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The dorsolateral prefrontal cortex (DLPFC) is a brain region that has figured prominently in
studies of schizophrenia and working memory, yet the exact neuroanatomical localization of
this brain region remains to be defined. DLPFC primarily involves the superior frontal gyrus and
middle frontal gyrus (MFG). The latter, however is not a single neuroanatomical entity but
instead is comprised of rostral (anterior, middle, and posterior) and caudal regions. In this
study we used structural MRI to develop a method for parcellating MFG into its component
parts. We focused on this region of DLPFC because it includes BA46, a region involved in
working memory. We evaluated volume differences in MFG in 20 patients with chronic
schizophrenia and 20 healthy controls. Mid-rostral MFG (MR-MFG) was delineated within the
rostral MFG using anterior and posterior neuroanatomical landmarks derived from
cytoarchitectonic definitions of BA46. Gray matter volumes of MR-MFG were then compared
between groups, and a significant reduction in gray matter volume was observed (pb0.008),
but not in other areas of MFG (i.e., anterior or posterior rostral MFG, or caudal regions of MFG).
Our results demonstrate that volumetric alterations in MFG gray matter are localized
exclusively to MR-MFG. 3D reconstructions of the cortical surface made it possible to follow
MFG into its anterior part, where other approaches have failed. This method of parcellation
offers a more precise way of measuring MR-MFG that will likely be important in further
documentation of DLPFC anomalies in schizophrenia.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The dorsolateral prefrontal cortex (DLPFC) has figured
prominently as abnormal in schizophrenia. Weinberger et al.
Laboratory, Depart-
pital, 1249 Boylston
17 525 6116; fax: +1

.

All rights reserved.
(1986) performed a now classic study implicating DLPFC in
the working memory impairments observed in patients with
schizophrenia. However, while the fMRI signal was attributed
in this study to the site of working memory in DLPFC, the
anatomical location of this activation pattern in the prefrontal
cortex was not entirely clear, nor is it clear today.

An alternative and successful approach to localizing the
site of working memory in DLPFC comes from work on
nonhuman primates, where neurons in Brodmann area (BA)
46 and 9 exhibit persistent activity during working memory
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tasks (Goldman-Rakic, 1987). BA46 and BA9 also play an
important role in workingmemory in humans (Petrides et al.,
1993), and patients with schizophrenia show deficits in
physiological activation especially in the BA 46 (Cannon et al.,
2005; Perlstein et al., 2001). BA46 is, however, difficult to
localize with neuroimaging methods because neuroimaging
methods tend to use gyrification pattern as a reference
system, and BA46, defined based on cytoarchitectonic find-
ings on post-mortem brains, does not follow the gyrification
pattern. Brodmann originally mapped one human brain into
various cytoarchitectonic areas (Brodmann, 1909). Later, the
mapping of area 46 was done on five human brains
(Rajkowska and Goldman-Rakic, 1995) (Fig. 1B) and was
found to have major regions of overlap located between
coronal Talairach coordinates +50 and +29 in the AP plane
(Fig. 1C). In comparison to Brodmann's definition, area 46 is
more rostral and is of smaller extension. In morphometric
nomenclature, the region of BA46 is a part of the middle
frontal gyrus (MFG) (Rajkowska and Goldman-Rakic, 1995).

Two morphometric studies have explored BA46 in human
subjects. The localization of BA46 is difficult to confirm
because of the high variability of the gyral and sulcal patterns
in individual subjects (Bartley et al., 1997; Noga et al., 1996)
and because Brodmann areas do not always follow gyral
patterns. Thus presently it is impossible to exactly determine
the borders of BA46 in living subjects. Al-Hakim and co-
workers nonetheless developed semi-automated rules
to define an “average” BA46 in the MFG to be used in
structural and functional imaging studies in living human
subjects (Al-Hakim et al., 2006).

