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The medial superior frontal cortex (SFC), including the supplemen-
tary motor area (SMA) and presupplementary motor area (preSMA),
is implicated in movement and cognitive control, among other
functions central to decision making. Previous studies delineated
the anatomical boundaries and functional connectivity of the SMA.
However, it is unclear whether the preSMA, which responds to
a variety of behavioral tasks, comprises functionally distinct areas.
With 24 seed regions systematically demarcated throughout the
anterior and posterior medial SFC, we examined here the functional
divisions of the medial SFC on the basis of the “correlograms” of
resting-state functional magnetic resonance imaging data of 225
adult individuals. In addition to replicating segregation of the SMA
and posterior preSMA, the current results elucidated functional
connectivities of anterior preSNMIA—the most anterior part of the
medial SFC. In contrast to the caudal medial SFC, the anterior
preSMA is connected with most of the prefrontal but not with
somatomotor areas. Overall, the SMA is strongly connected to the
thalamus and epithalamus, the posterior preSMA to putamen,
pallidum, and subthalamic nucleus, and anterior preSMA to the
caudate, with the caudate showing significant hemispheric
asymmetry. These findings may provide a useful platform for future
studies to investigate frontal cortical functions.
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Introduction

The medial superior frontal cortex (SFC), including the
supplementary motor area (SMA) and presupplementary motor
area (preSMA) play important roles in motor and cognitive
control (Picard and Strick 2001; Rushworth et al. 2004; Nachev
et al. 2008). The subdivision of the SMA and preSMA has been
studied extensively. Anatomically, the vertical commissure
anterior line divided SMA and preSMA (Picard and Strick
1996, 2001). Directly connected to the primary motor cortex
(PMC) and spinal cord, the SMA holds a complete somatotop-
ical representation of body movements (Muakkassa and Strick
1979; Dum and Strick 1991, 1996, 2005; He et al. 1995; Maier
et al. 2002; Shallice et al. 2007; Krieghoff et al. 2009; Chouinard
and Paus 2010). Functional neuroimaging of humans showed
that movement planning and execution robustly activated the
SMA, with its anterior extent largely limited to y = 0 (Montreal
Neurological Institute [MNI] coordinate).

In contrast, the preSMA does not have substantial connec-
tions with the PMC or spinal cord (Dum and Strick 1991, 2005;
He et al. 1995) but is densely interconnected with the
prefrontal cortex (Luppino et al. 1993; Lu et al. 1994; Wang
et al. 2005). Imaging studies have suggested a role of the
preSMA in a wide variety of cognitive processes, including
working memory, execution of sequential movements, visuo-
motor association, and conflict or performance monitoring
(Hikosaka et al. 1996; Deiber et al. 1998; Nakamura et al. 1998,
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1999; Shima and Tanji 1998; Sakai et al. 1999; Mecklinger et al.
2000; Pollmann and von Cramon 2000; Dassonville et al. 2001;
Merriam et al. 2001; Garavan et al. 2003; Kaufman et al. 2003;
Isoda and Tanji 2004; Nachev et al. 2005; Wu and Hallett 2005;
Ogawa et al. 2006; Fiehler et al. 2009). The reported MNI
coordinates of the preSMA ranged from y = 0 to 36: preSMA
responded to action errors (x = -6, y = 29, z = 39; Newman-
Norlund et al. 2009); regret and rejoice during decision making
(x = 6, y = 24, z = 63; Chandrasekhar et al. 2008); uncertainty
during decision making (x =1, y = 33, z = 41; Volz et al. 2004,
2005); and correct object recall (x = -3, y = 30, z = 42; Assaf
et al. 20006).

On the other hand, studies suggested that the functions of
the posterior and anterior parts of the preSMA are likely
different. For instance, an earlier study of switching of action
plans amid conflicting choices showed that the posterior (x =
-4, y =8, z=54) and anterior (x = 2, y = 30, z = 48) preSMA
were more related to volition and conflict processing, re-
spectively (Nachev et al. 2005). Our previous studies demon-
strated activation of an anterior preSMA region (x=—4, y= 36, z
=50) in individuals with better inhibitory control as indexed by
shorter stop signal reaction time (Li et al. 2006; Duann et al.
2009) and activation of a caudal locale (x=-4, y= 16, z=44 and
x =4, y=8, z=54) during error processing in the stop signal
task (Li et al. 2008). Taken together, these findings suggested
that the functions of the anterior and posterior parts of the
preSMA could be further delineated.

Recent work of resting-state functional magnetic resonance
imaging (fMRI) has provided a useful tool to understand the
functional connectivity of the brain. It is known that low-
frequency blood oxygenation level-dependent (BOLD) signal
fluctuations that occur during rest reflect connectivity be-
tween functionally related brain regions (Biswal et al. 1995; Fair
et al. 2007; Fox and Raichle 2007). Studies of this “spontane-
ous” activity described the intrinsic functional architecture of
the motor, visual, auditory, default mode, memory, language, as
well as dorsal and ventral attention systems (Fox and Raichle
2007). The findings that regions with similar functionality tend
to be correlated in their spontaneous BOLD activity provide
useful information on areal boundaries.

