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The four-region model with 7 specified subregions represents a theoretical construct of functionally
segregated divisions of the cingulate cortex based on integrated neurobiological assessments. Under this
framework, we aimed to investigate the functional specialization of the human cingulate cortex by analyzing
the resting-state functional connectivity (FC) of each subregion from a network perspective. In 20 healthy
subjects we systematically investigated the FC patterns of the bilateral subgenual (sACC) and pregenual
(pACC) anterior cingulate cortices, anterior (aMCC) and posterior (pMCC) midcingulate cortices, dorsal
(dPCC) and ventral (vPCC) posterior cingulate cortices and retrosplenial cortices (RSC). We found that each
cingulate subregion was specifically integrated in the predescribed functional networks and showed anti-
correlated resting-state fluctuations. The sACC and pACC were involved in an affective network and anti-
correlated with the sensorimotor and cognitive networks, while the pACC also correlated with the default-
mode network and anti-correlated with the visual network. In the midcingulate cortex, however, the aMCC
was correlated with the cognitive and sensorimotor networks and anti-correlated with the visual, affective
and default-mode networks, whereas the pMCC only correlated with the sensorimotor network and anti-
correlated with the cognitive and visual networks. The dPCC and vPCC involved in the default-mode network
and anti-correlated with the sensorimotor, cognitive and visual networks, in contrast, the RSC was mainly
correlated with the PCC and thalamus. Based on a strong hypothesis driven approach of anatomical partitions
of the cingulate cortex, we could confirm their segregation in terms of functional neuroanatomy, as suggested
earlier by task studies or exploratory multi-seed investigations.
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Introduction

The human cingulate cortex is a complex central structure
implicated in diverse functional domains. One widely accepted
theoretical construct of its subdivisions is the four-region model
with subregions based on integrated neurobiological assessments
(Vogt, 2005). These regions and their subregions are the anterior
cingulate cortex (ACC; s, subgenual; p, pregenual), the midcingulate
cortex (MCC; a, anterior; p, posterior), the posterior cingulate cortex
(PCC; d, dorsal; v, ventral), and the retrosplenial cortex (RSC) (Vogt
et al., 1993; Vogt, 2005). Each region represents an aggregate of areas
that have similar underlying cytoarchitectural features, common
connections and functions as observed in human or primate studies.
The construct however strongly relies on anatomical connectivity
assumptions that were derived from tracer studies in rodents or non-
human primates and on activations in task-based neuroimaging,
especially the functional magnetic resonance imaging (fMRI) studies.

The sACC was found to be specifically involved during the memory
of negative events and during sadness tasks (George et al., 1995; Kross
et al., 2009; Liotti et al., 2000). Whereas the pACC is activated during
happy events (Rogers et al., 2004; Rolls et al., 2008;Walter et al., 2008,
2009) and self-relevant tasks (Enzi et al., 2009; Kelley et al., 2002).
This important distinction is also represented by different metabolic
abnormalities of the two regions in major depression with hyperac-
tivity in the sACC and hypoactivation in the pACC (Walter et al., 2009).
The function of aMCC is rather complex and is involved in processing
cognitive (Luo et al., 2007; Pourtois et al., 2010; Sohn et al., 2007; Ursu
et al., 2009), fear (Vogt, 2005), pain (Vogt, 2005) and complex motor
tasks (Paus, 2001; Picard and Strick, 1996, 2001). In contrast, the
pMCC was activated during simple motor tasks (Beckmann et al.,
2009; Paus, 2001; Picard and Strick, 1996, 2001). In the posterior
division, both the PCC and RSC are implicated in memory (Maguire,
2001). However, the functional specialization of each subregion has
been shown, specifically, the dPCC in visuospatial orientation (Vogt
et al., 2006), the vPCC in self-relevant assessment (Vogt et al., 2006),

http://dx.doi.org/10.1016/j.neuroimage.2010.11.018
mailto:chunshuiyu@yahoo.cn
http://dx.doi.org/10.1016/j.neuroimage.2010.11.018
http://www.sciencedirect.com/science/journal/10538119


2572 C. Yu et al. / NeuroImage 54 (2011) 2571–2581
and the RSC in episodic memory, navigation, imagination and planning
for the future (Vann et al., 2009).

