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Localizing the rostrolateral prefrontal cortex at the individual level
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The functions of the rostrolateral prefrontal cortex (RLPFC) have
recently become the target of multiple theories and empirical
investigations. This region can be loosely defined as the lateral portion
of Brodmann area (BA) 10. One of the challenges in testing theories
about RLPFC functions is the difficulty in defining its boundaries when
formulating predictions for its recruitment. Here we present a
procedure that goes beyond the currently available anatomical
definitions to attempt a functional localization of RLPFC. A
combination of functional and anatomical criteria was employed,
consistent with other localizer procedures. Functional localization was
performed by comparing a relational condition involving relational
matching to a control condition involving feature matching. It was
expected that within an anatomically defined BA10 region, this
procedure would produce functional activations in the lateral but not
the medial subregions. The task was administered in the course of a
single 13-min fMRI session. Results showed remarkable consistency,
with all subjects activating RLPFC and activations consistently
localized in the lateral part of BA10. These results demonstrate the
practical feasibility of localizing RLPFC using a short procedure and a
combination of functional and anatomical criteria. Such localization
presents with a number of potential advantages for testing theories of
RLPFC functions, including improved anatomical precision of experi-
mental predictions, as well as the possibility of reduction in the rate of
false-negative findings across studies. In addition, the results provide
further support for the previously proposed functional dissociation
between lateral and medial BA10.
© 2007 Elsevier Inc. All rights reserved.

Introduction

The rostrolateral prefrontal cortex (RLPFC) has recently
become the centre of a minor explosion of investigations in the
field of cognitive neuroscience, from both empirical and theoretical
points of view. This region, which can be loosely defined as the
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lateral portion of Brodmann area (BA) 10, appears to be involved
in some of the most complex and uniquely human cognitive
functions (Christoff and Gabrieli, 2000; Gilbert et al., 2006b;
Koechlin et al., 1999; Ramnani and Owen, 2004). RLPFC
recruitment occurs across a wide range of domains (Christoff and
Owen, 2006), from highly structured reasoning (e.g., Bunge et al.,
2005; Christoff et al., 2001; Kroger et al., 2002), working memory
(e.g., Braver and Bongiolatti, 2002; Koechlin et al., 1999) and
episodic memory (e.g., Buckner et al., 1996; Rugg et al., 1998;
Tulving et al., 1996) tasks, to the relatively unstructured state of
rest (Andreasen et al., 1995; Christoff et al., 2004; Shulman et al.,
1997; Smith et al., 2006). Therefore, achieving a better under-
standing of the functions of RLPFC can enhance our knowledge of
neural mechanisms in many domains of human cognition.

Several theories about the function of RLPFC co-exist at
present. One theory holds that the RLPFC is involved in meta-
cognitive, introspective thought processes such as the evaluation of
self-generated information (Christoff et al., 2001; Christoff et al.,
2003). Another theory links the RLPFC to the processing of a
hierarchy of goals, a process referred to as cognitive branching or
sub-goal processing (Braver and Bongiolatti, 2002; Koechlin et al.,
1999; Ramnani and Owen, 2004). Yet other theories emphasize
mental processes such as establishing an “episodic retrieval mode”
(Lepage et al., 2000; Rugg and Wilding, 2000), maintaining an
abstract mental set (Christoff and Keramatian, 2007; Sakai and
Passingham, 2003), or the goal-directed co-ordination of stimulus-
independent and stimulus-oriented thought (Burgess et al., 2005).

Testing these theories and advancing our knowledge of RLPFC
functions is a challenging endeavor marked by a number of
difficulties. One of the biggest difficulties that investigators face is
the question of how to define the boundaries of this region in
formulating predictions for its recruitment. Current definitions rely
exclusively on anatomical criteria, which presents with a number
of disadvantages. At one extreme, predictions for RLPFC
recruitment could be formulated as “any activations that occur
within BA10.” This definition, however, would include not only
the lateral but also the medial portions of BA10, which are known
to have distinct cytoarchitectonic (Ongur et al., 2003) and
functional (Burgess et al., 2005; Gilbert et al., 2006a,b; Lane
et al., 1997; Ochsner et al., 2004) properties. Indeed, a recent meta-
analysis by Gilbert and colleagues (2006b) identified the RLPFC
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Fig. 1. Examples of stimuli for the RLPFC localizer task. (a) The relational
condition required a second-order (relational) comparison: subjects had to
infer the dimension of change between the top pair of objects (texture or
shape) and then determine whether the bottom pair of objects changed along
the same dimension. (b) The control condition required a first-order (feature)
comparison: subjects had to determine whether the bottom object matched
either one of the top two objects along the specified dimension (texture or
shape). The correct answers to the examples shown here are (a) “no” and (b)
“yes”.
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as a separate functional subdivision within BA10, having different
functions than the rostromedial and ventromedial portions of
BA10. Clearly, a definition of RLPFC that includes any activations
within BA10 is too broad to be useful in testing theories of RLPFC
functions.