For instance, Margulies et al. (2007) mapped the functional
subdivisions of the anterior cingulate cortex (ACC) based on
regional differences in connectivity. Zhang et al. (2008, 2010)
demonstrated functional subregions of the human thalamus, in
accord with postmortem human histology and nonhuman
primate anatomy. More recently, Kim et al. (2010) parceled the
SMA and preSMA by way of regional functional connectivity to
the whole brain. By limiting the anterior extent of the medial
SFC to approximately a y = 20, the latter study did not include
the most anterior part of the preSMA or intend to show



changes in functional connectivity along with the entire

anterior/posterior dimension of the medial SFC.

We sought to fill this gap by investigating the functional
connectivity of the entire medial SFC using a large resting-state
fMRI data set. We hypothesized that the patterns of functional
connectivity would distinguish between the SMA and preSMA
as well as between anterior and posterior preSMAs. Further-
more, in distinction to earlier studies (Margulies et al. 2007;
Zhang et al. 2008), we described both cortical and subcortical
connectivities, in the hope that this would help characterize
functional subdivisions of the medial SFC.

Materials and Methods

Resting-State Data

Resting-state fMRI scans were pooled from 3 data sets (Leiden_2180/
Leiden_2200, Newark, and Beijing_Zang, n = 144) downloadable from
the 1000 Functional Connectomes Project (Biswal et al. 2010) and our
own data (7 = 81). Individual subjects’ images were viewed one by one
to ensure that the whole brain was covered. A total of 225 healthy
subjects’ resting-state data (3-T magnet; 18-53 [mean = 24] years of age;
109 men; one scan per participant; duration: 4.5-10 min; with
participants closing their eyes during resting) were analyzed.

Imaging Data Preprocessing
Brain imaging data were preprocessed using Statistical Parametric
Mapping (SPM8; Wellcome Department of Imaging Neuroscience,
University College London, UK). Standard image preprocessing was
performed. Images of each individual subject were first realigned
(motion corrected) and corrected for slice timing. Structural image was
normalized to an MNI epithalamus template with affine registration
followed by nonlinear transformation (Friston et al. 1995; Ashburner
and Friston 1999). The normalization parameters determined for the
structure volume were then applied to the corresponding functional
image volumes for each subject. Finally, the images were smoothed
with a Gaussian kernel of 8 mm at full-width at half-maximum.

Additional preprocessing was applied to reduce spurious BOLD
variances that were unlikely to reflect neuronal activity (Rombouts
et al. 2003; Fox et al. 2005; Fair et al. 2007; Fox and Raichle 2007). The
sources of spurious variance were removed through linear regression
by including the signal from the ventricular system, the white matter,
and the whole brain, in addition to the 6 parameters obtained by rigid
body head motion correction. First-order derivatives of the whole brain,
ventricular, and white matter signals were also included in the
regression.

Cordes et al. (2001) suggested that BOLD fluctuations below
a frequency of 0.1 Hz contribute to regionally specific BOLD
correlations. The majority of resting-state studies low-pass filtered
BOLD signal at a cutoff of 0.08 or 0.1 Hz (Fox and Raichle 2007). Thus,
we applied a temporal band-pass filter (0.009 Hz < f < 0.08 Hz) to the
time course in order to obtain low-frequency fluctuations (Lowe et al.
1998; Fox et al. 2005; Fair et al. 2007; Fox and Raichle 2007).

Seed Generation

To provide a systematic and detailed survey of functional connectivity
of the medial SFC along the anterior/posterior dimension, we created 2
parallel arrays of overlapping spherical seeds (radius = 8 mm)
throughout the medial SFC. The margin of the brain at x = 0 was first
traced on the standard 152 brain MNI template of SPM8 and fitted with
a quadratic function of z and y coordinates. Two parallel curves were
created within the medial SFC, each 10 and 20 mm below this margin.
At x =0 mm, 12 spherical seeds were centered on each of the 2 curves
from y = -12 to 32 mm, with adjacent seeds overlapping by 4 mm in
radius. There were thus 12 “high”- and 12 “low”-level seeds and an area
from y =-20 to 40 of the medial SFC was covered (Table 1 and Fig. 1).
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Table 1

MNI coordinates of the center of the 24 spherical seeds (radius = 8 mm).

Seed X y z Seed X y z
H1 0 —12 69 L1 0 —12 59
H2 0 -8 68 L2 0 -8 58
H3 0 —4 67 L3 0 —4 57
H4 0 0 66 L4 0 0 56
H5 0 4 65 L5 0 4 55
H6 0 8 64 L6 0 8 54
H7 0 12 62 L7 0 12 52
H8 0 16 61 L8 0 16 51
H9 0 20 59 19 0 20 49
H10 0 24 57 L10 0 24 47
H11 0 28 55 L 0 28 45
H12 0 32 53 L12 0 32 43

Figure 1. Placement of the 24 seeds. The medial SFC was seeded at 24 coordinates
along 2 separate parallel arrays each 10 and 20 mm below the margin of the brain at
x = 0 of the standard 152 brain MNI template.

Seed Region-Based Linear Correlation

The BOLD time courses were averaged spatially over each of the 24
seeds. For individual subjects, we computed the correlation coefficient
between the averaged time course of each seed region and the time
courses of all other brain voxels.