Although the task-based fMRI studies have contributed much to
our understanding of functions of the human cingulate cortex, a key
limitation to these paradigms is that they cannot distinguish task-
related activation in a single network from coactivation of distinct
networks (Friston et al., 1996). That is to say, a direct confirmation of
the specific connectivity of each cingulate subregion with other
specific brain areas or networks remains difficult, since task-based
studies are normally sensitive, if not highly specific, to some
subfunctions while potentially neglecting other important aspects
which would be necessary for an unbiased comparison of connectiv-
ities in all partitions. The functional complexity of the cingulate cortex
as one region may thus be better accounted for by one measure called
resting-state functional connectivity (FC) that equally assesses the
level of coactivation of resting-state fMRI time-series between
anatomically separated brain regions (van den Heuvel and Pol,
2010). A first attempt that explored the functional diversity of the
ACC has been performed by Margulies et al. (2007) who have
examined resting-state FC patterns for 16 seed regions systematically
placed throughout caudal, rostral, and subgenual ACC in each
hemisphere. They found strong indications of both rostral/caudal
and dorsal/ventral functional distinctions of the ACC, and highlighted
negative relationships between rostral ACC-based affective networks
and caudal ACC-based frontoparietal attention networks (Margulies
et al., 2007). Recently, Habas (2010) has mapped the FC patterns of
the human rostral and caudal cingulate motor areas, and found that
the rostral cingulate motor area was more in relation with prefrontal,
orbitofrontal, and language-associated cortices, whereas the caudal
cingulate motor area more related to sensory cortex (Habas, 2010).
However, there is no study focused on the patterns of FCs in terms of
the four-region model of the cingulate cortex (Vogt, 2005), which is a
basic framework of cingulate subdivisions for understanding the
functional specialization of each cingulate subregion.

In the present study, we thus systematically mapped the resting-
state FC patterns of the predefined cingulate subregions of the four-
region model from a functional network perspective. We aimed to
understand the functional specialization of the human cingulate cortex
in terms of distinct FC patterns of different cingulate subregions, and to
recognize interactions between different brain functional networks by
analyzing the negative relationships between functional networkswith
which each cingulate subregion correlated and anti-correlated. Five
brain functional networks were paid special attention. The first is the
default-mode network (DMN) including the PCC/precuneus (Pcu),
lateral parietal cortex (LPC), medial prefrontal cortex, anterior and
Fig. 1. Regions of interest (ROIs) of the cingulate subregions. ROIs of each side of the cingulate
values (1, 3, 5, 7, 9) of the x-axis coordinates represent the right hemisphere, while the neg
ROI, which is labeled in the figure.
medial parts of the superior frontal gyrus (SFG), and anterior part of the
middle and inferior temporal gyri (MTG/ITG) (Fox et al., 2005; Fransson,
2005; Greicius et al., 2003). The second is the affective network (AN)
including the medial prefrontal cortex (MPFC), orbitofrontal cortex
(OFC), and temporalpole (Georgeet al., 1995; Levesque et al., 2003). The
third is the sensorimotor network (SMN) including the precentral
(PreCG) and postcentral (PostCG) gyri, paracentral lobule (ParaCG),
Rolandic area, supplementary motor area (SMA) and premotor area
(Hanggi et al., 2010; Keisker et al., 2010). The fourth is the cognitive
network (CN) including the dorsolateral prefrontal cortex (DLPFC),
ventrolateral prefrontal cortex (VLPFC), and dorsolateral parietal cortex
(Seeley et al., 2007). The last one is the visual network (VN) including
cuneus, lingual and fusiform gyri, superior (SOG), middle (MOG) and
inferior (IOG) occipital gyri (Fink et al., 1997).

Subjects and methods

Subjects

Twenty healthy adults (6 males and 14 females) with a mean age
of (40.6±10.7) years, were recruited via advertisement. They were
right-handed as evaluated by a questionnaire which designed
according to the Edinburgh handedness inventory (Oldfield, 1971).
They have never suffered from any psychiatric or neurological
diseases, and did not have any contraindications to MRI scan. All
subjects signed an informed consent form approved by the local
Medical Research Ethics Committee.

