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Abstract

The dorsomedial and dorsolateral prefrontal cortices (dmPFC, dIPFC) together support cognitive
control, with dmPFC responsible for monitoring performance and dIPFC responsible for adjusting
behavior. The dIPFC contains a topographic organization that reflects complexity of control
demands, with more anterior regions guiding increasingly abstract processing. Recent evidence for
a similar gradient within dmPFC suggests the possibility of parallel, hierarchical organization.
Here, we measured connectivity between functional nodes of dmPFC and dIPFCusing resting-state
functional magnetic resonance imaging (fMRI) in humans. We found a posterior-to-anterior
connectivity gradient: posterior dmPFC maximally connected to posterior dIPFC while anterior
dmPFC maximally connected to anterior dIPFC. This parallel topographic pattern replicated
across three independent datasets collected on different scanners, within individual participants,
and through both point-to-point and voxelwise analyses. We posit a model of cognitive control
characterized by hierarchical interactions — whose level depends on current environmental
demands — between functional subdivisions of medial and lateral PFC.

Introduction

A hallmark of the cerebral cortex is its topographic organization. Topographieshave been
long-recognized within sensory and motor systems, whose spatial and somatotopic maps
were elucidated in early animal and subsequent human research (Udin and Fawcett, 1988;
Reep et al., 1996; Swindale, 1996; Kaas, 1997; Schneider et al., 2004; Silver and Kastner,
2009). Other cortical regions, however, have less obvious large-scale structure. While early
conceptions of the prefrontal cortex (PFC) were shaped by the lack of clear functional
deficits associated with specific lesions (Ferrier, 1886; Lashley, 1929, 1950; Tizard, 1959),
recent theoretical models have argued that all of PFC conjointly supports the adaptive
control of behavior (Fuster et al., 2000; Miller and Cohen, 2001).

Within the lastdecade, functional neuroimaging has generated models of dIPFC that contain
a topographic organization (Christoff and Gabrieli, 2000; Koechlin et al., 2000; Koechlin et
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al., 2003; Christoff and Keramatian, 2007; Koechlin and Summerfield, 2007; Badre et al.,
2009). Although the specific mapping of regions to functions differs across models, all share
some familial properties: posterior dIPFC controls relatively simple mappings of stimuli to
actions, anterior dIPFC shapes complex conditional relationships among behavioral rules,
and information flows between regions in a largely hierarchical fashion from anterior to
posterior regions.

Considerably less is known about the organization of dorsomedialPFC (dmPFC).
Itcontributes to a welter of cognitive processes, including monitoring performance, selecting
actions based on goals, anticipating rewards, and signaling errors and adverse outcomes
(Bush et al., 2000; Ridderinkhof et al., 2004a; Ridderinkhof et al., 2004b). One popular view
is that this functional diversity parallels apparent structural heterogeneity, with the above
processes considered to be intercalated throughout this region (Ridderinkhof et al., 2004a).
Yet, recent evidence from neuroimaging studies suggests that dmPFC has functional, and
potentially topographic, subdivisions. Direct comparison of three distinct types of cognitive
control demands — response-related, decision-related, and strategy-related — revealed a
posterior-to-anterior gradient reflecting the transition from simple to higher-order rules for
control (Venkatraman et al., 2009a). Moreover, recent structural analyses indicate that
subdivisions of cingulate cortex have distinct white-matter connectivity profiles (Beckmann
et al., 2009), particularly with respect to the lateral PFC.