To assess and compare the resting-state “correlograms,” we
converted these image maps, which were not normally distributed, to
zscore maps by Fisher’s z transform (Jenkins and Watts 1968; Berry and
Mielke 2000; Bond and Richardson 2004): z=0.5log,[(1+r) /(1-7)]. The
z maps were used in group random effect analyses.

Functional Connectivity Based Segregation of Subregions

In order to determine the functional subdivision of the medial SFC
along the p coordinate, a K-means clustering algorithm was applied to
the 24 seed-region correlograms. K-means clustering is a machine
learning algorithm widely used to classify a given data set into an
a priori set of K clusters by minimizing an objective squared error
function (MacQueen 1967; Hartigan and Wong 1979). First, a one-
sample r-test was applied to the z maps across 225 subjects for each of
the 24 correlograms. To account for variability in anatomical
boundaries across subjects, we utilized the anatomical parceling
algorithm devised by Tzourio-Mazoyer et al. (2002) to delineate 116
Automated Anatomical Labeling (AAL) anatomical masks from the MNI
template. We obtained the average ¢ value over each of the 116
anatomical templates for all 24 ¢ maps, with the 116 mean ¢ values
constituting a vector. The 24 vectors were subject to K-means



clustering. Because the K-means algorithm is sensitive to the initial
randomly selected cluster centers, we repeated this algorithm 1000
times to alleviate the influence of the initial conditions.

Results

Functional Segmentation of the Medial SFC Based on
Whole-Brain Correlograms
Our analyses demonstrated marked distinction in functional
connectivity along the anterior/posterior dimension of the
medial SFC, with the high and low seed regions showing similar
connectivities (Fig. 2). Overall, the posterior part (SMA)
showed significant positive correlations with the primary
motor, postcentral and paracentral cortices, insula, superior/
middle temporal cortices (MFCs) as well as the dorsal ACC, and
negative correlations with most of the prefrontal regions,
posterior cingulate cortex, and inferior parietal cortices. In
contrast, the most anterior part (anterior preSMA) showed
significant positive correlations with the prefrontal regions,
inferior parietal cortices, temporal-parietal junction, and
inferior temporal cortex and negative correlation with the
precuneus, cuneus, and paracentral and postcentral cortices.
Supplementary Figure 1 shows the functional connectivities of
these seed regions with the 116 AAL masks of the whole brain
(Tzourio-Mazoyer et al. 2002).

It is difficult to distinguish subregions simply by visually
inspecting the pattern of connectivities. We thus explored
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potential subdivisions of the medial SFC using K-means
clustering as described in the Materials and Methods. Table 2
summarizes how the 24 medial SFC seeds were clustered on
the basis of their connectivities with the 116 AAL masks. For K
= 3 clustering, the medial SFC was separated into 3 subregions
along y that corresponded to SMA, posterior preSMA, and
anterior preSMA (high-level seeds: [y=-12 to 0] for SMA, [4-12]
for posterior preSMA, and [16-32] for anterior preSMA; low-
level seeds: [-12 to 4] for SMA, [8-16] for posterior preSMA, and
[20-32] for anterior preSMA). These 3 functional clus-
ters—SMA, posterior preSMA, and anterior preSMA—formed
the basis of detailed connectivity analyses described below.
When grouped into 2 clusters (K = 2), the medial SFC was
divided into SMA/posterior preSMA ([y=-12 to 8] for high-level
seeds and [-12 to 12] for low-level seeds) and anterior preSMA
([y = 12-32] for high-level seeds and [16-32] for low-level
seeds).

Functional Connectivity with Paracentral through
Prefrontal Regions

Functional connectivity varied between the anterior and
posterior parts of the medial SFC. To illustrate this difference
in connectivity with individual cortical regions, we computed
the average z scores of each seed for 9 prefrontal regions as
well as somatomotor areas including the SMA, PMC, postcentral
gyrus, and paracentral gyrus, based on the AAL atlas (Tzourio-
Mazoyer et al. 2002; Figs 3a and 4a). We conducted analyses of
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Figure 2. Group results of voxelwise functional connectivity of the medial SFC, as defined by each of the 24 high (H)- and low (L)-level seeds. The H4/L4 seeds are centered at
y = 0. Positive (warm color) and negative (cold color) correlations were superimposed on 9 axial slices (Z = —15, —5, 5, 15, 25, 35, 45, 55, 65 mm) of a structural image.

n = 225, P < 0.05, corrected for familywise error (FWE) of multiple comparisons.
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Supplementary fFigure. 2

Table 2

K-means clusters of 24 medial SFC seeds

y —-12 -8 -4 0 4 8 12 16 20 24 28 32
Two clusters

H1  H2 H3 H4 H5 H6 H7 H8 HI HI0 H11 H12
Cluster 11000 1000 1000 1000 1000 1000 470 O 0 0 0 0
Cluster 2 0 0 0 0 0 0 530 1000 1000 1000 1000 1000

L1 2 13 14 5 L6 L7 L8 19 L0 L1171 L12
Cluster 1 1000 1000 1000 1000 1000 1000 1000 O 0 0 0 0
Cluster 2 0 0 0 0 0 0 0 1000 1000 1000 1000 1000