MR image acquisition

MR images were acquired on a 3.0 Tesla MR scanner (Magnetom
Trio, Siemens, Erlangen, Germany). Foam pads were used to reduce
head movements and scanner noise. Resting-state fMRI scans were
performed by an echo planar imaging (EPI) sequence with scan
parameters of repetition time (TR)=2000 ms, echo time (TE)=
30ms, flip angle (FA)=90°, matrix=64×64, field of view (FOV)=
220×220 mm2, slice thickness=3 mm, and slice gap=1mm. Each
brain volume comprised 32 axial slices and each functional run
contained 180 volumes. During fMRI scans, all subjects were instructed
to keep their eyes closed, relax andmove as little as possible. In order to
cover the whole cerebral cortex, the cerebellum could not be entirely
covered in some participants using the current scan parameters. Thus,
the cerebellum was excluded from the following analyses. Sagittal T1-
weighted imageswere also acquired by amagnetization prepared rapid
cortex are shown on 10 sagittal anatomical images of the ch2bet template. The positive
ative values (−1, −3, −5, −7, −9) denote the left hemisphere. Each color represents a



Fig. 2. Differences in the FC patterns between the left and right hemispheric ROIs. The FCmaps of the left and right hemispheric ROIs are projected to the same structural background
images to visualize the possible differences in the FC patterns between each pair of the ROIs. In the color bar, +1 represents the positive FCmap of the left hemispheric ROI; +2 is the
positive FCmap of the right hemispheric ROI; +3 denotes the overlapping regions of the positive FCmaps of the two hemispheric ROIs;−1 represents the negative FCmap of the left
hemispheric ROI; −2 is the negative FC map of the right hemispheric ROI; −3 denotes the overlapping regions of the negative FC maps of the two hemispheric ROIs. FC, functional
connectivity; ROI, region of interest.
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gradient echo (MP-RAGE) sequence (TR/TE=2000/2.6 ms; FA=9°;
slice thickness=1 mm, no gap).

Data preprocessing

Unless specially stated, all preprocessing steps were carried out
using the statistical parametric mapping (SPM2, http://www.fil.ion.ucl.
ac.uk/spm). The first 10 volumes of each functional time series were
discarded for themagnetization equilibrium. The remaining 170 images
were corrected for time delay between different slices and realigned to
thefirst volume.Headmotionparameterswere computedbyestimating
the translation in eachdirection and the angular rotationoneachaxis for
each volume, which provided a record of the head position. The
realigned images were spatially normalized to the Montreal Neurolog-
ical Institute (MNI) EPI template and re-sampled to 3 mm cubic voxel.
The normalized images were smoothed with a Gaussian kernel of
6×6×6 mm3 full-width at half maximum.

The head motions of all subjects were less than the thresholds of
1.5 mm translation in each of the x, y and z directions and 1.5° rotation
in each of the x, y and z axes. Since the FC analysis is sensitive to head
motion, we further characterized themean and peak displacements as
measures of headmotion (Jiang et al., 1995; Lowe et al., 1998). Several
sources of spurious variances including the estimated motion
parameters, linear drift, global average BOLD signals, and average
BOLD signals in ventricular and white matter regions were removed
from the data through linear regression (Fox et al., 2005; Greicius
et al., 2003). Finally, temporal band-pass filtering (0.01~0.08 Hz) was
performed on the time series of each voxel using AFNI (http://www.
afni.nimh.nih.gov/) 3D Fourier program to reduce the effects of low-
frequency drift and high-frequency noises (Fox et al., 2005; Lowe
et al., 1998; Zhou et al., 2008). Anatomical images were obtained to
visualize the results by averaging the normalized 3D T1-weighted
images across all subjects.