We hypothesized that the dIPFC and dmPFC share a common topographic pattern of
functional connectivity, consistent both with the known anatomical connections between
these regions (Petrides and Pandya, 1999; Petrides, 2005) and their putative joint
contributions to cognitive control (Ridderinkhof et al., 2004b; Egner, 2009; Kouneiher et al.,
2009). Here, we mapped functional connectivity within prefrontal cortex using resting-state
fMRI (Fransson, 2005; Damoiseaux et al., 2006; De Luca et al., 2006; Margulies et al.,
2007), drawing data from a large primary dataset and from two independent replications
collected on different scanners. Our results demonstrated a clear posterior-to-anterior
gradient in connectivity: posterior dmPFC regions were maximally connected to posterior
dIPFC regions, whereas anterior dmPFC regions were maximally connected to anterior
dIPFC regions. This parallel topography supports an integrative and hierarchical view of
PFC, such that its medial and lateral aspects jointly contribute to the adaptive control of
behavior.

and Data Collection: Primary Dataset

Sixty-four young adults (32 female, mean age = 24, range 18-43) participated in the primary
experiment. All participants received monetary compensation for their participation in the
study. Twelve participants were excluded before dataanalysis due to excessive motion (>2
mm), leaving a total of 52 participants(26 female) in the final analyses. All participants
gavewritten informed consent as part of protocols approved by thelnstitutional Review
Board of Duke UniversityMedical Center.

We report data from a 6-minute resting-state scan, which was obtained at the end of a 90-
minute experimental session. During this scan, participants were instructed to keep their
eyes open, to focus on the fixation cross that was presented in the center of the screen, to
remain alert, and to refrain from directing their thoughts toward anything specific.

Data were acquired on a 4T GE scanner using an inverse-spiral pulse sequence (Guo and
Song, 2003) with the following parameters: TR = 2000 ms; TE = 27 ms; 34 axial slices
parallel to the AC-PC plane, with voxel size of 3.75 x 3.75 x 3.8 mm. High-resolution 3D
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full-brain SPGR anatomical images were acquired and used for normalizing individual
participants' data.

Participants and Data Collection: Replication Datasets

We replicated all analyses in resting-state data from two additional datasets collected on
different scanners, with different pulse sequences, and with different groups of participants.
Twenty-two young adults (11 female, mean age = 23, range 19-32) participated in
Replication 1. Fifteen young adults (5 female, mean age = 22, range 20-24) participated in
Replication 2. All participants gave written informed consent as part of protocols approved
by the Institutional Review Boards of Duke University Medical Center or of the Duke-NUS
Graduate Medical School, Singapore.

Replication 1 data were acquired on a 3T GE scanner using a SENSE spiral pulse sequence
with the following parameters: TR = 2000 ms; TE = 27 ms; 34 axial slices parallel to the
AC-PC plane, with voxel size of 3.75 x 3.75 x 3.8 mm. High-resolution 3D full-brain SPGR
anatomical images were acquired and used for normalizing individual subjects' data.
Replication 2 data were acquired on a 3T Siemens scanner using an inverse spiral pulse
sequence with the following parameters: TR = 2000 ms; TE = 30 ms; 34 axial slices parallel
to the AC-PC plane, with voxel size of 3.75 x 3.75 x 3.8 mm. High-resolution T1-weighted
MPRAGE anatomical images were acquired and used for normalizing individual subjects'
data.

Data Analyses

We used FEAT (FMRI Expert Analysis Tool) Version 5.92, part of FSL (FMRIB's Software
Library; www.fmrib.ox.ac.uk/fsl) package (Smith et al., 2004). Preprocessing consisted of 1)
motion correction using MCFLIRT (Motion Correction using fMRIB's Linear Registration
Tool), 2) slice timing correction, 3) removal of non-brain voxels using BET (Brain
Extraction Tool), 4) spatial smoothing using a Gaussian kernel with full-width at half
maximum 6mm, and 5) high pass temporal filtering (cutoff = 100s). Normalization to MNI
standard space was carried out using FLIRT.

Functional Connectivity: Selection of Seed Regions

We identified 5 seed regions in the dmPFC, hereafter described using the nomenclature
DML through DMS5 (i.e., posterior to anterior). The peak coordinates of these seeds were
taken from previous work indicating distinct foci for response-, decision-, and strategy-
related control (Venkatraman et al., 2009a), which became DM1, DM3, and DM5,
respectively. The remaining two seeds, DM2 and DM4, were defined by linear interpolation
between the above pairs of neighboring coordinates (Table 1).