The second study, performed by Zuffante et al. (2001),
attempted to delineate the region of BA46 in schizophrenia
subjects. These investigators were able to draw on coronal
slices between the Talairach coordinates y=32 and y=45,
but experienced technical difficulties between Talairach
coordinates y=45 and y=50, and for this reason did not
include this part. The problems encountered by Zuffante and
colleagues are not surprising. The complexity and variation of
the gyrification pattern of the cortex in the rostral part of MFG
Fig. 1. Definitions of prefrontal cortex and BA46. Panel A: The frontal lobe is divide
frontal gyrus (IFG) based on the gyrification pattern of the brain. Panel B: Superimpo
common zone (in black). Reproduced from (Rajkowska and Goldman-Rakic, 1995) w
area), as the overlap region of individual extension of BA46 mapped on five postm
+2.9 cm coordinates that translate into coronal Talairach coordinates+50 and+29
Oxford University Press.
makes manual drawings in a 2-dimensional (2D) view very
challenging.

A promising approach to delineate the prefrontal cortex is
based on 3D-reconstructions of the brain's surface. Previous-
ly, 3D brain surface reconstruction was used as a visual guide
to manually draw the ROIs of the prefrontal areas (Buchanan
et al., 1998; Wible et al., 1997). In the current study, we used
FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/)
to create a 3D reconstruction of the white matter surface.
This software also automatically parcellates the brain into
subregions, with the MFG delineated into rostral and caudal
parts with high accuracy (Desikan et al., 2006). The caudal
part of the MFG corresponds to the premotor area, while the
rostral portion encapsulates a number of Brodmann areas,
including BA46 (personal communication with Rahul Desi-
kan). In addition, FreeSurfer has a tool that cuts brain regions
along the coronal plane, which makes it possible to focus
still further on the rostral part of the MFG by using the
anterior and posterior boundaries as suggested by the
cytoachitectonic studies. For the purposes of this study, we
more narrowly delineated FreeSurfer based parcellations of
the rostral MFG in order to depict BA46 and we refer to this
region as “mid-rostral middle frontal gyrus” (MR-MFG).

2. Methods

2.1. Subjects

Twenty male patients with chronic schizophrenia were
recruited from the VA Boston Healthcare System, Brockton
Division and were diagnosed with schizophrenia by trained
raters using DSM-IV criteria, based on information from the
Structured Clinical Interview for DSM-III-R (Spitzer et al.,
1990b) and from medical records. Twenty male normal
control subjects were recruited through newspaper adver-
tisements and screened using the Structured Clinical Inter-
view (SCID Non-Patient Edition) (Spitzer et al., 1990a) by the
same trained interviewers who evaluated the patients. No
control subjects had an Axis-I psychiatric disorder or a first-
d into superior frontal gyrus (SFG), middle frontal gyrus (MFG) and inferior
sition of five reconstructions of BA46 displays the variation (in gray) and the
ith permission of Oxford University Press. Panel C: Definition of BA46 (striped
ortem human brains. The overlay BA46 is located between the +5 cm and
. Reproduced from (Rajkowska and Goldman-Rakic, 1995) with permission o
f
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degree relative with an Axis-I psychiatric disorder. Control
subjects were group-matched to patients on age, sex,
handedness, and parental socioeconomic status (PSES).

The inclusion criteria for all subjects were age between 18
and 55 years, no history of neurologic illness or major head
trauma, no electroconvulsive therapy, no alcohol or drug
dependence in the last 5 years, and no significant alcohol or
drug abuse within the last year.

Premorbid IQ was assessed using theWRAT3 (Wide Range
Achievement Test 3, scaled score) (Wilkinson, 1993) and
current IQ was assessed using the WAIS-III (Wechsler Adult
Intelligence Scale—3rd Edition) (Wechsler, 1997). The
WRAT3 is a brief achievement test measuring reading
recognition, spelling, and arithmetic computation. The test
decodes skills acquired before the onset of the disease and
these skills remain preserved during the disease (Dalby
1986). In contrast, the WAIS-III scale measures current adult
and adolescent intelligence. The WAIS-III verbal IQ test
combines verbal comprehension and working memory, and
the WAIS-III performance IQ test includes perceptual organi-
zation and processing speed. The patients and the control
subjects were administered both neuropsychological tests,
the WRAT3 and the WAIS-III, to characterize intellectual
abilities in the patient group (Weickert et al., 2000).