Seed regions

Each cingulate cortex was divided into 7 subregions in both
hemispheres. We extracted 9 regions of interest (ROIs) (Fig. 1) from
the 7 subregions of each hemisphere according to the cytoarchitec-
tural findings (Palomero-Gallagher et al., 2009; Vogt and Vogt, 2003;
Vogt, 2005; Vogt et al., 2006). Every ROI was manually defined on the
ch2bet structural template with the MRIcro software (www.mricro.
com ). Each ROI was smaller than the cytoarchitectural definition
through marginal retractions in order to ensure the ROI within the
corresponding cytoarchitectural area and to avoid crosstalk between
every two adjacent ROIs. ROI 1 represents sACC (area 25), which was
defined as the cortical area just below the genu of the corpus
callosum. ROI 2 and ROI 3 represent the posterior (areas 24a, 24b,
24cv, 24cd) and anterior (area 32) parts of pACC. ROI 2 was defined as
the anteroinferior 1/3 of area 24 with 5 mm retractions of the superior
and inferior margins, respectively. ROI 3 was defined as the part of
area 32 between the extension planes of the margins of ROI 2. ROI 4
and ROI 5 represent the inferior (areas a24a', a24b', 24c'v, 24c'd) and
superior (area 32') parts of the aMCC. ROI 4 was defined as the part of
the area 24 between two planes with 5 mm marginal retractions. The
first plane is the coronal plane passing through the anterior
commissure. The second plane is perpendicular to the area 24 passing
through the intersectional line between the coronal plane through the
anterior margin of the genu of the corpus callosum and the dorsal
surface of area 24. ROI 5 was defined as the part of area 32' between
Fig. 3. Differences in the FC patterns between every two ROIs (from ROI 1–2 to ROI 2–6) of t
background images to visualize the possible differences in the FC patterns between these tw
positive FCmap of the second ROI;+3 denotes the overlapping regions of the positive FCmap
FC map of the second ROI; −3 denotes the overlapping regions of the negative FC maps of
interest.
the extension planes of the margins of ROI 4. ROI 6 represents the
pMCC (areas p24a', p24b', 24dv, 24dd), which was defined as the part
of area 24 between two coronal planes with marginal retractions of
3 mm. The first coronal plane passes through the anterior commis-
sure, while the second coronal plane was obtained by 20 mm
backward translation of the first plane (Vogt and Vogt, 2003). ROI 7
represents the dPCC (areas 23c, 23d, d23, 31), which was defined as
the parts of areas 23 and 31 between two planes with anterior
marginal retraction of 5 mm. One plane is the second coronal plane
when defining the ROI 6. The other plane is an oblique coronal plane
along the ventral branch of the splenial sulclus. ROI 8 represents the
vPCC (areas v23, 31), which was defined as the parts of areas 23 and
31 below the second plane of ROI 7. ROI 9 represents the RSC (areas 29
and 30), which was defined as the central part of the ventral bank of
the cingulate gyrus that is buried in the callosal sulcus between the
anterior margin of the ROI 7 and the horizontal plane through the
inferior margin of the splenium of the corpus callosum (Vogt et al.,
2001, 2006). For all the ROIs, only gray matter voxels were extracted
for functional connectivity analysis.

Functional connectivity analysis

For each subject, correlation coefficients between the mean time
series of each seed region and that of each voxel of the whole brain
were computed and then converted to z values using Fisher's r-to-z
transformation to improve the normality. Then individuals' z-values
were entered into a random effect one-sample t-test in a voxel-wise
manner to determine brain regions that showed significant positive or
negative correlations with the seed region. Due to the fact that the
cerebellum was not entirely covered in all subjects and that the BOLD
signals in white matter are suspicious, the statistical analyses were
limited to a mask which is composed of the cerebral and sub-cortical
regions in the AAL Atlas. Corrections for multiple comparisons were
carried out by the false discovery rate (FDR) method with pb0.05 and
cluster sizeN50 voxels. Comparisons of FC maps between the left and
right hemispheres of each ROI and between every two ROIs of each
hemisphere were also provided.

Results

Differences in the FC patterns between the left and right hemispheric
ROIs

For each pair of the 9 ROIs, we projected the FC maps of the left and
right hemispheric ROIs to the same structural background images to
visualize the possible differences in the FC patterns between each pair of
the ROIs (Fig. 2). We found that the FC patterns of each pair of the two
hemispheric ROIs were almost overlapped, which suggests that there
were no obvious side differences between the two hemispheric ROIs.
Additionally, there were small non-overlapping regions for each pair of
the ROIs, whichmight be resulted fromsubtle differences in the location
of each pair of ROIs and the individual variances of the cingulate cortex.

Positive FCs of cingulate subregions

The FC maps of each ROI were shown in Fig. S1–9 of the
supplementary materials and the details were shown in Table S1
and S2 of the supplementary materials. The differences in the FC
patterns between every two ROIs of each hemisphere were shown in
Figs. 3–5 and Fig. S10–11 of the supplementary materials. The
he left hemisphere. The FC maps of every two ROIs are projected to the same structural
o ROIs. In the color bar, +1 represents the positive FC map of the first ROI; +2 is the
s of the two ROIs;−1 represents the negative FCmap of the first ROI;−2 is the negative
the two ROIs. Abbreviations: FC, functional connectivity; L, left; R, right; ROI, region of
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relationships between the 9 cingulate ROIs and the five functional
networks were shown in Fig. 6.