We also identified 6 seed regions in the dIPFC, hereafter labeled as DL1 through DL6 (i.e.,
posterior to anterior). We identified three of the seed regions' peak coordinates based on
prior work delineating a dIPFC topography based on stimulus, context and integrative
demands (Koechlin et al., 2003); these became seeds DL1, DL3, and DL5 (Table 1). The
intermediate seeds DL2 and DL4 were defined by linear interpolation between neighboring
coordinates and coordinates for DL6 were determined based on prior work associating
activation in the anterior prefrontal cortex with cognitive branching (Koechlin et al., 1999).
Each seed consisted of 33 2mm x 2mm x 2mm voxels (defined using a sphere of radius 2
voxels around the peak coordinate described in Table 1). Time-series signal for all
subsequent analyses was obtained by averaging dataacross all voxels within each seed.
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Functional Connectivity: Data Analysis

To map the pattern of functional connectivity between medial and lateral PFC, we began
with a dmPFC mask that included the anterior cingulate gyrus and the medial superior
frontal gyrus. Following normalization of each participant's data to the standard MNI space,
we extracted the time-series from each dmPFC voxel and measured the functional
connectivity with each of the six dIPFC seed regions. This provided a voxel-by-voxel map,
for each participant, of the correlation between each point in dmPFC with each of the seed
regions in the dIPFC. The corresponding analysis was also performed to obtain a voxel-by-
voxel map of the correlation between each point in dIPFC with each of the seed regions in
the dmPFC. We used a dIPFC mask, extracted the time-series from each dIPFC voxel, and
measured the functional connectivity with each of the five dmPFC seed regions.

The above analysis provides a visual representation of topography in dIPFC based on the
seeds in dmPFC, and vice versa. To next evaluate the parallel connectivity between
hierarchical regions in the dmPFC and dIPFC, we extracted the preprocessed mean time-
series from each of the five dmPFC seed regions and six dIPFC seed regions defined above
for every participant. We demeaned all dmPFC and dIPFC time series by subtracting the
mean whole-brain time series (extracted from a whole-brain mask for every participant). To
obtain a measure of point-to-point connectivity, we computed Pearson correlations between
the five dmPFC time series and each of the six dIPFC time series, which were then
combined across all participants (significance tests: Pearson product-moment correlation
coefficient, p < 0.05, two-tailed). All analyses were repeated independently for the left and
right hemispheres.

Functional Connectivity: Specificity Analysis

For each dmPFC seed, we calculated the standard deviation of the correlation values to each
of the six dIPFC seeds. A lower standard deviation would indicate broad, similar
connectivity of voxels within that seed to different regions in the dIPFC, while a higher
standard deviation would indicate greater specificity such that connectivity strength varies
across seeds. To statistically test the presence of an anterior-posterior gradient in specificity,
we ran an ANOVA of the standard deviation values for each of the five different dmPFC
seeds across subjects, followed by post hoc tests of specific seed pairs.

Regression Analyses

Results

Each dIPFC/dmPFC correlation for each participant was entered as an observation (i.e., 30
pairwise correlations per participant) into an OLS regression analysis (JMP Version 7; SAS
Institute Inc., Cary, NC). Each dIPFC/dmPFC correlation was served as a dependent
variable, and explanatory variables included dmPFC region (normalized posterior to anterior
as -1 to 1), dIPFC region (-1 to 1), a dmPFC*dIPFC interaction term, and a categorical
variable coding for the data set from which each observation originated (primary,
Replication 1, or Replication 2). Using spatial locations as predictors allowed us to answer
the question of whether interaction between spatial locations predicts dmPFC-dIPFC
correlation (i.e. our measure of connectivity). This analysis was run using the aggregate
observations from all three data sets, and was replicated using only the primary data set.