This study was approved by the VA Boston Healthcare
System, Harvard Medical School, and Brigham and Women's
Hospital Institutional Review Boards. Written informed
consent was obtained from all subjects prior to study
participation.

2.2. MRI acquisition, image processing and automated
parcellation

2.2.1. MRI acquisition
MR images were acquired on a 3-Tesla whole body MRI

Echospeed system General Electric scanner (GE Medical
Systems, Milwaukee) at Brigham and Women's Hospital. An
eight channel coil was used in order to perform parallel
imaging using ASSET (Array Spatial Sensitivity Encoding
techniques, GE) with a SENSE-factor (acceleration) of 2. The
structural MRI acquisition protocol included the following
pulse sequence and parameters: contiguous inversion-pre-
pared spoiled gradient-recalled acquisition (fastSPGR),
TR=7.4 ms, TE=3 ms, TI=600 ms, 10° flip angle, 25.6 cm
field of view, matrix=256×256. The voxel dimensions were
1×1×1 mm. Images were realigned using the line between
the anterior and posterior commissures and the sagittal
sulcus to correct for head tilt.

2.2.2. Image processing and automated parcellation
The MRI scans were analyzed using the FreeSurfer

software package (version 3.0.5) (Dale et al., 1999; Fischl et
al., 1999a; Fischl et al., 2004), which is freely available on-line
at http://surfer.nmr.mgh.harvard.edu/. FreeSurfer has a spe-
cialized tool for automated parcellation of the neocortical
gray matter. The hallmarks of the process are the computa-
tion of the curvature of the gray and white matter interface in
order to characterize the sulci and gyri, and inflation of the
whole brain into a sphere for the purpose of registering
subjects to the standard atlas (Desikan et al., 2006; Fischl and
Dale, 2000; Fischl et al., 2001; Fischl et al., 1999b; Fischl et al.,
2004). Mapping between subjects and the atlas is performed
using a non-rigid registration on the inflated surface. The end
result is the parcellation of the human cortex into 34 regions
of interest in each hemisphere (Desikan et al., 2006). The
parcellation for rostral and caudal middle frontal gyri
(Fig. 2A) was visually inspected, compared to the parcellation
method as suggested by Crespo-Facorro et al. (1999), and no
correction was needed. The FreeSurfer automated parcella-
tion method has been cross-validated in healthy and diseased
subjects (Desikan et al., 2006) and applied successfully in
schizophrenia subjects (Venkatasubramanian et al., 2008).

2.2.3. Delineation of MR-MFG
Rostral MFGwas further subdivided into anterior, mid and

posterior portions (see Fig. 2B); the MR-MFG was the region
of main interest. Localization rules for MR-MFG were based
on cytoarchitectonic data of the BA46 between the anterior
and posterior Talairach coordinates +50 and +29 (Raj-
kowska and Goldman-Rakic, 1995), and implemented as
proportional divisions (40%, 40%, and 20%) of the distance
between the tip of the temporal and frontal lobe to account
for size variability in the human brain (Fig. 2C). The middle
part of those divisions corresponds to BA46, respectively to
MR-MFG. These delineation rules were applied previously in
a semi-automatic approach to isolate this area (Al-Hakim et
al., 2006). The tip of the lobe was identified as the most
anterior coronal plane that just showed gray matter and was
expressed in the coordinates of the appropriate coronal
planes in each subject. The coordinates were used to
determine the percentages of the divisions. The new
coordinates were used in the script to cut the label map of
rostral MFG and generate the MR-MFG label map. The cortical
volumes were calculated using the statistical module of the
FreeSurfer software, which integrates the area of each surface
triangle and multiplies it by the mean thickness over the
entire ROI.

2.2.4. Volume normalization
Gray matter volumes were normalized by the combined

volumes of the cerebral cortex on the left and right
hemisphere, a measure of the neocortical gray matter,
which was derived from FreeSurfer.