The ROI 1 (sACC) mainly correlated with the AN including the MPFC,
OFC and temporal pole. In contrast, the ROI 2 (pACC, area 24) correlated
withmorewidespread brain areas belonging to different brain functional
networks, such as the DMN, the AN, and brain regions that process
different aspects of emotionally salient stimuli including amygadala and
anterior insula, aswell as other subcortical nuclei including the thalamus,
caudate and putamen. The ROI 2 was also positively correlated with all
other cingulate subregions (sACC, aMCC, pMCC, dPCC, vPCC and RSC).
The ROI 3 (pACC, area 32) showed similar FC patterns to the ROI 2,which
suggests the similar functions of these two ROIs.

The ROI 4 (aMCC, area 24) was positively correlated with the CN
(DLPFC and dorsolateral parietal cortex), the salience network
(fronto-insular cortex), the SMN (Rolandic area and SMA), and
subcortical nuclei (thalamus, caudate, putamen, pallidum, and
amygadala). The ROI 5 (aMCC, area 32') showed similar FC patterns
to the ROI 4, but was correlated with more extensive DLPFC than that
of the ROI 4. In contrast, the ROI 6 (pMCC) showed extensive FCs with
the SMN including the PreCG, PostCG, ParaCG, Rolandic area, SMA,
thalamus, superior marginal gyrus, and insula.

The ROI 7 (dPCC) and ROI 8 (vPCC) were positively correlated with
the DMN including the bilateral PCC/Pcu, LPC, pACC/MPFC, anterior
MTG/ITG, and anterior and medial parts of the SFG/MFG. In contrast,
the ROI 9 (RSC) demonstrated positive FCs mainly with the PCC and
the bilateral thalami. Although the right RSC also showed correlations
with frontal, temporal and parietal regions belonging to the DMN, the
spatial extent of the correlated regions and the strength of correla-
tions were greatly less than those of the vPCC and dPCC.

Negative FCs of cingulate subregions

The ROI 1 (sACC) was anti-correlated with the SMN (PreCG and
PostCG) and CN (DLPFC and dorsolateral parietal cortex). The ROI 2
(pACC, area 24) showedmore extensive negative FCswith the SMN and
CN than the sACC. In addition, the pACC was also anti-correlated with
the VN including the SOG, MOG, calcarine cortex, cuneus lobe, lingual
and fusiform gyri. The ROI 3 (pACC, area 32) showed similar anti-
correlations to the ROI 2, but the spatial extent of the anti-correlated
regions in the DMN and VN were larger than those of the ROI 2.

The ROI 4 (aMCC, area 24) was also anti-correlated with the VN
(SOG, MOG, IOG, calcarine cortex, cuneus lobe, lingual and fusiform
gyri), but in contrast to sACC and pACC, this ROI showed stronger anti-
correlations to the DMN and AN (MPFC and OFC). The ROI 5 (aMCC,
area 32') showed similar anti-correlations to those of the ROI 4. In
contrast to aMCC, the ROI 6 (pMCC) showed negative FCs with the CN
(DLPFC and dorsolateral parietal cortex) while it was similarly anti-
correlated with the VN, but with a lesser extent.

Both ROI 7 (dPCC) and ROI 8 (vPCC) showed negative FCs with the
VN (SOG, MOG, IOG, calcarine cortex, cuneus lobe, lingual and
fusiform gyri), the SMN (PreCG/PostCG) and the CN (DLPFC and
dorsolateral parietal cortex). In contrast, the ROI 9 (RSC) had similar
patterns of the negative FCs to those of the vPCC and dPCC, but the
spatial extent of the anti-correlated regions was larger in the VN but
smaller in the SMN and CN than those of the PCC.

Discussion

In the present study, we systematically mapped the resting-state
FC patterns of the human cingulate cortex for its anatomically and
Fig. 4. Differences in the FC patterns between every two ROIs (from ROI 2–7 to ROI 4–7) of t
background images to visualize the possible differences in the FC patterns between these tw
positive FCmap of the second ROI;+3 denotes the overlapping regions of the positive FCmap
FC map of the second ROI; −3 denotes the overlapping regions of the negative FC maps of
interest.
functionally predefined subregions (Vogt, 2005). Using a resting-state
approach that is equally suitable for all functional partitions, we found
that each cingulate subregion is specifically involved in different brain
functional networks while anti-correlated to others.