We measured the unique, non-directional functional connectivity between locations within
dmPFCand dIPFC using two independent methods, each controlling for the common fMRI
signal covariationbetween the regions as a whole. First, we examined the connectivity
between each of the six dIPFC seed regions and every voxel in dmPFC, defined
anatomically. The results demonstrate a posterior-to-anterior gradient in connectivity, with
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posterior dIPFC having maximal connectivity to posterior dmPFC and anterior dIPFC
having maximal connectivity to anterior dmPFC (Fig. 2). The corresponding analysis of
connectivity between each of the five dmPFC seed regions and every voxel in dIPFC
produces a similar gradient. Second, we examined point-to-point connectivity between the
pre-selected seed regions in dIPFC and dmPFC. We found a similar topographic pattern
when focusing on just the connectivity between seed regions, independently for both the left
(Fig. 3a, Table 2) and right hemispheres (Fig. 3b, Table 2). This topography was replicated
in two additional data sets collected on different scanners, with different participants, and
using different imaging parameters.

We next evaluated the spatial pattern of functional connectivity using a regression analysis.
Point-to-point connectivity values, for all pairs of dmPFC and dIPFC regions and for all
subjects, were included as dependent variables in the model. Predictor variables were
dmPFCspatial location (i.e., 5 levels), dIPFCspatial location (i.e., 6 levels), and their
interaction. Note that this analysis controls for any overall effects of increased connectivity
in either posterior or anterior regions; of primary interest would be a significant interaction,
such that connectivity is maximal between regions matched spatially. We found that
thedmPFC*dIPFC interaction term was highly significant in both the left and right
hemispheres (all ps < 10-10; Table 3). This effect held both for the primary data set (when
considered alone) and for the combination of all three data sets, when including data set as
an additional categorical predictor variable (all ps < 1010 in similar analyses to those of
Table 3).

Finally, we evaluated whether these findings held for individual participants. We
determined, for each participant and each dmPFC seed, the seed in dIPFC to which there
was maximal functional connectivity. This provides a conservative measure of point-to-
point connectivity, in that it collapses the entire distribution of connectivity values to a
single maximum. As hypothesized,these maxima clustered along the diagonal, consistent
with a parallel topography at the individual level in both hemispheres (Fig. 4). A similar
pattern was seen in our two replications.

We additionally observed that the specificity of the functional connectivity decreased when
moving along the posterior-to-anterior gradient (cf. Figure 4) within the dmPFC. We
computed the standard deviation of connectivity values from each dmPFC seed to the set of
the six dIPFC seeds. There was a significant decrease from posterior to anterior dmPFC
seeds (F(4,255) = 2.77, p = 0.02). Voxels in posterior dmPFC exhibited greater specificity
(mean = 0.23) in connectivity to dIPFC seeds than did voxels in anterior dmPFC (mean =
0.18, t(51) = 3.20, p = 0.002).

Discussion

Several lines of empirical evidence have suggested a hierarchical rostral-to-caudal
organization within the dIPFC, with neurons in the more rostral regions processing more
abstract goals and neurons in the more posterior regions processing more concrete
information related to corresponding motor actions (Fuster et al., 2000; Fuster, 2001, 2004;
Koechlin and Summerfield, 2007). More recent evidence also suggests a similar anterior-to-
posterior topography within the dmPFC, with the more anterior regions being associated
with more complex and abstract levels of cognitive control (Venkatraman et al., 2009b;
Venkatraman et al., 2009a). Given the strong anatomical evidence for reciprocal connections
between these regions based on studies in non-human primates (Bates and Goldman-Rakic,
1993; Petrides and Pandya, 1999), a natural hypothesis is that monitoring-related activity in
dmPFC engages regulatory processes in the dIPFCthat shape behavior (Botvinick et al.,
2001; Kerns et al., 2004; Botvinick, 2008). Yet, despite the striking similarity in their
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hierarchical organization, it has been unclear whether a similar gradient also exists in the
functional connectivity between these regions.

