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Abstract

The human posterior cingulate, retrosplenial, and medial parietal cortex are involved

in memory and navigation. The functional anatomy underlying these cognitive func-

tions was investigated by measuring the effective connectivity of these Posterior Cin-

gulate Division (PCD) regions in the Human Connectome Project-MMP1 atlas in

171 HCP participants, and complemented with functional connectivity and diffusion

tractography. First, the postero-ventral parts of the PCD (31pd, 31pv, 7m, d23ab, and

v23ab) have effective connectivity with the temporal pole, inferior temporal visual

cortex, cortex in the superior temporal sulcus implicated in auditory and semantic

processing, with the reward-related vmPFC and pregenual anterior cingulate cortex,

with the inferior parietal cortex, and with the hippocampal system. This connectivity

implicates it in hippocampal episodic memory, providing routes for “what,” reward

and semantic schema-related information to access the hippocampus. Second, the

antero-dorsal parts of the PCD (especially 31a and 23d, PCV, and also RSC) have con-

nectivity with early visual cortical areas including those that represent spatial scenes,

with the superior parietal cortex, with the pregenual anterior cingulate cortex, and

with the hippocampal system. This connectivity implicates it in the “where” compo-

nent for hippocampal episodic memory and for spatial navigation. The dorsal–
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transitional–visual (DVT) and ProStriate regions where the retrosplenial scene area is

located have connectivity from early visual cortical areas to the parahippocampal

scene area, providing a ventromedial route for spatial scene information to reach the

hippocampus. These connectivities provide important routes for “what,” reward, and

“where” scene-related information for human hippocampal episodic memory and

navigation. The midcingulate cortex provides a route from the anterior dorsal parts of

the PCD and the supracallosal part of the anterior cingulate cortex to premotor

regions.

K E YWORD S

hippocampus, memory, midcingulate cortex, navigation, posterior cingulate cortex, retrosplenial
cortex, spatial view cells, visuo-motor coordinate transforms

1 | INTRODUCTION

The human posterior cingulate cortex (PCC) includes Brodmann areas

23 and 31, is also present in macaques, and is absent in rodents

(Vogt, 2009). The retrosplenial cortex (RSC) Brodmann area 29/30 in

humans is a small region wrapped round the splenium of the corpus

callosum (Vogt, 2009, 2019a; Vogt et al., 1995; see Figures 1 and 8).

The PCC has been divided into a dorsal part with connections with

prefrontal and parietal areas; and a ventral part more posteriorly with

connections with medial temporal lobe regions (Vogt, 2009, 2019a).

The posterior cingulate cortex is part of the default mode network,

which shows deactivation when humans perform tasks with external

stimuli (Buckner & DiNicola, 2019). That suggests that the PCC/RSC

may be more involved in internal for example memory-related proces-

sing, and indeed tasks that require episodic memory retrieval, autobio-

graphical remembering, and theory of mind activate the PCC

(Buckner & DiNicola, 2019); and damage to the human PCC/RSC can

impair episodic memory and perhaps attention (Leech & Sharp, 2014;

Leech & Smallwood, 2019; Vann et al., 2009). The ventral part of the

PCC is especially involved in these memory-related functions,

whereas the dorsal part of the PCC is activated during some executive

function tasks such as visual search and mental arithmetic (Buckner &

DiNicola, 2019; Chrastil et al., 2018; Dastjerdi et al., 2011; Foster

et al., 2012, 2013; Fox et al., 2018). The ventral part may have one

subpart linked to the parahippocampal cortex that is preferentially

activated during episodic remembering and imagining the future; and

a second subpart which includes the temporoparietal junction is acti-

vated during theory of mind (DiNicola et al., 2020). A meta-analysis

suggested that ventral portions of the posterior cingulate cortex were

more likely to be activated by spatial encoding, that is, passive viewing

of scenes, whereas dorsal portions of the posterior cingulate cortex

were more likely to be activated by cognitive demands to recall spatial

information or to produce judgments of distance or direction to non-

visible locations or landmarks (Burles et al., 2018). Part of the ventral

PCC has activations related to value, with responses in macaques

related, for example, to risky decisions (McCoy & Platt, 2005; Pearson

et al., 2011). Indeed, the PCC has effective connectivity in humans

with reward-related brain regions including the ventromedial prefron-

tal cortex and pregenual anterior cingulate cortex (Rolls et al., 2022e).

The human PCC/RSC is also implicated in navigation (Ekstrom

et al., 2017; Teghil et al., 2021).