The four-region model of the human cingulate cortex was
proposed based on integrated neurobiological assessments (Vogt,
2005), and so far, it was a highly detailed and reasonable
neurobiological model of this complex structure. In this model, the
borders of each region are defined by anatomic markers, and a cortical
region is an aggregate of areas that have a similar underlying
cytoarchitectural motif, and common circuitry and functions (Vogt,
2005). This neurobiological model provides a basic framework for
investigating structure and function of each cingulate subregion in
healthy subjects, and for detecting structural and functional altera-
tions of each subregion in diseased states. In the present study, we
attempted to characterize the functional segregations and integra-
tions of the predefined subregions in terms of FC patterns of the
human cingulate cortex.

The main positively correlated brain regions with the sACC are the
bilateral MPFC and OFC, which is in line with the finding that most
cortical input to the sACC originated from the MPFC and OFC (Vogt
and Pandya, 1987). Many task-based fMRI studies have shown that
the sACC, MPFC, OFC and temporal pole were activated during sad
events (George et al., 1995; Levesque et al., 2003; Pelletier et al.,
2003), suggesting that they make up an affective network for
processing negative emotional information. Thus, it seems that the
sACC is a crucial node of the affective network, which is also
supported by characteristic increases of baseline metabolism and
connectivity in depressed patients (Botteron et al., 2002; Drevets
et al., 1997; Greicius et al., 2007).

Consistent with most of the previous studies on the default-mode
network (Fox et al., 2005; Fransson, 2005; Greicius et al., 2003), we
found that the pACC showed positive FCswith brain regions belonging
to the network, which supports the concept that the pACC is a core
node of the DMN. Our finding suggests that the pACC is specifically
involved in the affective network, which is in agreement with a
number of relevant findings. The pACC is activated during pleasant
and happy events, such as the warm and pleasant stimuli (Rolls et al.,
2008), pleasant flavor (Grabenhorst et al., 2010), and making choices
involving large gains (Grabenhorst et al., 2008; Rogers et al., 2004).
Anhedonia, the inability to experience pleasure, was further related to
functional and metabolite changes in this subregion in severely
depressed patients (Walter et al., 2009). The activation of the pACC
was however also associated with the degree of anxiety (Elsenbruch
et al., 2010; Mobbs et al., 2009; Straube et al., 2009; Van Oudenhove et
al., 2010) and in healthy volunteers the pACC was found important
during regulation of emotional conflict on a trial-by-trial basis by
dampening activity in the amygdala (Etkin et al., 2006) while this
regulation may be disrupted in patients with generalized anxiety
disorder (Etkin et al., 2010). It has been known that the pACC is also
activated during noxious pain stimulations, especially the nociceptive
visceral stimulations (Derbyshire et al., 1997; Matsuura et al., 2002;
Strigo et al., 2003; Vogt, 2005), and is involved in pain control
mechanism (Peyron et al., 2007; Zubieta et al., 2005). The importance
of this cingulate subregion for affect regulation, integrating both
features of automated regulation of bottom up information, mainly
from amygdala, and top down control, from dorsal cognitive areas has
also been extensively described in terms of clinical relevance for
bipolar disorder (Phillips et al., 2008). Our findings of a specific
integrative function of pACC also support this notion considering the
he left hemisphere. The FC maps of every two ROIs are projected to the same structural
o ROIs. In the color bar, +1 represents the positive FC map of the first ROI; +2 is the
s of the two ROIs;−1 represents the negative FCmap of the first ROI;−2 is the negative
the two ROIs. Abbreviations: FC, functional connectivity; L, left; R, right; ROI, region of
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Fig. 6. Relationships between the 9 cingulate ROIs and the five functional networks. The
red line represents positive correlation between the connected ROI and functional
network, while the blue line denotes anti-correlation between the connected ROI and
functional network. Abbreviations: AN, affective network; aMCCi, inferior part of the
anterior midcingulate cortex; aMCCs, superior part of the anterior midcingulate cortex;
CN, cognitive network; DMN, default-mode network; dPCC, dorsal part of the posterior
cingulate cortex; pACCa, anterior part of the pregenual anterior cingulate cortex;
pACCp, posterior part of the pregenual anterior cingulate cortex; pMCC, posterior
midcingulate cortex; RSC, retrosplenial cortex; sACC, subgenual anterior cingulate
cortex; SMN, sensorimotor network; VN, visual network; vPCC, ventral part of the
posterior cingulate cortex.
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extensive connectivities with other affective and cognitive related
cortical and subcortical networks, including the insula, thalamus,
caudate and putamen. In further support of its central role, the pACC is
the only cingulate subregion who connected with every other
cingulate subregions, through which information can be exchanged
between the affective (sACC), cognitive (aMCC), sensorimotor
(pMCC), and the default-mode (PCC and RSC) networks. Reflecting
its central position in the rostro-caudal continuum of the cingulate
cortex our findings may thus support the role of pACC as the anterior
cingulate association area, as opposed to other more specialized
cingulate regions that is crucial for cognitive emotional interaction
and conscious self-reflection in higher primates and humans. When
we further divided the pACC into ROI 2 (area 24) and ROI 3 (area 32),
the FC patterns were similar to each other. This supports the validity
of the four-region model which categorized these two areas into a
region of the pACC.