In one recent study, Kouneiher and colleagues demonstrate that the medial prefrontal cortex
regulates processing resources in the lateral PFC according to motivational incentives.
Specifically, there is increased effective connectivity between posterior dmPFC (pre-SMA)
and posterior dIPFCfor contextual incentives and increased connectivity between middle
dmPFC and mid-dIPFC for episodic incentives. However, there was no increased
connectivity during control conditions that lacked such incentives. Therefore, the authors
argue for a posterior-to-anterior hierarchical system of executive processes in the medial and
lateral PFC with the functional interactions between them conveying motivational incentives
rather than simple control demands (Kouneiher et al., 2009).

In the current study, we used spontaneous fluctuations in BOLD activity to characterize
further the functional connectivity between the medial and lateral prefrontal regions in the
absence of task-associated cognitive processes. This task-free approach using resting-state
data relies on correlations among low-frequency BOLD changes to identify regions that
function in tandem. Using such an approach, we demonstrated a posterior-to-anterior
gradient in connectivity between the medial and lateral prefrontal regions, with posterior
dIPFC having maximal connectivity to posterior dmPFC and anterior dIPFC to anterior
dmPFC. This pattern replicated in three independent datasets collected using three different
MR scanners and was evident even in individual participants.

This pattern of resting-state functional connectivity is consistent with prior mappings of
structural connectivity between these regions in both non-human primates (Petrides and
Pandya, 1999) and humans (Beckmann et al., 2009). Petrides and Pandya used florescent
tracers placed in selected areas of the dorsolateral frontal cortex of monkeys to study their
connectivity to the rest of the brain (Petrides and Pandya, 1999). They found that injections
placed in posterior dIPFC(similar to DL1 in our study) revealed labeled neurons in posterior
dmPFC regions of the SMA, pre-SMA, and cingulate sulcus (similar to DM1 in our study).
On the other hand, injections placed in mid-dIPFC(corresponding roughly to DL3 seed in
our study) revealed labeled cells in a more anterior part of cingulate cortex (here, roughly
DM3). Similar connection patterns in the medial regions were also observed for injections
placed in rostrolateraldIPFC(corresponding to DL6 seed in our study). These findings
suggest strong intrinsic structural connectivity between lateral and medial prefrontal regions
in the macaque cortex.

In another study involving magnetic resonance tractography-based parcellation of the human
cingulate cortex (Beckmann et al., 2009), the dorsolateral prefrontal regions (consistent with
seeds DL3 and DL4 in our study) showed greatest connectivity with anterior cingulate
sulcus (similar to DM4 in our study), while the premotor regions (overlapping with our
seeds DL1 and DL2) showed greatest connectivity with the pre-SMA and more posterior
regions within the cingulate (overlapping with seeds DM1 and DM2). Therefore, these
studies provide independent evidence across different modalities about the robustness of the
functional connections between these regions. Though these methods are largely agnostic
about the directionality of these interactions, the findings of Kouneiher and colleagues
suggests that the medial frontal regions may regulate the cognitive control resources in the
lateral regions according to mativational incentives (Kouneiher et al., 2009). Therefore, we
speculate that dmPFC exerts a regulatory or modulatory influence on dIPFC (Wood and
Grafman, 2003; Egner, 2009; Kouneiher et al., 2009).

We contend that different regions of dmPFC and dIPFC, according to the computational
demands of the task, interact to guide the adaptive control of behavior (Fig. 5). The
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proposed model extends the hierarchical organization postulated for dIPFC to include a
parallel organization in dmPFC, whose subregions shape processing in their lateral
counterparts. That is, the anterior dmPFC regulates activity in the anterior dIPFC when the
control demands are associated with high levels of abstraction (e.g., implementing strategic
planning in a decision-making task), while the posterior dmPFC works in concert with
posterior dIPFC and premotor cortices when the control demands are limited to choosing
between two competing responses. While we here emphasize potential medial-to-lateral
effects, bidirectional influences are likely: dmPFC activity may be biased by dIPFC inputs,
consistent with the former's role in monitoring reward-value of action sets according to
outcomes (Daw et al., 2006; Kennerley et al., 2006). Moreover, whether these regions
interact in a hierarchical fashion remains a provocative question. Anterior regions of
dIPFCinfluence processing in posterior regions of dIPFCin a task-dependent manner
(Koechlin et al., 2003; Kouneiher et al., 2009), and damage to more anterior portions of
prefrontal cortex leads to deficits on a wider array of tasks, including abstract processing
(Badre et al., 2009). Our finding that the more anterior regions in the dmPFC demonstrate
more diffuse projections to the lateral PFC, relative to the posterior regions, provides
converging evidence toward a hierarchical perspective.