Given this heterogeneity of functions of different parts of the

PCC/RSC, and the importance of understanding brain computations

of evidence about the connectivity of different brain regions

(Rolls, 2021a), the present investigation was to advance the under-

standing of the connections and connectivity of the human PCC/RSC

and its closely related regions in the medial parietal cortex and cortex

in the parieto-occipital sulcus as defined in the Human Connectome

Project Multimodal Parcellation atlas (HCP-MMP) in what is termed

the Posterior Cingulate Cortical Division in that atlas (Baker

et al., 2018; Glasser, Coalson, et al., 2016a; see Table S1), and thereby

to help elucidate the functioning of its different parts. All the cortical

regions in the Posterior Cingulate Cortical Division of the HCP-MMP

were included in the analysis described here, partly because they have

interconnectivity and related functions, and partly so that we can

characterize the connectivity of all 360 cortical regions in the HCP-

MMP atlas by systematically working through each division in the

HCP-MMP atlas (Rolls et al., 2022a, 2022b, 2022c, 2022d, 2022e,

2022f), with the different divisions and the cortical regions within

them shown in Table S1. To perform this research on the cortical

regions in the Posterior Cingulate Cortical Division of the HCP-MMP,

we measured with Human Connectome Project data (Glasser, Smith,

et al., 2016b) (i) the direct connections between brain regions using

diffusion tractography (Huang et al., 2021); (ii) the functional connec-

tivity between brain regions using the correlation between the BOLD

signals in resting-state fMRI which provides evidence about the

strength of interactions; and (iii) the effective connectivity which pro-

vides evidence about the strength and direction of the causal connec-

tivity between pairs of hundreds of brain regions with the new Hopf

algorithm that enables measurement of effective connectivity in both

directions between every pair of the brain regions (Rolls et al., 2022e;

Rolls et al., 2022f). These measures were made between the 360 corti-

cal regions in the Human Connectome Project multimodal parcellation

atlas (HCP-MMP; Glasser, Coalson, et al., 2016a), to which we added
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66 subcortical areas in the extended HCP atlas (HCPex; Huang

et al., 2022). The HCP-MMP atlas provides the most detailed parcella-

tion of the human cortical areas that we know, in that its 360 regions

are defined using a “multimodal” combination of structural measures

(cortical thickness and cortical myelin content), functional connectiv-

ity, and task-related fMRI (Glasser, Coalson, et al., 2016a). This parcel-

lation is the parcellation of choice for the cerebral cortex because it is

based on multimodal information (Glasser, Coalson, et al., 2016a) with

the definition and boundaries set out in their Glasser_2016_Supp-

Neuroanatomy.pdf, and it is being used as the basis for many new

investigations of brain function and connectivity, which can all be cast

in the same framework (Colclough et al., 2017; Rolls et al., 2022a,

2022b, 2022e, 2022f; Sulpizio et al., 2020; van Essen &

Glasser, 2018; Yokoyama et al., 2021). This approach provides better

categorization of cortical areas than does, for example, functional con-

nectivity alone (Power et al., 2011).

Because we used the HCP-MMP1 atlas in this research, we

included in the brain regions investigated in this article all the regions

included in the “Posterior Cingulate Division” of the human cerebral

cortex in the HCP-MMP1 atlas, which are listed in Table S1 and

defined as in this Division in the HCP-MMP1 atlas (Glasser, Coalson,

et al., 2016a). This strategy facilitates systematic studies in which the

connectivity of different parts of the cerebral cortex is considered

brain system by brain system which is the approach being taken (Rolls

et al., 2022a, 2022b, 2022e, 2022f), and minimizes the chance that

individual brain regions will be omitted if the whole posterior cingu-

late division was not included here. Of the brain areas included in the

posterior cingulate cortex division of the HCP-MMP, 31pd, 31pv,

d23ab, v23ab, 23d, and 31a are the usual parts that would be classi-

fied as posterior cingulate cortex (Vogt, 2009). The RSC (retrosplenial

cortex) region in the HCP-MMP1 atlas (Glasser, Coalson, et al., 2016a)

does have a thin part that extends anteriorly (Figures 1, 8, and S1).