2.2.5. Statistical analysis
Statistical analyzes were performed using the Statistical

Package for Social Sciences (SPSS) (version 16.0; SPSS Inc.,
Chicago, IL, USA). We conducted MANOVA analyses for each
region separately with one within factor of side and one
between factor of group, and followed with MANOVAs on the
sub-regions of rostral MFG in order to characterize precisely
the source of the group differences for this region (one within
factor of side and one between factor of group). The main
effect of side and group for each region are reported, but the
side by group interaction was not statistically significant in
any model so these results are not reported. We corrected all
group comparisons for multiple comparisons using a Bonfer-
roni correction. In particular, for the first stage of analysis, we
multiplied the p-values by two, based on the regions of
interest (rostral and caudal), and for the second stage of
analysis, we multiplied the p-values by three, based on the

http://surfer.nmr.mgh.harvard.edu/


Fig. 2. Pial surface reconstruction representing the parcellated subregions of MFG. Panel A shows caudal MFG (colored pink) and rostral MFG (light blue). Panel B
shows the three subregions of the rostral MFG: the anterior rostral MFG, mid-rostral MFG (MR-MFG) (dark blue) and posterior rostral MFG. Panel C demonstrates
the anterior and posterior boundaries of MR-MFG, adapted from Al-Hakim and colleagues (Al-Hakim et al., 2006).
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regions of the rostral MFG (anterior, posterior, and middle
sub-regions).

Sociodemographic data, scores onWRAT3,WAIS-III Verbal
IQ, and WAIS-III Performance IQ tests were analyzed for
group differences using ANOVA.

3. Results

3.1. Subjects

Patients and controls were group matched on the
following variables: age at MRI scan (p=0.67), Parental
Socioeconomic Status (PSES, p=0.54), and handedness score
(p=0.14). All subjects were male. Additionally, there were
no significant group differences in academic abilities as
revealed by the WRAT3 score (p=0.09), an estimate of
premorbid IQ (Table 1). Patients with schizophrenia did,
however, show significantly lower current socioeconomic
status than normal control subjects (SES, p=0.001), lower
Table 1
Demographic and clinical characteristics of study groups.

Variable Schizophrenic patients Healthy control subjects Group
difference p

Mean SD n Range Mean SD n Range

Age (years) 38.2 9.6 20 22–55 36 11 20 21–55 0.668
Gender Males Males
Handedness a 0.70 0.25 20 0.25–1.00 0.80 0.17 20 0.47–1.00 0.140
Socioeconomic status b

Subject's own 3.6 1.1 20 2 0.7 20 0.001 ⁎⁎

Parental 2.6 1.2 20 2.3 1.2 19 0.538
Education (school years) 13.2 2 20 15 1.9 20 0.007 ⁎⁎

WRAT3 — scaled reading score 96.7 12.4 17 103.8 11.3 18 0.087
WAIS-III Verbal IQ 98.7 16.7 20 114.8 11.3 18 0.10
WAIS-III Performance IQ 91.5 13.1 20 109.6 20.1 11 0.005 ⁎⁎

Symptom onset (years) 23.5 5.6 18 NA
Duration of illness (years) 16.1 10.0 17 NA
Antipsychotic medication dosage c 330 281 20 NA
PANSS (total score) 85.6 28 20 NA

WRAT3=Wide Range Achievement Test 3, scaled score (Wilkinson, 1993); WAIS-III=Wechsler Adult Intelligence Scale—3rd Edition (Wechsler, 1997)
IQ=intelligence quotient; PANSS=Positive and Negative Syndrome Scale (Kay et al., 1987); SD=standard deviation, n=number of participants, p=significance
2-tailed, NA=data not applicable.

a Handedness was evaluated using the Edinburgh inventory and right-handedness is above 0.
b Higher scores indicate lower socioeconomic status (Hollingshead, 1965).
c Chlorpromazine equivalent (mg).
⁎⁎ Significance of pb0.01.
scores on WAIS-III Verbal IQ (p=0.010) and on WAIS-III
Performance IQ (p=0.005), as well on years of education
(p=0.007), which is consistent with impairment resulting
from the illness (Table 1) (Weickert et al., 2000).