Three clusters

HI  H2 H3 H4 H5 H6 H7 H8 HI9 H10 H11 H12
Cluster 1 0 0 0 0 0 0 93 648 889 1000 1000 1000
Cluster 2 1000 1000 1000 1000 482 165 72 O 0 0 0 0
Cluster 3 0 0 0 0 518 835 835 352 111 0 0 0

L1 2 13 14 b L6 L7 L8 19 L0 L1171 L12
Cluster 1 0 0 0 0 0 0 0 165 736 1000 1000 1000
Cluster 2 1000 1000 1000 1000 605 442 165 O 0 0 0 0
Cluster 3 0 0 0 0 395 558 835 835 264 0 0 0

Note: Results of 2 and 3 clusters are shown on the top and bottom, respectively. The numbers to
the right of “Cluster 1,” “Cluster 2,” and “Cluster 3" represent the number of times this seed
appeared in this cluster out of 1000 runs of K-means clustering. The 2 (3) clusters are
demarcated by different shades of gray.

variance (ANOVAs) with 2 factors: area (SMA, posterior
preSMA, and anterior preSMA) and the laterality of mask (left-
and right-hemispheric) across all subjects. For each subject, z
scores were averaged across all voxels each within the SMA,
posterior preSMA, and anterior preSMA cluster for individual
subjects. The patterns of connectivity were significantly
different between the 3 clusters (Table 3). To better represent
these differences, Figures 3b and 4 b showed mean correlation
z scores for the 9 prefrontal regions and 4 somatomotor areas.

Except for the opercular part of inferior frontal gyrus (IFG),
the prefrontal subregions showed connectivity increasing
along with y coordinate in the medial SFC (Fig. 3a). High-level
seeds showed higher correlation than low-level seeds with the
middle and medial parts of orbital frontal cortex (all P <0.0001,
uncorrected repeated measure ANOVA). In contrast, low-level
seeds showed higher correlation than high-level seeds with the
IFG (all P < 0.0001, uncorrected). The SMA cluster showed
significant negative connectivity with the superior, middle, and
orbital frontal gyri but positive connectivity with the opercular
and orbital parts of the IFG (Fig. 3b). The posterior preSMA
showed significant negative connectivity with the middle and
medial parts of the orbital frontal gyri but positive connectivity
with the superior, middle, and inferior frontal cortices (Fig. 3b).
The anterior preSMA is positively connected to prefrontal
regions except the middle and medial orbital frontal gyri (Fig.
3b).

Both the SMA and the posterior preSMA clusters showed
significant positive connectivity with the SMA, PMC, postcen-
tral gyrus, and paracentral gyrus (Fig. 4a,0). The anterior
preSMA is negatively connected with the paracentral and
postcentral gyri (Fig. 40).

Functional Connectivity with Subcortical Regions

We examined connectivity of the medial SFC with subcortical
structures, including the thalamus, caudate, pallidum (internal
and external segments combined), putamen, and subthalamic
nucleus (STN), based on the AAL templates and the epithalamus
(x= £1, y=-25, z= 1, sphere with a radius of 4 mm), based on
our previous work (Ide and Li 2011; Fig. 5 and Table 3).
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The thalamus showed significant connectivity with the SMA
and posterior preSMA (low level) but not anterior preSMA.
Except for the right caudate and SMA, the caudate nuclei
showed significant positive connectivity with all 3 clusters,
with connectivity increasing with the y coordinate of the seed
regions. The pallidum showed positive correlations with both
preSMAs but not with SMA. Putamen showed highest positive
correlation with posterior preSMA and decreased correlation
with the SMA or anterior preSMA. And the STN showed positive
correlation with both preSMAs but not with SMA. The
epithalamus showed a pattern of connectivity with the medial
SFC similar to the thalamus.

The thalamus, caudate, putamen, and pallidum are known to
have functional subdivisions (Herrero et al. 2002; Lehericy,
Ducros, Krainik, et al. 2004; Lehericy, Ducros, Van de Moortele,
et al. 2004; Leh et al. 2007; Draganski et al. 2008; Zhang et al.
2008, 2010). We thus applied K-means clustering to the
connectivity with the 24 medial SFC seeds to examine how
subregions might form each within these subcortical struc-
tures. The potential number of subregions was specified
following the literature: thalamus = 5 (Zhang et al. 2008,
2010); caudate = 3 (Draganski et al. 2008); putamen = 3
(Lehericy, Ducros, Krainik, et al. 2004; Leh et al. 2007);
pallidum = 3 (Draganski et al. 2008). A one-sample #test was
applied to the “z maps” across 225 subjects for each of the 24
correlograms. All voxels within each subcortical region were
clustered into subgroups by a 24-dimension feature vector,
comprising ¢ values of the 24 ¢ maps, with the Kmeans
algorithm repeated 1000 times (Fig. 6 and Table 3).

For the thalamus, the posterior and anterior/posterior
middle clusters (gold and red/yellow color) decreased con-
nectivity, while the anterior cluster (green) increased connec-
tivity with increasing y coordinate of the medial SFC. The
dorsal medial cluster (blue) did not show significant changes in
connectivity with y coordinate of the medial SFC.