The precuneus visual area (PCV) with 7m are regions of medial parie-

tal cortex that correspond to the precuneus (Baker et al., 2018), which

is implicated in visual and self-referential processing (Cavanna &

Trimble, 2006; Freton et al., 2014) probably partly because of connec-

tivity with the cortex in the superior temporal sulcus which is impli-

cated in processing socially relevant stimuli related to face expression

and gesture (Hasselmo, Rolls, & Baylis, 1989a; Hasselmo, Rolls, Bay-

lis, & Nalwa, 1989b; Lee Masson & Isik, 2021). POS2 and POS1 are

parieto-occipital sulcus visual areas (Figures 1, 8, and S1). The ProStri-

ate region (ProS) is adjacent to V1, and the dorsal transitional visual

area (DVT) is an area posterior to most of the PCC, found just lateral

to POS2 (Figures 1, 8, S1, and S1-4; Glasser, Coalson, et al., 2016a).

Further, as shown here, many of these regions not parts of posterior

cingulate cortex areas 23 and 31 have strong connectivity with parts

of areas 23 and 31.

In addition to the PCC/RSC/medial parietal regions as specified in

the HCP-MMP atlas Posterior Cingulate Division (see Section 2 and

Figures 1 and 8), the midcingulate cortical (MCC) areas were included

F IGURE 1 Anatomical regions of the human posterior cingulate cortex division as defined in the HCP-MMP atlas (Glasser, Coalson,
et al., 2016a), and in its extended version HCPex (Huang et al., 2022), both used here. Abbreviations are provided in Table S1. Sagittal slices are
shown, with x = 93 at the midline, and x = 74 lateral. (a) The regions in Group 1 are 31pd, 31pv, 7m, d23ab, and v23ab. (b) The regions in Group
2 are RSC (retrosplenial cortex), 31a, 23d, PCV (precuneus visual region), POS2, and POS1 (regions in the parieto-occipital sulcus). (c) The regions
in Group 3 are DVT region and ProS region. The groups are based on the effective and functional connectivity with other cortical areas and on
the anatomical locations of each region, as described in Section 2. The MCC (regions 23c, 24dd, and 24dv) are anterior to 23d, and are not
included here for clarity.

ROLLS ET AL. 3
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in the analysis, as it is useful to understand whether this premotor

part of the cingulate cortex (Vogt, 2016) has markedly different con-

nectivity from all the PCC/RSC regions, and further whether any

PCC/RSC/medial parietal regions have connectivity directed espe-

cially to the MCC. Much of the previous thinking about the connectiv-

ity of the PCC/RSC in humans was based on investigations in

macaques, and the macaque evidence is summarized in the Section 4

for comparison with what is described here about the connectivity of

the PCC/RSC/medial parietal regions in humans.

We know of no previous research on effective connectivity of

the human posterior cingulate division of the HCP-MMP atlas. Previ-

ous research on the connections of the posterior cingulate cortex and

related regions including the MCC in macaques with reference to

humans has been provided elsewhere (van Heukelum et al., 2020;

Vogt, 2009, 2016, 2019b; Vogt & Laureys, 2009) and further studies

are described in Section 4. A meta-analysis showed that anterior ret-

rosplenial regions had functional connectivity with the default mode

network and were associated with episodic memory, whereas poste-

rior retrosplenial regions in the parietal–occipital sulcus had functional

connectivity with visual regions and were associated with scenes and

navigation (Chrastil et al., 2018). An investigation with diffusion trac-

tography and fMRI in humans of the retrosplenial cortex showed that

BA29 has fiber connections with auditory cortex and functional con-

nections with BA21 (inferior temporal visual cortex), and that BA30

has fiber connections with the visual cortex, hippocampus, and pre-

frontal cortex (Li et al., 2018).

Strengths of this investigation are that it utilized the multimodal

HCP-MMP1 atlas (Glasser, Coalson, et al., 2016a); HCP data from

the same set of 171 participants imaged at 7T (Glasser, Smith,

et al., 2016b) in whom we could calculate the connections, functional

connectivity, and effective connectivity; and that it utilized a method

for effective connectivity measurement between all 360 cortical

regions investigated here and 66 subcortical regions defined in the

HCPex version (Huang et al., 2022) of the HCP-MMP1 atlas (Glasser,

Coalson, et al., 2016a). Section 4 considers the implications for func-

tion of the new evidence on the connectome of the posterior cingu-

late and medial parietal regions described here, and that discussion is

facilitated by the fact that some activation studies now refer to

region names used in the HCP-MMP1 atlas, allowing function to be

linked to brain connectivity, which is a key aim of the approach to

brain structure and function considered here and elsewhere

(Rolls, 2021a).