At the other extreme, RLPFC could be defined as “the
intersection between BA10 and the middle frontal gyrus,” a
definition which we have previously used (Christoff et al., 2001,
2003) to narrow the predicted anatomical boundaries of RLPFC so
that it includes only the lateral portion of BA10. This definition,
however, is too conservative in that it excludes the portions of
superior and inferior frontal gyri that lie on the lateral surface of
BA10.

Furthermore, both of these definitions are problematic because
they can only be implemented within the standard stereotaxic space
of Talairach and Tournoux (1988), which has only an indirect
relation to individual anatomical space (Brett et al., 2001, 2002;
Saxe et al., 2006) and does not take into account individual
variability in cytoarchitectonic boundaries. The recent emergence
of probabilistic cytoarchitectonic maps (Eickhoff et al., 2006;
Eickhoff et al., 2005) presents a strong alternative to reliance on the
Talairach stereotaxic reference system. Such probabilistic maps can
be used to define a priori regions of interest and to identify the
location of functional activations. However, while probabilistic
cytoarchitectonic maps have been developed for a number of
cortical areas, including BA44, 45, 6, 4a, 3b, 17 and 18, this
method is not yet available for application to studies focusing on
BA10, since a cytoarchitectonic probabilistic map does not yet
exist for this cortical region.

Another possible approach towards alleviating difficulties in
RLPFC definition may be to move beyond the use of strictly
anatomical criteria towards developing a procedure for the
functional localization of this region. Such a procedure could
allow us to identify the relevant portion of BA10 with improved
precision, and to formulate predictions of RLPFC recruitment with
greater clarity. Furthermore, if it proves reliable at activating
RLPFC at the individual level, a functional localizer procedure
could allow us to test hypotheses not only at the standard group-
analysis level, but for individual subjects too. This would allow for
a test against group-level false negative findings that may result
from unaccounted anatomical variability across subjects (Brett
et al., 2002). In addition, the ability to functionally define RLPFC
within each subject may improve the sensitivity of group-level
analyses — an effect which has been reported for other brain
regions (Saxe et al., 2006; Swallow et al., 2003).

Although well-established functional localizer tasks exist for a
number of regions such as the motor cortex (Kim et al., 1993),
visual cortex (Sereno et al., 1995), the parahippocampal place area
(PPA) and the fusiform face area (FFA) (e.g., Epstein and
Kanwisher, 1998; Kanwisher et al., 1997), there is at present no
available equivalent procedure for the RLPFC. Here we aimed to
develop such a procedure based on a combination of a functional
localizer task and anatomical landmarks, in line with existing
localizers. We also sought a task that can be administered in the
course of a single scanning session, as is standard for localizer
tasks (Saxe et al., 2006).

To this end, we chose a relatively simple task (Fig. 1) that has
been shown to activate the RLPFC at the group level (Christoff
et al., 2003). This task, which can be described as a relational
matching-to-sample task (Thompson et al., 1997), involves a
second-order comparison between the relations formed by two
pairs of objects. This process, also known as “relational matching”,
represents one of the basic cognitive processes associated with
RLPFC activation (Christoff et al., 2003). It recruits RLPFC with
remarkable consistency during paradigms such as the Raven's
Progressive Matrices (Christoff et al., 2001; Kroger et al., 2002)
and analogical reasoning (Bunge et al., 2005; Green et al., 2006).
The task employed here, however, requires relational matching in
the absence of complex reasoning processes, which presents a
strong advantage for developing an easy to administer and
relatively short localizer task. Finally, while this task has
previously been used in a relatively long event-related study
designed to examine different processing stages (Christoff et al.,
2003), here the task was employed in a blocked design fashion in
order to reduce the total experimental time while improving the
efficiency of design (Mechelli et al., 2003). We hypothesized that
within a defined search space consisting of both lateral and medial
BA10, this procedure would consistently activate only lateral
BA10 and that this lateral activation would be consistently
observed at the individual subject level.