3.2. Volume comparison

Table 2 provides relative volumes of gray matter for MFG
and for each of the subregions of MFG in subjects with
schizophrenia and healthy controls. The regions and sub-
regions are represented in Fig. 2A and B. The MFG is the
combined area of rostral and caudal MFG, colored light blue
and pink in Fig. 2A. The rostral MFG is further divided into the
anterior-rostral MFG, light blue in Fig. 2B, MR-MFG, dark blue,
and posterior-rostral MFG, light blue. The delineation of the
mid rostral MFG is represented in Fig. 2C. The three regions of
highest interest, the MFG, the rostral MFG and MR-MFG, are
highlighted in bold in Table 2 as they show statistically
significant differences in gray matter volumes between
;

image of Fig.�2


Table 2
Graymatter volumes ofMFG and its subregions in patients and controls. The graymatter volumes of theMFG, and its subregions, the rostral MFG and theMR-MFG,
show significant group differences, whereas the remaining regions do not, indicating that the group differences detected in MFG is solely driven by the MR-MFG
region.

Brain region Descriptive data of relative volume (%)

Schizophrenia group (n=20) Healthy control group (n=20) Group
differences

Left hemisphere Right hemisphere Left hemisphere Right hemisphere

Mean SD Mean SD Mean SD Mean SD

MFG 3.315 0.277 3.599 0.246 3.570 0.352 3.787 0.303 pb0.008
Caudal MFG 1.403 0.176 1.311 0.136 1.461 0.180 1.360 0.176 ns
Rostral MFG 1.911 0.169 2.288 0.183 2.108 0.296 2.426 0.224 pb0.014
Anterior-rostral MFG 0.237 0.127 0.360 0.141 0.232 0.088 0.301 0.079 ns
Mid-rostral MFG (MR-MFG) 0.785 0.142 0.883 0.120 0.911 0.186 1.005 0.127 pb0.012
Posterior-rostral MFG 0.652 0.255 0.772 0.200 0.715 0.281 0.842 0.224 ns

MFG = Middle Frontal Gyrus, ns = non-significant, p = significance 2-tailed, SD = standard deviation.
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schizophrenia and healthy subjects. Fig. 3 shows scatterplots
of those three regions, the relative volumes of MFG, rostral
MFG andMR-MFG for both hemispheres in schizophrenia and
healthy subjects.

The initial MANOVA analyses suggested a significant
group difference in the rostral [F(1, 38)= 8.27,
pb0.007×2=0.014] but not caudal MFG [F(1, 38)=1.67,
pb0.205×2=0.41]. The follow-up MANOVAs on the
rostral region pointed to the mid-rostral region as the
brain region driving the group difference: anterior rostral
MFG: [F(1, 38)=1.12, pb0.297×2=0.594]; mid-rostral
MFG: [F(1, 38)=9.69, pb0.004×2=0.008]; post-rostral
MFG: [F(1, 38)=0.99, pb0.326×2=0.652]. For all regions
and in both groups the left side was smaller than the right
side: rostral MFG [F(1, 38)=75.64, pb0.001]; caudal MFG [F
(1, 38)=8.87, pb0.005].

Thus, to summarize, the gray matter volumetric differ-
ences in MFG were driven by the MR-MFG and none of the
other subregions. In the MR-MFG region, schizophrenic
subjects, relative to controls, evinced reduced cortical gray
matter.
4. Discussion

It was our goal to use morphometric images to delineate a
part of the MFG where substantial overlap of BA46 maps was
previously observed and to explore differences in gray matter
volume of this region between the schizophrenia and the
control group.