The new framework proposed here provides empirical evidence for a longstanding
conjecture: that the PFC contributes to the temporal integration of behavior by
simultaneously maintaining context and goal-related information at several levels (Fuster,
2001, 2004). Fuster argued that automatic behaviors only require integration at lower levels
—sensory areas in the posterior perceptual hierarchy and motor areas in the frontal executive
hierarchy — while more complex behaviors require integration at higher levels of perceptual
and executive hierarchies. This influential conjecture has recently gained significant
supporting evidence in the lateral PFC (Koechlin and Summerfield, 2007; Badre and
D'Esposito, 2009). We show that this topography extends to the functional interactions
between the medial and lateral PFC. Such a functional gradient in connectivity could reflect
a dynamic mechanism for identifying and responding adaptively to contextual changes in
behavior.
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Figure 1. The dmPFC and dIPFC seed regions

The five seed regions within the dorsomedial prefrontal cortex (dmPFC) and six seed
regions within the dorsolateral prefrontal cortex (dIPFC; shown in left hemisphere; see
Table 1 for coordinates).
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Figure 2. The dmPFC exhibits a topographically organized connectivity pattern with functional
regions in dIPFC

(A) Voxel-by-voxel correlation between the pre-selected dmPFC ROI and each of the six
dIPFC seed regions. For each dIPFC seed region, the correlated dmPFC voxels are shown in
the connecting inset. These maps are thresholded at p < 0.1, to visualize the distribution of
activation. (B) Overlaying the separate connectivity maps reveals an anterior-to-posterior
connectivity gradient within dmPFC. The pre-selected dmPFC seed regions, as used in
subsequent analyses, are also highlighted in black for comparison.
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Figure 3. Pairwise connectivity between dmPFC and dIPFC functional regions
Significant correlations between dmPFC and dIPFC seed regions in each of the left and right

hemispheres provide evidence for a parallel topography. The lines between seeds indicate
pairwise connections that are significant at p < 0.05.
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Left Hemisphere

Dorsolateral PFC.

Dorsomedial PFC

Figure 4. Individual participants' maximally correlated dmPFC-dIPFC pairs reveal parallel
topography

Each cell contains one dot for each participant whose maximal connectivity with a given
dmPFC seed (x-axis) was to a given dIPFC seed (y-axis). Dots are spatially jittered within a
cell for clarity. Even with this very conservative approach — which only considers the single
maximal connection, without regard for the distribution — there is an increase in density
along the diagonal.
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Figure 5. A hierarchical model for cognitive control

The prefrontal cortex contains parallel topographies for the adaptive control of behavior.
The dIPFCmaintains and updates rules for behavior; as those rules become increasingly
complex, progressively more anterior regions contribute to control processing. When the
current environment changes (or exhibits volatility over time), regions of dmPFC shape the
engagement of lateral prefrontal regions, based on the current type of environmental
uncertainty.
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Summary of regression analysis results using data pooled from the primary data set, Replication 1, and

Replication 2 (n = 2670).

Left Hemisphere

Right Hemisphere

B p B P
Intercept 0.21 <1020 0.18 <1020
dmPFC -0.02 0.01 -0.04 <107
dIPFC -0.02 0.01 0.01 0.04
dmPFC*dIPFC 0.18 <1020 0.19 <1020
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