We found that the aMCC positively connected with the DLPFC,
which is consistent with the anatomic finding of the reciprocal
connections between these two brain regions (Barbas and Pandya,
1989; Bates and Goldmanrakic, 1993). This is also supported by the
findings that the aMCC is activated during a variety of cognitive tasks
including conflict monitoring (Sohn et al., 2007; Ursu et al., 2009),
error detection (Gehring and Fencsik, 2001; Pourtois et al., 2010),
response selection (Awh and Gehring, 1999; Paus, 2001), and
attention control (Crottaz-Herbette and Menon, 2006; Luo et al.,
2007). The positive FC between the aMCC and SMA may be explained
by strong contributions of the rostral cingulate motor area located in
the aMCC, which is mainly connected with dorsal premotor area and
pre-SMA (Hatanaka et al., 2003), and which is activated during the
complex motor tasks (Picard and Strick, 1996). The aMCC receives
dense projection of nociceptive inputs from the thalamus (Hatanaka
et al., 2003), and is activated during pain stimulations (Vogt, 2005),
which can explain the positive FCs between these regions. Addition-
ally, we found strong FCs between aMCC and insula, which is in
agreement with prior resting-state fMRI studies on the resting-state
Fig. 5. Differences in the FC patterns between every two ROIs (from ROI 4–8 to ROI 8–9) of t
background images to visualize the possible differences in the FC patterns between these tw
positive FCmap of the second ROI;+3 denotes the overlapping regions of the positive FCmap
FC map of the second ROI; −3 denotes the overlapping regions of the negative FC maps of
interest.
network (Seeley et al., 2007; Taylor et al., 2009). Both of these two
structures are the core regions of the salience network, which
underlie interoceptive-autonomic processing (Critchley, 2005;
Downar et al., 2002). Taken all together, we suggest that the aMCC
is a central node for willed control of behaviors (Paus, 2001) based on
its characteristic connections with sensorimotor, cognitive, salience,
pain and affective networks. Area 32' is a new brain region in human
cingulate cortex that is not present in monkeys (Cole et al., 2009;
Palomero-Gallagher et al., 2008; Vogt et al., 1995). Thus we divided
the aMCC into ROI 4 (area 24) and ROI 5 (area 32'), the FC patterns of
these two ROIs were similar, but the 32' was correlated with more
extensive DLPFC than that of the ROI 4 (area 24). This finding supports
the notion that human area 32' bestows mental flexibility on humans,
improving our ability to perform well on a variety of tasks (Cole et al.,
2009, 2010).

In line with previous resting-state FC studies (Habas, 2010;
Margulies et al., 2007; Taylor et al., 2009), the pMCC showed
extensively FCs with brain regions that belonged to the sensorimotor
network, which is consistent with its function in processing simple
motor tasks (Picard and Strick, 1996) and its connections with the
primary motor cortex and spinal cord (Dum and Strick, 1991). The
pMCC connected with the bilateral thalami through which the
spinothalamic input access this subregion (Dum et al., 2009), which
underlies the activation of the pMCC during noxious thermal skin
stimulations (Vogt, 2005). Thus it seems that the main function of the
pMCC is involved in the processing of motor and pain.