2 | METHODS

2.1 | Participants and data acquisition

Multiband 7T resting-state functional magnetic resonance images (rs-

fMRI) of 184 individuals were obtained from the publicly available

S1200 release (last updated: April 2018) of the Human Connectome

Project (HCP; van Essen et al., 2013). Individual written informed con-

tent was obtained from each participant, and the scanning protocol

was approved by the Institutional Review Board of Washington Uni-

versity in St. Louis, Missouri (IRB #201204036).

Multimodal imaging was performed in a Siemens Magnetom 7T

housed at the Center for Magnetic Resonance (CMRR) at the Univer-

sity of Minnesota in Minneapolis. For each participant, a total of four

sessions of rs-fMRI were acquired with the eyes open and fixating,

with oblique axial acquisitions alternated between phase encoding in

a posterior-to-anterior (PA) direction in sessions 1 and 3, and an

anterior-to-posterior (AP) phase encoding direction in sessions 2 and

4. Specifically, each rs-fMRI session was acquired using a multiband

gradient-echo EPI imaging sequence. The following parameters were

used: TR = 1000 ms, TE = 22.2 ms, flip angle = 45�, field of

view = 208 � 208, matrix = 130 � 130, 85 slices, voxel

size = 1.6 � 1.6 � 1.6 mm3, and multiband factor = 5. The total scan-

ning time for the rs-fMRI protocol was �16 min with 900 volumes.

Further details of the 7T rs-fMRI acquisition protocols are given in the

HCP reference manual (https://humanconnectome.org/storage/app/

media/documentation/s1200/HCP_S1200_Release_Reference_

Manual.pdf).

The current investigation was designed to complement an investi-

gation of effective connectivity of the hippocampus (Rolls

et al., 2022f), and so the same 171 participants were used for the ana-

lyses described here (age 22–36 years, 66 males), each with four ses-

sions of 7T rs-fMRI.

2.2 | Data preprocessing

The preprocessing was performed by the HCP as described in Glasser,

et al. (2013), based on the updated 7T data pipeline (v3.21.0, https://

github.com/Washington-University/HCPpipelines), including gradient

distortion correction, head motion correction, image distortion correc-

tion, spatial transformation to the Montreal Neurological Institute

space using one step spline resampling from the original functional

images followed by intensity normalization. In addition, the HCP took

an approach using ICA (FSL's MELODIC) combined with a more auto-

mated component classifier referred to as FIX (FMRIB's ICA-based X-

noisifier) to remove non-neural spatiotemporal artifact (Griffanti

et al., 2014; Salimi-Khorshidi et al., 2014; Smith, et al., 2013). This

step also used 24 confound timeseries derived from the motion esti-

mation (6 rigid-body parameter timeseries, their backwards-looking

temporal derivatives, plus all 12 resulting regressors squared;

Satterthwaite et al., 2013) to minimize noise in the data.

2.3 | Brain atlas and seed selection

To construct the effective connectivity for the cortical regions of

interest in this investigation with other cortical regions, we utilized

the surface-based HCP-MMP1 atlas which defines 360 cortical

regions (Glasser, Coalson, et al., 2016a). We were able to use the

same 171 participants for whom we also had performed diffusion

tractography, as described in detail (Huang et al., 2021). The brain

4 ROLLS ET AL.
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regions in this atlas (Glasser, Coalson, et al., 2016a) are shown in

Figures 1 and S1, and a list of the cortical regions in this atlas is pro-

vided in Table S1 in the reordered form used in the extended volu-

metric HCPex atlas (Huang et al., 2022). The timeseries for the four

sessions for each participant were extracted for each region in the

surface-based atlas using the HCP protocol and software (Glasser,

Coalson, et al., 2016a), and the functional and effective connectivity

were measured using all four timeseries for each participant as

described below. The functional connectivity and lagged functional

connectivity were calculated separately for each of the four time-

series, and then the average of each set of four functional connectivi-

ties was taken. Compared with a previous study (Rolls et al., 2022f),

1 participant was excluded leaving 171 participants because all four

timeseries were not of sufficient length.

For the subcortical regions, the HCPex atlas (Huang et al., 2022)

was used, for with its volumetric approach it defines in addition to

180 cortical regions per hemisphere, 33 subcortical regions including

the amygdala, thalamus, putamen, caudate nucleus, nucleus accum-

bens, globus pallidus, mammillary bodies, septal nuclei, and nucleus

basalis. For the subcortical analyses, we were able to define as an

extra cortical region the subiculum, as described elsewhere (Huang

et al., 2022; Rolls et al., 2022e, 2022f).