Whenever BA10 functions are under investigation, special
consideration needs to be given to the commonly observed blood
oxygenation level-dependent (BOLD) signal attenuations and
distortions due to susceptibility artifacts in this region. Such
artifacts arise due to susceptibility differences between ethmoidal
air cells and brain tissue, which result in signal attenuation in
regions adjacent to bone and air sinuses (Ojemann et al., 1997).
These artifacts may result in partial or complete signal loss from
the ventromedial and frontopolar regions. Whereas distortions can
be corrected (Jezzard and Balaban, 1995), signal loss cannot be
compensated for. Therefore, it is necessary to ensure that the
absence of activation in these regions is not simply due to signal
loss. While the quality of signal in susceptibility regions can be
enhanced through region-specific shimming (Guo and Song,
2003), this usually leads to decreased signal quality in other brain
regions. Since the present study is the first to investigate an RLPFC
localizer procedure, it was important to examine the overall pattern
of brain activation, and not just activations in BA10. Therefore, a
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whole-brain shimming approach was employed, optimizing the
quality of signal throughout the brain. However, the quality of
signal in BA10 and the ability to detect activations throughout its
extent was assessed through separate analyses. This was important
in order to ensure that the hypothesized lack of activation in medial
BA10 in the relational versus control task comparison was not due
to signal loss.

Materials and methods

Participants

Ten right-handed University of British Columbia (UBC) stu-
dents (mean age 19; age range 18–23; 4 female) gave their written
consent to participate and received either course credit or $20/h as
compensation. All participants had normal or corrected vision and
were screened for MRI compatibility. Procedures were approved
by the UBC Clinical Research Ethics Board and by the UBC High
Field Magnetic Imaging Centre.

Experimental task

The task was administered in the course of a single 13-min
session. The stimuli consisted of 6 different geometric shapes
(triangle, square, star, circle, hexagon, cross) filled with one of 6
different textures (Fig. 1). In the relational condition (Fig. 1a),
subjects were presented with 2 pairs of objects (top and bottom).
They had to infer the dimension of difference between the top two
objects (objects differed either in terms of their shape or their
texture), and then determine whether the bottom two objects
differed along the same dimension. For example, in Fig. 1a, the top
two objects differ only in their shape, while the bottom two objects
differ in terms of their texture, but not their shape. The correct
response, therefore, would be “no”. In the control condition (Fig.
1b), subjects were presented with 3 objects, and had to determine if
the bottom object matched either one of the top two objects along
the specified dimension (either shape or texture). For example, in
Fig. 1b, the star (the bottom object) matches the hexagon (one of
the top objects) along the specified dimension (texture). The
correct response, therefore, would be “yes”.

The relational and control conditions were presented in 24
alternating blocks (12 blocks per condition). Each block was 32 s
long and was preceded by 1 s of instructions. In the relational
condition, the instructions stated “Match Change”. In the control
condition, they were either “Match Shape” or “Match Texture”.
The stimuli were displayed on the screen until the subject's
response, but no longer than 3500 and 2800 ms for the relational
and control conditions respectively. Following the subject's
response or the end of the maximum stimulus duration, a blank
was displayed for the remaining trial duration. There were 8 trials
per block in the relational condition and 10 trials per block in the
control condition. During scanning, stimuli were presented on a
screen located above the participant's head, using a magnet-
compatible back projection method. Subjects responded with their
right hand, pressing one of two buttons on a handheld button box,
to indicate their response (“yes” or “no”).

fMRI data acquisition

Data acquisition was performed using a 3.0 Tesla Intera MRI
scanner (Best, Netherlands). An eight element, six channel phased
array head coil with parallel imaging capability (SENSE) (Pruess-
man et al., 1999) was positioned around the participant's head to
obtain the MRI signal. Head movement was restricted using foam
padding around the head. The functional volumes contained BOLD
contrast intensity values and were acquired using a T2*-weighted
single shot echo-planar imaging (EPI) gradient echo sequence
sensitive to BOLD contrast [time of repetition (TR)=1000 ms;
echo time (TE)=30 ms; flip angle (FA)=90°; field of view (FOV)
=24×24 cm2; matrix size 80×80, reconstructed to 128×128,
SENSE factor=2.0]. The volumes covered the whole brain and
consisted of 19 slices (each 6 mm thick, separated by a 1 mm inter-
slice gap) acquired parallel to the anterior commissure/posterior
commissure (AC/PC) line. A total of 796 functional volumes were
acquire for each participant over 13 min (1 session).