In the basal ganglia, the anterior cluster of the caudate (gold)
showed similar connectivity throughout the anterior-posterior
extent of the medial SFC. The other 2 clusters (red and green)
increased connectivity with the increasing y of the medial SFC.
In the putamen, the posterior, middle, and anterior clusters
(red, gold, and green) each showed greater connectivity with
the posterior, middle, and anterior regions of the medial SFC.
In the pallidum, we also identified 3 subregions with a distinct
topography of connectivity along the anterior-posterior
extent of the medial SFC. The posterior, anterior, and medial
clusters (gold, green, and red) each showed greater connec-
tivity with posterior, middle, and anterior regions of the medial
SFC.

Functional Connectivity with the Insula

We also examined the connectivity between the medial SFC
and insula, which is implicated in many psychological pro-
cesses such as emotion, somatomotor integration, and cogni-
tive control (Naqvi and Bechara 2009; Taylor et al. 2009; Menon
and Uddin 2010; Nelson et al. 2010). The insula was positively
connected to the entire medial SFC with the strength of
connectivity decreasing with increasing y (Fig. 7a,b). In K-
means clustering, the insula was separated into 3 subregions,
with the posterior, dorsal, and ventral anterior parts each
connected with the SMA, posterior preSMA, and anterior
preSMA (Fig. 7¢).
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Figure 3. (a) Correlation z (mean =+ standard error; n = 225) scores between each seed region and 9 prefrontal masks (frontal sup: superior frontal gyrus; front sup med:
medial superior frontal gyrus; frontal orb mid: middle part of orbital frontal gyrus; frontal mid: middle frontal gyrus; frontal orb lat: lateral part of orbital frontal gyrus; frontal orb
med: medial part of orbital frontal gyrus; frontal inf oper: opercular part of IFG; frontal inf tri: triangular part of IFG; frontal inf orb: orbital part of IFG). The x-axis represents the y
coordinate of the center of each seed. Correlations are shown in red and blue, respectively, for right- and left-hemispheric seeds, with solid and dashed lines indicating high- and
low-level seeds. (b) Correlation z scores averaged across seed regions comprising SMA, posterior preSMA (pPreSMA), and anterior preSMA (aPreSMA). The results are shown
separately for left- and right-hemispheric masks if differences exist (ANOVA, Table 2). Correlation z scores that were significant different from zero were highlighted with **P <
0.0001, uncorrected (for details, see Supplementary Table 1).
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Figure 4. (a) Correlation z scores (mean + standard error) between each seed
region and 4 somatomotor areas (SMA and PMC). The x-axis represents the y
coordinate of the center of each seed. Correlations between each seed region and
left- and right-hemispheric masks are shown in red and blue, respectively, with solid
and dashed lines indicating high- and low-level seeds. (b) Correlation z scores
averaged across seed regions comprising SMA, posterior preSMA (pPreSMA), and
anterior preSMA (aPreSMA). The results are shown separately for left- and right-
hemispheric masks if differences exist (ANOVA, Table 2). Correlation z scores that
were significant different from zero were highlighted with *P < 0.0006 (P < 0.05,
corrected for multiple comparisons) and **P < 0.0001, uncorrected (for details, see
Supplementary Table 1).

Discussion

We presented resting-state functional connectivity maps of the
medial SFC. Our findings showed that, on the basis of the
pattern of functional connectivity, the medial SFC could be
separated into the SMA, posterior preSMA, and anterior
preSMA. These functional subregions have distinct connectivity
with cortical and subcortical structures. We summarize the
pattern of connectivities in Figure 8.

Functional Subdivisions of the Medial SFC

The current findings confirmed functional differences between
SMA and preSMA, replicating previous anatomical and func-
tional studies (Picard and Strick 1996, 2001; Nachev et al. 2008;
Kim et al. 2010). Connecting with the somatomotor cortices
and the posterolateral part of the putamen, the SMA is closely
associated with motor control (Santosh et al. 1995; Tanji 1996;
Van Oostende et al. 1997; Chainay et al. 2004; Macar et al. 2004;
Nachev et al. 2008). In contrast, the preSMA has been
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Table 3

(a) P values of the ANOVA testing differences in connectivity between the SMA, posterior
preSMA, and anterior preSMA (main effect), between left- and right-hemispheric masks (main
effect), and their interaction effect. (b) P values of the ANOVA testing differences in connectivity
between the SMA, posterior preSMA, and anterior preSMA and the clusters of each subcortical
areas

(a) Three L Interaction  (b) Three
clusters Versus clusters
R

Prefrontal regions Thalamus
Frontal sup <0.0001 0.0027  <0.0001 Dorsal medial 0.5655
Frontal orb mid <0.0001 0.8046 0.4316 Anterior <0.0001
Frontal mid <0.0001 0.2904  <0.0001 Posterior middle ~ <0.0001
Frontal orb lat <0.0001 0.1552 0.0153 Posterior <0.0001
Frontal inf oper <0.0001 0.0021 0.0017 Anterior middle <0.0001
Frontal inf tri <0.0001  <0.0001 0.0003 Caudate
Frontal inf orb <0.0001 0.0906 0.0402 Ventral posterior ~ <0.0001
Frontal sup med  <0.0001  <0.0001  <0.0001 Ventral anterior 0.4154
Frontal orb med ~ <0.0001 0.3187 0.0485 Dorsal middle <0.0001

