statistical analyses
2.6.1.) Reliability analysis—In the reliability analysis, the frontal lobe isolation and
parcellation components of the protocol were examined separately. For the frontal lobe
isolation reliability component, the volumes of the isolated frontal lobes of 5 boys with ADHD
and 5 TD controls were measured. For the frontal lobe sub-parcellation component, the
volumes of left and right hemisphere frontal sub-regions were measured for 5 boys, 2 ADHD
and 3 TD. The analyses of left and right hemisphere sub-regions were carried out
independently. Raters were blind to diagnosis. When using interclass correlation coefficients
to determine reliability, coefficients of 0.8 and greater are generally considered to be indicative
of high reliability having been achieved while a value between 0.7 and 0.8 is considered to be
an acceptable result (Shrout & Fleiss, 1979; Kates et al., 1997).

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 two weeks. Comparing un-
segmented, absolute volume measurements for each subregion in each hemisphere, 19 out of
22 intra-rater intraclass correlation coefficients (ICC) were 0.9 or greater. Full results are shown
in Table 1.

A second rater (DC) independently isolated the frontal lobes of the same 10 boys and the results
were compared to the isolations by the first rater. Following this, and beginning with the first
rater’s isolated frontal lobes, the second rater carried out the parcellation of all frontal lobes in
the 5 boys in the parcellation reliability group. The volumes of the parcellated regions produced
by the second rater were compared to those of the first rater. Inter-rater ICC for the 22 frontal
sub-regions ranged from 0.724 to 0.997. Full results are shown in Table 1.

2.6.2.) Group comparison—For the group comparison study, the complete parcellation
protocol was applied to the brain MR data of 15 boys with ADHD and 15 TD control boys.
Mann-Whitney tests were used to examine the effect of diagnosis (ADHD vs. Control) on total,
gray and white matter volume in each frontal lobe region. A statistical threshold of P < 0.05
was used to determine significance and the SPSS 15.0 statistical analysis package (SPSS, Inc.,
Chicago, IL, USA) was used to carry out all analyses.

Despite the possibility of false negative findings, non-parametric Mann-Whitney tests were
chosen for analysis of group differences because of the relatively small number of subjects in
each group and non-normal distribution of many of the volume measures. Results were
corrected for multiple comparisons using the Bonferroni approach with a hierarchical anatomy-
based strategy for the 11 sub-regions in each hemisphere (Carter et al., 2008a; Carter et al.,
2008b). On the basis of previous findings (Kates et al., 2002b; Mostofsky et al., 2002)
differences in prefrontal and premotor regions were hypothesized, however the specific sub-
regions that would be affected were difficult to predict. Therefore, we chose to report both
uncorrected and Bonferroni corrected results for all regions. Uncorrected P-values are reported
and significant corrected P-values are noted (in Tables 2 and 3).

Total cerebral volume (TCV) for each subject was calculated using Freesurfer, an automated
surface-based analysis program (http://www.nmr.mgh.harvard.edu, Martinos Center for
Biomedical Imaging, Boston, MA, USA). As reported in Wolosin et al. (Wolosin et al.,
2007) in which the same measurement method was used, the ADHD boys showed decreased
TCV compared to TD control boys (ADHD, 1174 ± 77 cm3; Control 1246 ± 67 cm3, P = 0.024)
in a Mann-Whitney comparison. Given this difference, all frontal lobe regions were examined
both before and after normalizing for TCV, with the results for normalized volumes considered
the main analysis. Mann-Whiney tests were conducted on the normalized volumes in order to
investigate relative volume differences; the tests were repeated for original, non-normalized
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values, allowing for an examination of absolute volumes as well. Normalization was
accomplished by multiplying the original measured volume by the average TCV of the entire
analysis group and dividing by the individual subject’s TCV.

Group mean volumes, standard deviations and significance results for the left and right
hemispheres are reported in Tables 2 and 3 respectively.

3.) RESULTS
3.1.) Reliability

ICC calculations using un-segmented, absolute parcellation volumes were used to determine
intra- and inter-rater reliability coefficients for the frontal lobe and all subregions. Intra- and
inter-rater reliability coefficients for the initial, full frontal lobe delineation were 0.998 and
0.997 respectively. Intra-rater coefficients for the 22 frontal sub-regions (11 in each
hemisphere) ranged from 0.778 to 0.997, with all but three greater than 0.9, and all but one
greater than 0.8. Inter-rater sub-region coefficients ranged from 0.724 to 0.997, with all but six
measures above 0.9 and all but two above 0.8, indicating a high degree of reliability. For one
region, the R FEF, one subject was dropped from the ICC calculations due to an unusual sulcal
configuration. Although not ideal, ICC coefficients below 0.8 are not unexpected for small
regions with multiple boundaries. Full reliability results are presented in Table 1.

3.2.) Protocol implementation – group difference analysis
Mann-Whitney tests were used to examine group differences (ADHD vs. Control) in total, GM
and WM volumes in each frontal lobe and parcellated sub-region before and after normalization
for TCV.