Prior to functional imaging, an inversion recovery prepared
T1-weighted fast spin-echo anatomic volume was obtained for
each participant (TR=2000 ms; TE=10 ms; spin echo turbo
factor=8, FA=90°; FOV=24×24 cm2; 256×256 voxels, inver-
sion delay IR=800 ms), containing 19 slices (6 mm thick,
separated by 1 mm skip) acquired in the same slice locations used
for functional images.

fMRI data analysis

Preprocessing
Data were preprocessed and analyzed using SPM5 (Statistical

Parametric Mapping; Wellcome Department of Cognitive Neurol-
ogy, London, UK). Prior to analysis, all images underwent a series
of preprocessing steps. Slice-timing correction to correct for the
different sampling times of the slices was performed by
interpolating the voxel time series using sinc interpolation and
resampling with the middle (tenth) slice as a reference point. All
functional volumes were realigned to the first one in the time series
to correct for between-scan motion. The structural T1-weighted
volume was segmented to extract a gray matter image for each
subject, which was spatially normalized (Ashburner and Friston,
1999) to a gray matter image of the MNI template. The derived
spatial transformations for each subject were applied to the
realigned functional volumes, in order to bring them into
standardized MNI space. After normalization, all volumes were
resampled in 2×2×4 mm voxels using sinc interpolation in space.
Finally, the T2*-weighted volumes were then smoothed using a
Gaussian kernel with 8 mm full-width at half-maximum (FWHM),
in order to account for any residual between-subject variation and
allow application of Gaussian random field theory to provide for
corrected statistical inference (Friston et al., 1994).

Whole-brain analysis
Whole-brain voxel-wise analyses were performed to assess the

magnitude of difference between the relational and control
condition at each voxel. To remove low-frequency drifts in the
BOLD signal, the data was high-pass filtered using an upper cut-
off period of 128 s. Condition effects at each voxel were estimated
according to the general linear model (Friston et al., 1995), using a
single regressor of interest (a boxcar convolved with the canonical
HRF), modeling the relational task. A regressor modeling the
control task was not necessary to include in the model as it would
have simply consisted of the inverse of the relational task regressor.
Regionally specific effects were estimated by positively or
negatively weighting the parameter estimate for the relational task
regressor in linear contrasts. A positive weight was used to form



Fig. 2. Anatomical BA10 mask used to define the search space, overlaid on the averaged anatomical image across participants.
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the relational versus control task comparison, while a negative
weight was used to estimate the opposite control versus relational
task comparison. To ensure that statistical analysis was performed
in all brain regions, including those where signal may have been
low as a result of susceptibility artifacts, an anatomically defined
gray matter mask was created and explicitly specified during
analysis.
1 The voxel numbers reported here concern the resampled voxels, each of
which was 16 mm3, or 2×2×4 mm.
RLPFC localization
Localization was performed using a combination of anatomical

and functional criteria for each individual subject. An anatomi-
cally-defined BA10 mask in MNI space (Fig. 2) was used to define
the search space for voxel-wise SPM analysis. The mask was
constructed using labels from the Talairach Daemon database
(http://ric.uthscsa.edu/RIC_WWW.data/Components/talairach/
talairachdaemon.html). The mask consisted of all voxels labelled
as BA10 and was transformed from Talairach into MNI space by
applying transformation parameters derived from normalizing the
Talairach gray matter image to the SPM5 gray matter template
(Brett et al., 2001). It was then smoothed with an 8 mm isotopic
Gaussian kernel thresholded at 0.2 intensity value. The areas
reported below consist of voxels that survived a threshold of
Pb0.05 corrected for multiple comparisons across BA10, corres-
ponding to an average ZN3.69 (range ZN3.44 to ZN3.88 across
participants).

Whole-brain probabilistic activation map
In order to examine activations occurring outside of BA10, a

probabilistic map of activations for the relational versus control
contrast was created. First, a binary image was created for each
subject using the individual level of analysis. These images
contained all voxels surviving a threshold of Pb0.05 (ZN4.80)
corrected for multiple comparisons across the entire gray matter
volume and voxels surviving Pb0.05 (ZN3.69) corrected for
multiple comparisons within BA10. Voxels surviving this threshold
were assigned a value of 1, while the remaining voxels were
assigned a value of 0. The resulting binary images were summed to
create a probabilistic map containing values ranging from 0 (voxels
that no subject activated) to 10 (voxels activated by all 10
subjects).