Somatomotor regions Putamen
PMC <0.0001 0.0571  <0.0001 Anterior <0.0001
SMA <0.0001 <0.0001  <0.0001 Middle <0.0001
Postcentral <0.0001  <0.0001 0.0131 Posterior <0.0001
Paracentral <0.0001  <0.0001  <0.0001 Pallidum

Subcortical regions Lateral anterior <0.0001
Caudate <0.0001 0.0002  <0.0001 Lateral posterior ~ <0.0001
Putamen <0.0001 0.0404  <0.0001 Medial <0.0001
Pallidum <0.0001 0.0619 0.7518 Insula
Thalamus <0.0001 0.0060  <0.0001 Posterior <0.0001
Epithalamus <0.0001 0.6064 0.4788 Ventral anterior <0.0001
STN 0.0001 0.8668 0.7582 Dorsal anterior <0.0001

Insula <0.0001 0.1578  <0.0001

Note: frontal sup: superior frontal gyrus; frontal orb mid: middle part of orbital frontal gyrus;
frontal mid: middle frontal gyrus; frontal orb lat: lateral part of orbital frontal gyrus; frontal inf oper:
opercular part of IFG; frontal inf tri: triangular part of IFG; frontal inf orb: orbital part of IFG; frontal
sup med: medial superior frontal gyrus; frontal orb med: medial part of orbital frontal gyrus;
postcentral: postcentral cortex; paracentral: paracentral cortex. Thalamus clustering (see Fig. 6a):
dorsal medial (blue); anterior (green); posterior middle (yellow); posterior (gold); and anterior
middle (red). Caudate clustering (see Fig. 6b): ventral posterior (green); dorsal middle (red); and
ventral anterior (gold). Putamen clustering (see Fig. 6¢): ventral anterior (green); dorsal anterior
(gold); and posterior (gold). Pallidum clustering (see Fig. 6d): lateral anterior (green); lateral
posterior (gold); and medial (red). Insula clustering (see Fig. 7a): posterior (green); ventral anterior
(gold); and dorsal anterior (red).

implicated in working memory (Mecklinger et al. 2000;
Pollmann and von Cramon 2000), control of sequential
movement (Hikosaka et al. 1996; Deiber et al. 1998; Nakamura
et al. 1998, 1999; Shima and Tanji 1998; Isoda and Tanji 2004;
Wu and Hallett 2005; Ogawa et al. 2006; Fiehler et al. 2009),
conflict monitoring (Garavan et al. 2003; Kaufman et al. 2003;
Nachev et al. 2005), and visuomotor association (Sakai et al.
1999; Dassonville et al. 2001; Merriam et al. 2001), consistent with
its increasing connectivity with prefrontal cortical structures.

This contrast between motor and cognitive control is also
evident in the pattern of connectivities with the opercular part
of the IFG. The opercular part of the IFG, comprising the
Broca’s area and responding to finger movements, grasping
actions, observation, and preparation of action as well as
imitation (Iacoboni et al. 1999; Buccino et al. 2001; Koski et al.
2002; Johnson-Frey et al. 2003; Molnar-Szakacs et al. 2005),
showed significant positive connectivity throughout the entire
medial SFC and stronger connectivity with the posterior than
anterior preSMA. Furthermore, it is only with this prefrontal
region that the high and low medial SFC seeds demonstrated
distinguishable functional connectivity. The significance of this
latter finding deserves more investigation.

Our findings showed that the SMA and preSMA were
segregated at approximately the vertical commissure anterior
line (y = 0), in accord with earlier studies (Picard and Strick
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Figure 5. (a) Correlation z scores (mean + standard error) between each seed region and subcortical areas. The x-axis represents the y coordinate of the center of each seed.
Correlations between each seed region and left- and right-hemispheric masks are shown in red and blue, respectively, with solid and dashed lines indicating high- and low-level
seeds. (b) Correlation z scores averaged across seed regions comprising SMA, posterior preSMA (pPreSMA), and anterior preSMA (aPreSMA). The results are shown separately
for left- and right-hemispheric masks if differences exist (ANOVA, Table 2). Correlation z scores that were significant different from zero were highlighted with *P < 0.0006 (P <
0.05, corrected for multiple comparisons) and **P < 0.0001, uncorrected (for details, see Supplementary Table 1).

1996, 2001; Nachev et al. 2008). Notably, the boundary
separating the SMA and preSMA was more anterior for low (y
= 4-8) than high (y = 0-4) medial SFC. Similar findings were
reported by a recent resting-state fMRI study, in which the
authors clustered all voxels within the SMA/posterior SMA
(Kim et al. 2010).

Our findings also suggested functional distinction between
the posterior and anterior preSMA, with the 2 areas separated
at a ¥y = 12-16 and 16-20 for high and low medial SFC,
respectively. Earlier imaging studies distinguished the anterior
from posterior preSMA in cognitive operations. Reviewing 38
fMRI studies of preresponse conflict, decision uncertainty,
response errors, and negative feedback, Ridderinkhof et al.
(2004) showed that the anterior and posterior preSMA is each
more associated with decision uncertainty and response error.
Another review of studies on voluntary action suggested that
the posterior preSMA contributes to open decisions between

alternative actions, while the anterior preSMA mediates
decisions related to inhibiting voluntary action and predictive
monitoring (Haggard 2008). Our previous work of the stop
signal task showed that the anterior preSMA was involved in
inhibitory control, while the posterior preSMA and SMA
responded to error detection (Li et al. 2006, 2008). The latter
findings are consistent with our “2 clusters” results with the
posterior preSMA and SMA segregated together in distinction
to the anterior preSMA.