At the cerebral level, boys with ADHD showed reductions of 6.1%, 5.5% and 5.8% in left,
right and combined TCV respectively (all P = 0.024) in Mann-Whitney tests. Similar reductions
were seen in the ADHD group in the absolute left frontal lobe total (5.6%, P = 0.040) and GM
volumes (6.0%, P = 0.021) before normalization for TCV. After normalization, the left frontal
lobe volume reductions were no longer significant. No significant differences between
diagnosis groups were found in the right frontal lobe volume. Further, no significant differences
between groups in right hemisphere frontal lobe sub-regions volumes were found; all
significant difference results were in the left hemisphere alone.

In the left SMC, boys with ADHD showed a reduction in normalized WM volume (P = 0.014).
Before normalization for TCV, reductions in left SMC absolute total volume (P = 0.029) and
absolute WM volume (P = 0.005) were significant.

Boys with ADHD showed a reduction in normalized total (P = 0.014) and WM volumes (P =
0.004) in the left DLPFC. Before normalization, reductions in the left DLPFC total, gray and
white matter volumes (P = 0.003, P = 0.005, P = 0.007) were significant. After correction for
multiple comparisons, the reductions in normalized left DLPFC WM volume (P-corrected =
0.049) and absolute left DLPFC volume (P-corrected = 0.033) remained significant.

In the left medial PFC, normalization for TCV resulted in non-significant group differences.
Before normalization, significant differences in total, gray and white matter volumes (P =
0.014, P = 0.024, P = 0.017) were found, with the ADHD group having reduced volumes in
all tissue categories.

A less robust, but statistically significant result was found in the left FEF, where boys with
ADHD showed increased absolute left FEF GM volume (P = 0.049). The difference was not
significant for normalized volumes.
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Group mean volumes, standard deviations and significance results for the left and right
hemispheres are reported in Tables 2 and 3 respectively. Plots of normalized individual subject
volumes for the left DLPFC, left SMC WM and left DLPFC WM are shown in Figure 3.

4.) DISCUSSION
We have developed a highly reliable method to manually parcellate brain MR data into
functionally relevant frontal lobe sub-regions. The protocol expands upon previous approaches
by focusing on divisions that define functionally distinct frontal components, rather than
primarily or predominantly anatomical components, as in previously published methodologies
(Buchanan et al., 1998; Kennedy et al., 1998; Convit et al., 2001; Howard et al., 2003). The
present approach builds on our 2002 publication, in which we presented a method for
parcellating the frontal lobe into five major functional components (Kates et al., 2002b). In the
present protocol the prefrontal and premotor regions are sub-divided into functionally relevant
sub-regions. These functional divisions allow for more detailed examinations of the
pathophysiology of disorders, such as ADHD, in which behavioral deficits and previous
findings predict selective frontal lobe involvement. The definition of functionally relevant sub-
regions also allows for the investigation of direct correlations between anatomical
abnormalities and both functional imaging features and behavioral characteristics. The initial
application of the protocol to a cohort of boys with ADHD, who generally display relatively
small abnormalities in frontal volume (Kelly et al., 2007), provides evidence of the feasibility
and sensitivity of the method.

When applied to a group of 15 boys with ADHD and 15 age- and IQ- matched controls, the
methods identified significant reductions in bilateral cerebral volume and left frontal lobe
volume along with highly significant total and segmented volume reductions in the SMC,
medial PFC and DLPFC sub-regions of the left frontal lobe. Significant differences in relative,
normalized for TCV volumes were isolated to the SMC WM component and the DLPFC total
and WM volumes. The fact that no significant differences were found in the right hemisphere
is inconsistent with some evidence supporting the hypothesis of right hemisphere dominance
in attention, which also includes frontal “intentional” processes critical to control of off-task
impulsive and hyperactive behavior (Heilman, 1991; Petit et al., 2007), but is in agreement
with many studies of ADHD that have found abnormalities in the left frontal lobe, including
reduced volume in left premotor and prefrontal cortices, localized reductions in inferior dorsal
prefrontal areas, thinning in the medial PFC and delayed attainment of peak cortical thickness
(Castellanos et al., 2002; Kates et al., 2002b; Mostofsky et al., 2002; Sowell et al., 2003; Shaw
et al., 2006; Shaw et al., 2007). It is possible that more bilateral effects of diagnosis will be
seen when a larger number of subjects have been analyzed, including a larger percentage of
subjects with Hyperactive-Impulsive and Combined ADHD subtype. On the other hand,
absence of volumetric differences in the right frontal lobe does not exclude functional
abnormalities in this frontal component.