Activation differences in medial prefrontal cortex
Since the main hypothesis of this experiment stated that the

relational versus control condition would activate the lateral but not
the medial prefrontal cortex, it was necessary to verify that any lack
of activations in medial prefrontal cortex was not simply due to the
inability to detect activations in medial BA10. In order to assess this,
deactivations across BA10 were examined by comparing the control
condition to the relational condition. If such deactivations are
present, it can be argued with greater confidence that the absence of
activations in medial BA10 in the relational versus control condition
comparison is not simply due to artifacts.

To examine such deactivations, regionally specific effects were
first estimated at the individual level. Group analysis was
performed using a random effects model by entering the estimated
individual contrast images into a voxel-specific regression across
participants. The search volume was restricted to all voxels within
BA10 using the previously described mask. Since the reverse
contrast was not specifically designed to activate medial BA10, the
threshold for significance was set at a relatively lenient threshold,
Pb0.05 (ZN1.64) uncorrected. The foci of maximum activation
were displayed on an anatomical image created by averaging the
normalized individual T1-weighted images.
Results

Behavioral results

Subjects maintained a high level of performance throughout the
task. Mean accuracy was 92.31%, and was lower during the
relational condition (M=88.85%, range=79.17–95.83%) compared
to the control condition (M=95.08%, range=90–99.17%), as
indicated by a repeated-measures ANOVA (F1,9=32.05, Pb
0.001). Mean reaction time for correct responses was 1719.6 ms.
Reaction times were on the average slower during the relational
condition (M=2042.3 ms, range=1540.4–2424.0 ms) than during
the control condition (M=1396.9 ms, range=1177.4–1551.1 ms)
(F1,9=134.84, Pb0.001).

fMRI results

The activation maxima for the relational versus control
comparison for each subject are shown in Fig. 3 and a
representative list of foci is given in Table 1. Every subject
activated BA10 significantly at the Pb0.05 corrected level. The
volume of activated area ranged from 5.65 cm3 (353 voxels;1
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Fig. 3. Regions of activations for each individual subject in the relational versus control condition comparison (Pb0.05 corrected), displayed on the individual
subject's normalized structural image. Search space for individual voxel-based analysis was defined by a structurally defined BA 10 mask, including both the
lateral and medial aspects of this region.
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Subject 2) to 23.34 cm3 (1459 voxels; Subject 1), with a mean of
12.89 cm3 (806 voxels) across subjects. Activation was observed
bilaterally in all subjects. The mean number of activated voxels
was 392 (S.E.=64.18) in the left hemisphere and 413 (S.E.=70.17)
in the right hemisphere, and did not differ significantly between the
two hemispheres (T9=0.31, P=0.77).

In all 10 subjects, activations were localized in the lateral part
of BA10. No medial BA10 activations were observed, with the
exception of one subject (Subject 9), for whom a small cluster of
activation (20 voxels) was observed in the ventromedial part of
BA10. This cluster, however, represented only 2.8% of the
activations observed for this subject; the remaining 690 activated
voxels were localized within lateral BA10.

Activations outside of BA10 were examined using a wholebrain
probabilistic activation map. Fig. 4 shows this activation map for
voxels that were activated by 6 or more subjects. A number of



Table 1
Activation foci within BA10 for the relational versus control task comparison

Subject Left hemisphere (BA10) Right hemisphere (BA10)