DLPFC has been explored widely as it is believed to be one
of the sites of workingmemory. The definition of DLPFC varies
in the extent of the region depending on the study. Some
studies consider MFG and SFG to be part of the DLPFC and
some vary in the anterior or posterior extension of the gyri
(Gur et al., 2000; Tisserand et al., 2002). Due to the
inconsistent definition of DLPFC we have concentrated on
the MFG, where PET and fMRI have demonstrated working
memory deficits in schizophrenia patients (e.g., Cannon et al.,
2005; Glahn et al., 2005; Perlstein et al., 2001; Weinberger et
al., 1986) and in unaffected relatives (Meda et al., 2008), and
where BA46, a region that has been shown to be involved in
memory in experiments in primates, is located (Goldman-
Rakic, 1987).

Several morphometric studies have investigated MFG. A
meta-analysis of 31 peer-reviewed voxel-based-morphome-
try studies with a total of 1195 patients with schizophrenia
and 1162 healthy controls showed gray matter density
reduction in the left MFG in patients with schizophrenia
(Glahn et al., 2008). Cortical thinning of MFG has also been
reported to be bilateral in schizophrenia patients (Kuperberg
et al., 2003; Nesvag et al., 2008). Moreover, studies using
manual delineation as a method report reduced gray matter
volume in MFG in schizophrenia subjects (Goldstein et al.,
1999; Gur et al., 2000; Kasparek et al., 2007; Thompson et al.,
2001), as well as reduction in right MFG (Gaser et al., 1999).
Goldstein et al. reported 10% reduction in patients with
schizophrenia compared with healthy controls, which recon-
firms the magnitude of changes we have measured, namely a
reduction of graymatter volume in theMFG of about 8% in the
left and 5% in the right hemisphere in the schizophrenia
group. In summary, morphometric studies suggest gray
matter volume reductions in the MFG in patients with
schizophrenia, but have not explored whether the whole or
just a part of this region is contributing. Our study narrows
this finding specifically to mid-rostral MFG.

The only study, to our knowledge, to explore the rostral
part of MFG in schizophrenia subjects is the work by Zuffante
et al. (2001), who also evaluated BA46, as defined by
Rajkowska and Goldman-Rakic (1995). These investigators
delineated this area by manually drawing on coronal slices.
They did not find any changes in the gray matter volumes
between patients and controls. The discrepancy between
findings from the Zuffante study and findings from the
current study are likely due to the fact that they were not able
to include the anterior portion of BA46.

It might be surprising that we have devoted our study to a
single and small area in the prefrontal lobe, when the current
trend in exploration of the etiology of schizophrenia is to
investigate the connectivity between brain regions. We note,
however, that DLPFC is currently too loosely defined and too
large to investigate connections to other brain regions
involved in working memory. Therefore we focused on
delineating a small region within the DLPFC that we believe



Fig. 3. Volume comparison of MFG and its subregions. Relative volume=[Absolute volume (cm3)/Cortex volume (cm3)]×100 (%). Bars indicate the means.
Probabilities are from independent-sample t-tests. Abbreviations: MFG = middle frontal gyrus; HC = healthy controls; SZ = schizophrenia subjects.

158 Z. Kikinis et al. / Schizophrenia Research 123 (2010) 153–159
is likely important in schizophrenia and will be most
meaningful for future studies investigating connectivity
abnormalities in the brain in schizophrenia.

One limitation of the study lies in the resolution of theMRI
and the partial delineation of the whole BA46. Cytoarchitec-
tonic studies show that the extensions of BA46 vary across
subjects and across gyri (Rajkowska and Goldman-Rakic,
1995). Nevertheless, Rajkowska and Goldman-Rakic were
able to identify amajor region of overlap between subjects for
BA46.We focused on this region of overlap because structural
MRI currently does not provide the resolution to visualize
cytoarchitectonically related regions. In order to delineate
further the whole area of BA46, it might be necessary to
combine data from fMRI and structural MRI and to delineate
the region in each subject individually.

In this studywe successfully applied FreeSurfer, a software
programbased on3-dimensional views of reconstructed brain
surfaces. Using this method we showed volumetric differ-
ences between the chronic schizophrenia and the control
group that were accounted for by differences in gray matter
volume located exclusively in the MR-MFG, and none of the
other subregions of MFG. This finding is important as the MR-
MFG corresponds to BA46, a region reported to be involved in
working memory.
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