The left hemisphere frontal lobe findings are consistent with general theories of ADHD that
implicate dysfunction in frontal regions and circuits that support executive function. For the
SMC and DLPFC in particular, precise associations can be made between core observed
characteristics of ADHD and the known functional specialization of those regions. The SMC,
particularly its rostral, “pre-SMA” portion is known to be important in the planning and
selection of motor responses, with response inhibition seen as a specific sub-function of this
role (Mostofsky et al., 2003; Isoda & Hikosaka, 2007; Picton et al., 2007; Rushworth et al.,
2007; Simmonds et al., 2007; Mostofsky & Simmonds, 2008; Simmonds et al., 2008). There
is a good deal of evidence showing that children with ADHD perform inconsistently or at an
impaired level on a range of impulse control tasks (e.g., (Wodka et al., 2007)) and that ADHD
is associated with structural (Shaw et al., 2006) and functional (Suskauer et al., 2008)
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abnormalities in the region of the SMC. The DLPFC has a known role in working memory and
other aspects of executive function (Braver et al., 1997; DEsposito et al., 2000; Alvarez et al.,
2006) and strong evidence exists for deficits in working memory in ADHD (Martinussen et
al., 2005; Willcutt et al., 2005; Rapport et al., 2008). In this context, the decreases in left
hemisphere SMC and DLPFC volumes found in our ADHD group are the anatomical correlates
of executive function deficits that are chief characteristics of ADHD. The volume reductions
in the SMC and DLPFC appear to be preferentially due to decreases in their white matter
components, suggesting a primarily axonal abnormality in the ADHD group. Further, the
results imply a selective connectivity problem, affecting short cortico-cortical connections
while sparing the longer, projecting (cortico-cortical and cortico-subcortical) association fibers
represented by the DWM, where no volume reductions were detected.

The results of this ADHD vs. Control comparison study should be regarded as preliminary
until the study is expanded to a larger group of subjects, including girls with ADHD. Regional
brain volume differences in ADHD have primarily been found only in boys (Castellanos et al.,
2001) but our subdivision of the frontal lobe may reveal more localized, function-specific
abnormalities in a female population. A larger number of subjects would provide greater power
for detecting differences as well as a more inclusive sample of sulcal variability and ADHD
phenotype. Additionally, the use of stringent, non-parametric Mann-Whitney tests for
statistical analysis may have reduced the possibility of detecting group differences in this study;
additional analyses will be required for a complete assessment of the protocol’s sensitivity.

The theoretical foundations for our protocol include the sometimes divergent relationships
between gyral/sulcal landmarks and cytoarchitectonical and functional organization of the
cortex (Zilles et al., 1990; Zilles et al., 1997; Geyer et al., 2000; Ongur et al., 2003) and the
increasing body of information on the functional relevance of discrete frontal sub-regions,
particularly within the prefrontal and premotor regions (Tekin et al., 2002; Graziano et al.,
2007; Mostofsky et al., 2007; Rushworth et al., 2007). Nonetheless, as in other recent protocols
(Howard et al., 2003; Lacerda et al., 2003), adaptations were made in order to increase
reliability. The use of cut planes to define regional boundaries where cortical complexity or
inter-subject sulcal variability make more detailed definitions excessively difficult is the
primary limitation of our parcellation method, though an approach employed in previous
protocols (Kennedy et al., 1998; Crespo-Facorro et al., 1999). The need for a large time
commitment and raters with a fairly sophisticated knowledge of neuroanatomy make this
protocol more difficult to apply than automated or semi-automated parcellation methods.
However, the functional validity of the resultant sub-divisions is a major improvement over
faster, easier techniques. With divisions corresponding to functional regions, the parcellation
method presented here has the potential to further our understanding of the anatomic substrates
of the large number of disorders in which frontal lobe abnormalities are thought to be a
contributing factor.
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Figure 1.
Parcellated left frontal lobe of an 11.5 year-old boy on a) lateral, b) medial, c) dorsal and d)
ventral surfaces. The deep white matter region is not visible on the surface of the brain; a sample
DWM can be seen in Figure 2.
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Figure 2.
A sample frontal lobe parcellation in a series of axial cross-sections. Images from left to right
move from more inferior to more superior positions in the brain.
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Figure 3.
Plots of volume after normalization for TCV, grouped by diagnosis for left DLPFC, left SMC
WM and left DLPFC WM. Horizontal bars indicate the mean and standard error for each group.
Findings showed significantly reduced volume in ADHD in all three regions, with the effect
of outliers mitigated by the use of non-parametric analyses.
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TABLE 1
Intra- and inter-rater intraclass correlation coefficients for frontal lobe and sub-regions

Region Intra-rater ICC Inter-rater ICC

Frontal Lobe 0.998 0.997

Left Hemisphere

L Primary Motor 0.991 0.992

L Ant Cingulate 0.997 0.997

L Deep White 0.975 0.959

L SMC 0.954 0.946

L FEF 0.980 0.802

L LPM 0.956 0.916

L Medial PFC 0.968 0.957

L DLPFC 0.986 0.950

L Inferior PFC 0.778 0.798

L Lateral OFC 0.934 0.961

L Medial OFC 0.976 0.894

Right Hemisphere

R Primary Motor 0.930 0.978

R Ant Cingulate 0.981 0.979

R Deep White 0.948 0.907

R SMC 0.965 0.895

R FEF 0.975 0.724*

R LPM 0.877 0.861

R Medial PFC 0.996 0.980

R DLPFC 0.972 0.979

R Inferior PFC 0.928 0.839

R Lateral OFC 0.992 0.987

R Medial OFC 0.888 0.925
*
indicates that 4 of 5 subjects were used in determining ICC for the R FEF due to an unusual sulcal configuration in the 5th subject.
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