No. of
voxels

Gyrus Co-ordinates T-value No. of
voxels

Gyrus Co-ordinates T-value

x y z x y z

1 613 MFG −38 42 16 20.93 846 MFG 42 44 16 22.6
MFG −34 58 −8 15.88 MFG 42 52 −8 17.96

2 54 SFG −36 54 16 7.36 256 MFG 30 62 12 9.21
25 MFG −42 56 −4 5.37 MFG 44 50 −8 6.85

3 212 SFG −30 62 −12 12.18 467 IFG 44 52 0 13.93
MFG −28 64 12 7.22 MFG 42 58 12 10.96

4 494 MFG −42 50 12 15.38 493 MFG 38 58 20 16.03
MFG −34 60 12 12.73 SFG 40 56 16 15.28

5 796 MFG −38 44 12 13.05 472 MFG 46 56 −4 10.82
MFG −40 50 20 11.88 SFG 32 64 16 8.72

6 199 SFG −30 54 12 23.92 200 MFG 38 42 20 29.8
MFG −32 42 24 19.31

7 377 SFG −14 70 0 8.41 25 MFG 44 50 −8 6.3
SFG −24 60 8 7.44

43 MFG −42 46 20 7.65
8 446 MFG −38 42 16 14.66 334 MFG 42 46 12 13.05

SFG −28 60 −4 7.37 SFG 20 56 −12 5.97
9 188 MFG −36 44 24 11.62 271 MFG 34 40 20 8.35

151 MFG −26 54 −12 9.18 20 MedFG 2 60 −12 5.03
80 SFG −16 58 20 5.79 MedFG 8 58 −12 4.64

10 358 IFG −46 52 0 13.33 496 MFG 46 54 −8 13.96
SFG −38 48 24 11.27 SFG 36 62 16 9.99

Activation maxima for voxels surviving Pb0.05 corrected for multiple comparisons within BA10 are reported. Where the cluster encompassed more than one
gyrus, more than one activation foci are reported for representativeness. Gyral distinctions are based on standard Talairach space. Abbreviations: BA, Brodmann
Area; MFG, middle frontal gyrus; SFG, superior frontal gyrus; IFG, inferior frontal gyrus; MedFG, medial frontal gyrus.
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regions emerged as being consistently activated by at least 9 out of
10 subjects. In the right hemisphere, lateral BA10 and the
borderline region of 10/46 were the only prefrontal cortex regions
of activation. The only other right hemisphere regions of activation
observed were in the visual cortex (BA 17 and 18) and the parietal
cortex (BA 40). In the left hemisphere, the observed anterior
prefrontal cortex activation extended from BA10 into the adjacent
BA 9 and BA 46. Outside of the prefrontal cortex, the regions
of activation were similar to those observed in the right hemi-
sphere, including left visual cortex (BA 17, 18) and parietal cortex
(BA 40/7).

Whereas medial prefrontal cortex was not activated in the
relational versus control condition comparison, medial BA10
activations were observed in the reverse comparison, i.e., when the
Fig. 4. Whole-brain probabilistic activation map for the relational versus control t
subjects, thresholded at Pb0.05 corrected at the individual level of analysis, over
control condition was compared to the relational condition. A
group level analysis of BA10 activations in the control versus
relational comparison is displayed in Fig. 5. A cluster of activation
within medial BA10 emerged from this analysis, with activation
maximum at x, y, z=0, 62, 8 (Pb0.001 uncorrected, Z=3.22).

Discussion

The localizer procedure described here activated the lateral
portion of BA10 at the individual level with remarkable
consistency, demonstrating the practical feasibility of localizing
RLPFC using a short procedure and a combination of functional
and anatomical criteria. Across subjects, activations were con-
sistently localized in the lateral portion of BA10, supporting the
ask comparison. The figure shows voxels that were activated by 6 or more
laid on the average anatomical image.



Fig. 5. Regions of activation at the group level of analysis in the control versus relation condition (Pb0.05 uncorrected) overlaid on the average anatomical
image. Search space was defined at the group level by a structurally defined BA10 mask, including both the lateral and medial aspects of this region.
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notion that the RLPFC is a distinct functional subregion of BA10
(Christoff et al., 2003; Gilbert et al., 2006a; Koechlin et al., 2000).
The reliability of RLPFC activation across individuals is
particularly striking, especially in the context of the high variability
of activations typically observed in fMRI studies of higher cortical
regions (e.g., Braver et al., 1997; Brett et al., 2002).

The observed lateral BA10 activation in the context of no
medial BA10 activation for the relational versus control condition
comparison is in line with previously proposed functional
dissociations between the lateral and medial rostral prefrontal
regions. Such dissociations have been reported in multiple tasks,
including those involving expected versus unexpected sequences
of events (Koechlin et al., 2000), prospective memory (Burgess
et al., 2003), and low versus high cognitive demand (Gilbert et al.,
2006a). The results reported here provide additional support for
this distinction, by demonstrating that lateral BA10 can be
functionally separated from medial BA10 at the individual subject
level. Furthermore, the findings of activation in medial BA10 for
the reverse (control versus relational task) comparison demonstrate
that the absence of activation in medial BA10 for the main
(relational versus control task) comparison was not simply due to
subthreshold differences or lack of statistical power; rather,
activations in this region tended to occur in the opposite direction.
The present results, however, are only possible to interpret with
confidence in respect to the more dorsal aspects of medial
prefrontal cortex. A potential caveat should be noted in regards to
the most ventral regions of the medial prefrontal cortex, which are
subject to the strongest susceptibility artifacts. Since the present
study optimized the signal from the whole brain rather than
specifically from the medial prefrontal cortex, lower statistical
power in these ventral prefrontal regions remains a possibility.