Besides 2- and 3-cluster distinctions, we further described
the results of 4- and 5-cluster solutions as shown in
Supplementary Table 2. Compared with the 3-cluster solution,
the 4-cluster solution showed an additional cluster (cluster 4)
for the low-level seeds (L8 and L9). And compared with the 4-
cluster solution, the 5-cluster solution merely served to
separate H7 from cluster 1. Overall, these patterns are very
similar to the 3-cluster solution. In particular, the boundary
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Figure 6. Clustering results of subcortical regions and corresponding z scores (mean
+ standard error) between each medial SFC seed region and subcortical clusters.
Correlations are represented as error bar across all 225 subjects. The y-axis
represents the coordinate of the center of each seed. Solid and dashed line each
indicates correlation for high- and low-level seeds. Clusters are distinguished by color
(@) thalamus (dorsal medial: blue; anterior: green; posterior middle: yellow; posterior:
gold; and anterior middle: red); (b) caudate (ventral posterior: green; dorsal middle:
red; and ventral anterior: gold); (c) putamen (ventral anterior: green; dorsal anterior:
red; and posterior: red); and (d) pallidum (lateral anterior: green; lateral posterior:
gold; and medial: red).

between SMA and posterior preSMA (H4-H5 and L5-L6)
remained unchanged across these solution metrics. Further-
more, Figures 3-7 plotted the cortical and subcortical
connectivities for all of the medial cortical seeds; by inspecting
the pattern of connectivities, we feel confident that the seeds
comprising these additional clusters are most likely in
functional continuum with their neighboring seed regions.

Subcortical Connectivity of the Medial SFC

By interconnecting with cortical structures, the thalamus and
basal ganglia play an important role in motor and cognitive
control. These corticosubcortical pathways appeared to be
functionally segregated (Alexander et al. 1986). For instance,
both fMRI and diffusion tensor imaging (DTI) studies showed
that the SMA is mainly connected to the putamen, while the
preSMA projects to the caudate nucleus (Takada et al. 1998;
Ferrandez et al. 2003; Johansen-Berg et al. 2004; Lehericy,
Ducros, Krainik, et al. 2004; Lehericy, Ducros, Van de Moortele,
et al. 2004; Leh et al. 2007; Draganski et al. 2008; Barnes et al.
2010). More specifically, DTI showed that the posterior
putamen was more connected to the SMA than preSMA, while
the middle putamen was more connected to the preSMA than
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SMA (Lehericy, Ducros, Krainik, et al. 2004; Lehericy, Ducros,
Van de Moortele, et al. 2004). These investigators found no
significant connections to SMA or preSMA for the anterior part
of the putamen. A similar observation was made in a probabi-
listic diffusion tractography study of connections between the
SMA and posterior putamen, between the preSMA and middle
putamen, and between primary motor areas to the lateral
putamen (Leh et al. 2007). Here, we confirmed these findings
(Fig. 6).

The thalamus plays an important role relaying and in-
tegrating sensory and motor signals between the cortex and
other subcortical structures. The thalamus is primarily associ-
ated with the SMA and the posterior preSMA (Wiesendanger
and Wiesendanger 1985; Geyer et al. 2000; Nachev et al. 2008).
The different subregions of the thalamus have different
interconnections with the cerebral cortex (Wiesendanger and
Wiesendanger 1985; Herrero et al. 2002; Zhang et al. 2008,
2010). We observed that the anterior part of the thalamus was
connected with the anterior preSMA and the middle part was
connected with the SMA and posterior preSMA, consistent with
carlier observations (Zhang et al. 2010). On the other hand, we
showed a negative connectivity between the posterior part of
the thalamus and the anterior preSMA, in contrast to Zhang
et al. (2010). The posterior part of the thalamus has reciprocal
connections with the temporal-parietal-occipital visual areas
(Herrero et al. 2002). Consistently, our findings also showed
negative connectivity between the anterior preSMA and these
visual cortical structures.

Connectivity of the Medial SFC with the Insula

Earlier studies suggested that the insula could be divided into
a larger anterior and a smaller posterior part, on the basis of
cytoarchitectonic features as well as anatomical and functional
connectivity (Chikama et al. 1997; Naqvi and Bechara 2009;
Nelson et al. 2010). The posterior insula, which receives inputs
from the thalamus, was implicated in somatosensory and motor
integration. The anterior insula, which have connections with
the ACC, medial prefrontal cortex, amygdala, and ventral
striatum, was involved in emotional and motivational control.
These regional differences have also been highlighted by
recent fMRI studies. For instance, the posterior insula was
involved in multisensory integration (Naghavi et al. 2007) and
pain perception (Henderson et al. 2007, 2011; Nash et al. 2009).
On the other hand, the dorsal and ventral anterior insula
appeared to be involved in complex feeling such as disgust
(Wicker et al. 2003, 2004). Furthermore, the dorsal anterior
insula responded to value framing during decision making
(Krawitz et al. 2010), risk taking (Xue et al. 2010) as well as risk
prediction (Preuschoff et al. 2008), and self-reflection (Mod-
inos et al. 2009). Our findings that the posterior and anterior
parts of the insula are each connected to the SMA and preSMA
support functional distinction of these pathways (Nanetti et al.
2009).