Although the functions of the dPCC and vPCC are different in that the
former is mainly involved in spatial processing (Vogt et al., 2006), but
the latter is involved in self-referential processing (Northoff and
Bermpohl, 2004; Vogeley et al., 2001), the FC patterns are very similar.
Both of these two cingulate subregionsweremainly correlatedwith the
DMN, which suggests that both of these two brain areas can be used to
construct the DMN. In contrast, similar to a previous PET study (Vogt
et al., 2006), the RSC was mainly correlated with the bilateral thalami
and PCC, which is consistent with anatomic findings of heavy
connections between RSC and thalamus (Kobayashi and Amaral, 2003,
2007), and between RSC and adjacent area 23 (Vogt and Pandya, 1987).
The differences in the FCpatterns between the RSC andPCC support that
they are two different cingulate subregions and further validate the
validity of the four-region model of the human cingulate cortex.
However, we also foundweak but significant FCs between the right RSC
and frontal, parietal and temporal areas belonging to the DMN. This
unexpected finding is more likely caused by the contamination of the
ROI 9 by the adjacent area 23 (a part of the PCC), which is the core node
of the DMN. This contamination is related to the mismatching of the
cortical thickness of the RSC (2–4 mm) and the poor resolution
(3.4×3.4×4.0 mm) of the fMRI scans, smoothing with a Gaussian
kernel of 6×6×6 mm3 full-width at half maximum, the individual
variability of the shape and location of the RSC, and so on. Thus one
should be cautious when interpreting the result of significant FC
between RSC and the DMN.

Anti-correlationswere also found between each cingulate subregion
and different brain functional networks, which is consistent with
previous findings of anti-correlations between task-positive network
and the default-mode network (Fox et al., 2005; Greicius et al., 2003;
Tian et al., 2007; Zhou et al., 2010) and between neural systems
underlying different components of verbal working memory(Gruber
et al., 2007). Greicius et al. (2003) suggested that intrinsic anti-
correlated activitymight relate to the differential task-related responses
in these regions (Greicius et al., 2003). Fox et al. (2005) proposed that
he left hemisphere. The FC maps of every two ROIs are projected to the same structural
o ROIs. In the color bar, +1 represents the positive FC map of the first ROI; +2 is the
s of the two ROIs;−1 represents the negative FCmap of the first ROI;−2 is the negative
the two ROIs. Abbreviations: FC, functional connectivity; L, left; R, right; ROI, region of

image of Fig.�6
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anti-correlations may serve as a differentiating role in segregating
neuronal processes subserving opposite goals or competing representa-
tions (Fox et al., 2005). In the present study, anti-correlations showed
three features: (1) seed region and anti-correlated brain regions have
different functions; (2) anti-correlations do not exist in all the
functionally different brain networks but show a highly specific or
selective distribution; (3) each cingulate subregion has its specific anti-
correlated networks even if subregions (pACC, dPCC and vPCC) belong
to the same default-mode network, which is supported by Uddin et al.
(2009). Based on the above-mentioned findings, we suggest that each
cingulate subregion correlated and anti-correlated with specific brain
networks, whichmay facilitate its involved functioningwhile inhibiting
other competing function systems. However, one should be cautious
when interpreting anti-correlations derived from the resting-state fMRI
studies since it remains an unsettled debate on whether the anti-
correlation is an artifact of the global signal regression (Murphy et al.,
2009; Weissenbacher et al., 2009) or reflects dynamic, anti-correlated
functional networks (Hampson et al., 2010).

There are methodologic limitations of the current study that should
be considered when interpreting our results. Firstly, we cannot
guarantee that the actual location of each cingulate subregion was
absolutely the same across subjects. Secondly, we did not include the
cerebellum in the FC analysis because it was not completely covered in
all subjects. Finally, we cannot exclude the influence of physiological
noise because of a relatively low sampling rate (2s) for multi-slice
acquisitions. Under this sampling rate, respiratory and cardiac fluctua-
tionsmay be present in the time series data (Lowe et al., 1998).We used
a band-passfiltering of 0.01–0.08 Hz to partly reduce these physiological
noises. However, the filtering cannot eliminate them completely.
Moreover, subtle changes in a subject's breathing rate or depth, which
occur naturally during rest at low frequencies (b0.1 Hz), have been
shown to be correlatedwith fMRI signal changes throughout graymatter
(Birn et al., 2006; Wise et al., 2004). As these authors (Birn et al., 2006)
suggested, we cued the subjects to breathe at a relatively constant rate
anddepth and regressed out global signal changes to reduce such effects.

In conclusion,wehere reported thefirst attempt to our knowledge to
validate the validity of the four-region model of the human cingulate
cortex fromtheperspectiveof functional connectivity. Applyinga resting
state fMRI approach to anatomicallypredefinedcingulate subregions,we
found that each cingulate subregionwas specifically correlated and anti-
correlated with a set of brain functional networks, which confirms the
validity of the four region model of the human cingulate cortex and the
hypotheses generated by functional and neuroanatomical studies which
put the cingulate cortex into a central position during integration of
sensorimotor, cognitive and affective information.
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