While the RLPFC was activated in all subjects, a whole-brain
analysis also revealed a number of activation areas outside of
BA10, which were observed consistently across subjects (Fig. 4).
Within the prefrontal cortex, the only area of activation outside of
BA10 was the left anterior mid-dorsal PFC, bordering left BA10.
Outside of prefrontal cortex, consistent activations across subjects
were observed in bilateral parietal and occipital cortices. The
observation of activations outside of the target anatomical region in
functional localizer tasks is not unique to the present procedure.
Previously published functional localizers have also reported
activations extending beyond the anatomically defined region of
interest (e.g., Kourtzi and Kanwisher, 2000). Thus, an approach
involving a combination of anatomical and functional landmarks
was employed here, similarly to other localizer procedures. In
future studies, however, it may be possible to improve the present
procedure by matching more closely the two experimental
conditions in terms of overall visual and attentional demands, in
order to reduce reliance on anatomical markers. Matching visual
and attentional demands between conditions has been shown to
reduce and sometimes eliminate posterior cortical activations in
cognitive contrasts designed to activate prefrontal regions (Christ-
off et al., 2001; D'Esposito et al., 1997).

The fMRI acquisition parameters utilized in the present study
were selected to optimize BOLD signal across the whole brain in
order to enable standard whole-brain voxel-wise analysis. How-
ever, the sensitivity of this localizer procedure may be further
improved by selecting acquisition parameters to optimize BOLD
signal from the anterior prefrontal cortex. This may be achieved
through region-specific BA10 shimming (Guo and Song, 2003) or
by optimizing the amplitude of the slice-select refocus gradient for
each individual slice (Wild et al., 2002). Although optimization of
signal quality within BA10 may reduce the sensitivity in other
parts of the brain, such optimization may better enable the
quantification of the variability and extent of RLPFC across
subjects. While signal drop-out did not preclude testing the main
hypotheses of the present study, variability of signal quality across
subjects did occur, precluding us from examining with precision
the individual variability of task-related activations within BA10.

The localizer procedure described here could yield a number of
potential advantages for testing theories of RLPFC functions. It
may allow for improved definition of the hypothesized region of
interest (ROI), by helping define the boundaries of RLPFC more
precisely than is possible based on anatomical criteria alone. In
previous studies (Christoff et al., 2001, 2003), we have used
anatomical information in standardized space to define RLPFC as
“the intersection between BA10 and the middle frontal gyrus”.
While the middle frontal gyrus lies exclusively on the lateral
surface of BA10, the superior frontal gyrus covers both the lateral
and the medial surface. Anatomical definitions of RLPFC based on
the intersection between gyri and BA10 would, therefore, be
necessarily either too conservative (if the superior frontal gyrus is
excluded) or too liberal (if included). The functional localizer
procedure employed here, on the other hand, allows for a more
precise definition: it reliably distinguishes between the lateral and
medial part of the superior frontal gyrus, by activating only the
lateral part. Finally, by providing a more precise definition of the
boundaries of the hypothesized region of interest, hypotheses as to
the lack of RLPFC involvement in particular tasks and mental
processes could be tested more precisely. Determining which tasks



1394 R. Smith et al. / NeuroImage 36 (2007) 1387–1396
do not engage the RLPFC is just as important for understanding its
functions, as identifying the tasks that do engage this region.

In addition, the present RLPFC localizer procedure could help
improve the sensitivity of tests of RLPFC function, by helping
overcome some of the limitations of traditional inter-subject
averaging. One such limitation is the potential for false-negative
findings due to between-subject variability in functional anatomy; if
functional areas are not well aligned between individuals, there
might appear to be no location at which there is an average increase
in activation, even if all subjects have activated a homologous region
(Brett et al., 2002). Higher-order regions, such as the RLPFC, are
particularly likely to exhibit a high degree of inter-subject variability
in localization (Brett et al., 2002). By performing functional
localization at the individual level, and then group-averaging these
individually defined ROIs in a subsequent task, a region's selectivity
can be improved. Examples of such improved selectivity to a process
of interest have been reported for a number of regions, including the
FFA (Saxe et al., 2006), which exhibits higher selectivity when its
area is defined functionally at the individual level compared to when
it is defined in a typical group analysis. Analogous results have been
reported for the frontal eye-field (FEF) and the MT+ complex
(Swallow et al., 2003). The functional localizer procedure described
here may provide a similar advantage of increased sensitivity of
group-level analysis in tests of RLPFC function, and may help
reduce the number of false negative findings.