Methodological Considerations: The Effects of Global
Signal Regression

Recent studies suggested that the global signal regression,
a common data-preprocessing step in seed region based
functional connectivity analyses, is most likely the cause of
anticorrelation functional networks (Murphy et al. 2009;
Weissenbacher et al. 2009). On the other hand, it has also
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Figure 8. A summary of functional connectivity of the SMA (red), posterior preSMA (pPreSMA. blue), and anterior preSMA (aPreSMA, green), with gold indicating connectivity
with all 3 regions. Positive and negative connectivities are each indicated by solid and dashed line. Abbreviations: frontal sup: superior frontal gyrus; front sup med: medial
superior frontal gyrus; frontal orb mid: middle part of orbital frontal gyrus; frontal mid: middle frontal gyrus; frontal orb lat: lateral part of orbital frontal gyrus; frontal orb med:
medial part of orbital frontal gyrus; frontal inf oper: opercular part of IFG; frontal inf tri: triangular part of IFG; frontal inf orb: orbital part of IFG; postcentral: postcentral cortex;
paracentral: paracentral cortex; EPI: epithalamus.

been demonstrated that the multiple characteristics of whole-brain masks and before global signal regression, are not
anticorrelation networks, which include cross-subject consis- determined by global regression (Fox et al. 2009). To examine
tency, spatial distribution, as well as presence with modified this issue, we repeated the same analysis only without the
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global signal regression on the current data set. The results
showed a very similar pattern of functional connectivity as in
the analyses with global signal regression (Supplementary Fig. 2).

Limitations of the Study

One limitation concerns data reduction for 2-means clustering.
We utilized 116 AAL masks instead of all voxels to characterize
functional connectivity. Advantages of this approach include
reducing computational complexity as well as accounting for
variability in anatomical boundaries across subjects. On the
other hand, we cannot rule out the possibility that voxels
within individual masks might contribute differently to the
patterns of connectivity.

Another potential limitation is that all seed regions were
placed at x = 0. Thus, differences in functional connectivity along
the lateral extents of the MFC remain to be explored in the future
and, in particular, when specific hypotheses are to be tested.

We used large overlapping seeds (radius = 8 mm), as
compared with a previous study (Margulies et al. 2007), and
smoothed our data with an 8-mm Gaussian kernel. These
parameters may not be ideal for delineating subcortical
connectivity. We discuss this issue from several perspectives.
First, we used large seed regions in order to include as much
areal information as possible, particularly in the x dimension
where the boundary of medial SFC is between x=-10 to 10 mm
(MNI coordinate). Using a smaller seed will likely miss out on
these lateral dimensions of the frontal cortex. Second, we
applied a moving spatial window of 4 mm, which would allow
us to capture changes smaller than the seed radius of 8 mm. By
doing this, we wish to represent a detailed functional
connectivity changes map along the y coordinate. Third,
although using a small Gaussian kernel for spatial smoothing
would be more appropriate for delineating subcortical con-
nectivity, this may not be true of cortical connectivity. Since
the functional connectivity is described on the basis of whole-
brain connectivities, there invariably would be a trade-off in
deciding on what kernel to use for smoothing. Nevertheless,
we reran all the analyses using the data smoothed with a 4-mm
Gaussian kernel and those seeds with 4-mm radius. In our
assessment, other than the fact that the pattern of subcortical
connectivities was not as smooth as those obtained with 8-mm
kernel, the main results were almost identical (Supplementary
Figs 3-8 and Supplementary Tables 3-4). The results we
described and discussed in the manuscript were equally valid
on the basis of this new set of data.

Finally, one potential issue of these analyses would be the
localization of some of the subcortical areas (e.g., the STN).
Because of their small size and hence intersubject variability, it
would be much harder to obtain significant patterns of
functional connectivity across a population of subjects.
However, we were able to observe a significant pattern of
change for all of the subcortical structures in their medial SFC
connectivity and, based on the connectivity patterns, identify
functional clusters with the nuclei.

Conclusions

In this study, we investigated the functional subdivisions of the
medial SFC on the basis of whole-brain connectivity charac-
terized from a large resting-state fMRI data set. Other than
replicating the boundaries between SMA and preSMA, the
current results support a functional difference between the
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posterior and anterior preSMA. In contrast to the posterior
preSMA, the anterior preSMA is connected with most of the
prefrontal but not somatomotor areas. Overall, the SMA is
strongly connected to the thalamus and epithalamus, the
posterior preSMA to putamen, pallidum, and STN and anterior
preSMA to the caudate, with the caudate showing significant
hemispheric asymmetry. Furthermore, medial SFC connectivi-
ties described functional subregions within each subcortical
structure, in accord with anatomical literature.
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Supplementary material can be found at:
.oxfordjournals.org/
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