Functional localizers can be included in an experiment either as
a separate session, in addition to the sessions of the main
experiment (Epstein and Kanwisher, 1998; Kanwisher et al., 1997),
or as one of the comparisons in a factorial design (Friston et al.,
2006). Both of these methods have their own advantages and
disadvantages (Friston and Henson, 2006; Friston et al., 2006;
Saxe et al., 2006). The procedure presented here can be readily
used as a separate session. In addition, the cognitive manipulation
it employs (relational versus feature matching) provides clues
about how to design factorial experiments that would contain the
necessary comparison in order to allow for RLPFC localization.

Having an available functional localizer procedure for the
RLPFC also provides a strong advantage for the development of
novel methods for studying RLPFC functions, such as those
employing real-time fMRI (Christoff et al., 2006) and develop-
mental neuroscience methods for studying the maturation and early
development of RLPFC functions (Bunge and Zelazo, 2006). In
real-time fMRI, the analysis and display of results occurs
simultaneously with signal acquisition, and real-time fMRI
information about the level of activation in a particular region can
be presented to subjects while they are being scanned (Caria et al.,
2007; deCharms et al., 2004, 2005; Posse et al., 2003). This
technique allows us to test whether subjects can learn to control the
level of activation in a target ROI by engaging in a particular mental
process (deCharms et al., 2004, 2005). We have recently suggested
that this may provide a valuable additional method for testing
RLPFC functions (Christoff et al., 2006), that goes beyond the
traditional task-based paradigms by allowing both the subject and
the experimenter to observe the moment-to-moment effect that a
given mental process has on RLPFC signal. Using a functional
RLPFC localizer procedure in order to define the target ROI for real-
time fMRI training would provide much more precise and sensitive
definitions than possible based on the currently available anatomical
definitions used in real-time fMRI (e.g., deCharms et al., 2004).

In addition to the potential increase in sensitivity, such
individualized definitions may be of particular use for detecting
changes in RLPFC during the course of development (Bunge and
Zelazo, 2006; Crone et al., 2006). The limitations of traditional inter-
subject averaging on functional localization are of particular relevance
to developmental studies; the brains of children differ from the
commonly used anatomical templates to a greater extent than adult
brains, which increases the error in spatial normalization (Wilke et al.,
2002, 2003). Thus, individual functional localization could be
particularly advantageous when applied in developmental research.

The present localizer procedure employed a particular
cognitive process, relational matching, to activate the RLPFC.
This process is present in a variety of reasoning and working
memory tasks that have been reported to produce RLPFC
activation. However, since a range of other cognitive tasks and
mental processes have been shown to activate the RLPFC, the
usefulness of the present procedure to serve as a functional
localizer for different cognitive tasks, especially those that do not
involve relational processing, remains to be determined by further
empirical investigations. At present, no functional subdivisions
within the RLPFC have been identified and the tasks that have
been reported to activate the RLPFC produce largely overlapping
activations. Thus, episodic retrieval and working memory – two
tasks that together account for more than half of the reported
RLPFC activations in the literature (see Gilbert et al., 2006b) –
produce overlapping clusters of RLPFC activation, as demon-
strated both in meta-analyses such as those published by Gilbert
et al. and in individual studies where both tasks have been
employed (e.g., Ranganath et al., 2003). A Hotelling's T-test
conducted on the lateral activation maxima of the episodic and
working memory studies included in the meta-analysis by Gilbert
and colleagues indicates that the activation maxima for these two
tasks do not differ significantly (F2,39=1.84, P=0.16). Thus, the
relational matching task used in the present localizer procedure
could prove helpful as a functional localizer for working memory,
episodic memory, as well as reasoning tasks, but the extent of this
usefulness remains to be determined.

Research and discussion about the functional role of the RLPFC
in human cognition began more than 10 years ago, with the
publication of the first paper to specifically identify the RLPFC as
a separate functional region of the prefrontal cortex (Baker et al.,
1996). Although debates about the specific functional role of the
RLPFC continue to this day, the results of the present study
demonstrate that in the course of the last 10 years, sufficient
knowledge has been accumulated to allow for the design of a task
that reliably activates RLPFC at the individual subject level in a
single scanning session. It is our hope that this functional localizer
procedure will prove a useful addition to the available tools for
investigating the functions of this nebulous and yet highly
intriguing cortical region.
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