Lists of the regions in these atlases (Glasser, Coalson,

et al., 2016a; Huang et al., 2022) are provided in Tables S1 and S2,

and coronal slices and views of the brain with the HCP parcellation

with labels for each region are provided in Figure S1 (Huang

et al., 2022).

In this investigation, the regions of interest (ROIs) included the

following from the HCP-MMP1 atlas, and they were grouped into

three groups based partly on the similarities and differences in the

connectivity of these brain regions, as shown in the correlation matri-

ces between the effective and functional connectivities of these brain

regions with all other cortical regions presented in Figures S4 and S5,

but also on the anatomical locations of these brain regions. It is

emphasized that the groups were purely to help the presentation of

the results by describing regions with some similarity into groups, and

that no analyses depended on these groups. In more detail, to explain

the rationale for the groups, the Group 1 regions consisted of 31pd,

31pv, 7m, d23ab, and v23ab, and were placed together in this group

because their effective and functional connectivities with other corti-

cal regions were relatively similar to each other as illustrated in

Figures S4 and S5. In further detail, the effective and functional con-

nectivities of these regions were more highly correlated with each

other than with other cortical regions (Figures S4 and S5). The similar-

ity of the effective connectivity of these Group 1 regions was con-

firmed by a community analysis using the Brain Connectivity Toolbox

(Rubinov & Sporns, 2010; https://www.nitrc.org/projects/bct) which

placed these five cortical regions into the same community.

The DVT area and ProS area are visual cortical regions in the

HCP-MMP1 that are transitional between earlier visual cortical

regions and different more anterior types of cortex (Glasser, Coalson,

et al., 2016a), and because they are described as transitional in the

HCP-MMP (having architectural properties similar to their anterior

neighbors and functional and connectional patterns more similar to

their posterior neighbors [Glasser, Coalson, et al., 2016a]) they were

placed together in their own Group 3.

The rationale was then that the remaining regions in the Posterior

Cingulate Division of the HCP-MMP1 (Glasser, Coalson, et al., 2016a)

that were not placed in Groups 1 and 3 as just described made up

Group 2 which consists of RSC, 31a, 23d, PCV, POS2, and POS1 (see

Figure 1 in which a–c correspond to Groups 1–3; and also Figure 8).

In addition, to compare the connectivity of the posterior cingulate

cortex with that of the MCC (the cingulate motor area), a fourth group

is shown in most analyses, and consisted of 23c, 24dd, and 24dv

which are MCC regions.

It is again emphasized that in practice, each cortical region was

analyzed separately, and no analyses presented in the article depend

on this grouping, which is for ease of description.

It is noted that an alternative anatomical terminology to the multi-

modal HCP-MMP1 (Glasser, Coalson, et al., 2016a) for some parts of

the cingulate cortex has been described (Rolls, 2019a, 2019b;

Vogt, 2009, 2016, 2019b).

2.4 | Measurement of effective connectivity

Effective connectivity measures the effect of one brain region on

another, and utilizes differences detected at different times in the sig-

nals in each connected pair of brain regions to infer the effects of one

brain region on another. One such approach is dynamic causal model-

ing, but it applies most easily to activation studies, and is typically lim-

ited to measuring the effective connectivity between just a few brain

areas (Bajaj et al., 2016; Friston, 2009; Valdes-Sosa et al., 2011),

although there have been moves to extend it to resting state studies

and more brain areas (Frassle et al., 2017; Razi et al., 2017). The

method used here (see Rolls et al., 2022f) was developed from a Hopf

algorithm to enable measurement of effective connectivity between

many brain areas, described by Deco et al. (2019). A principle is that

the functional connectivity is measured at time t and time t + tau,

where tau is typically 2 s to take into account that this is the time

within which a change in the BOLD signal can occur, and that tau

should be short to capture causality, and then the effective connectiv-

ity model is trained by error correction until it can generate the func-

tional connectivity matrices at time t and time t + tau. The algorithm,

and the development that enabled it to measure the effective connec-

tivity in each direction, are described briefly next and in more detail in

the Appendix S1, and including validation elsewhere (Rolls

et al., 2022a, 2022b, 2022d, 2022e, 2022f).

To infer effective connectivity, we use a whole-brain model that

allows us to simulate the BOLD activity across all brain regions and

time. We use the so-called Hopf computational model, which inte-

grates the dynamics of Stuart–Landau oscillators, expressing the activ-

ity of each brain region, by the underlying anatomical connectivity

(Deco, Kringelbach, et al., 2017b). As mentioned above, we include in

the model 360 cortical brain areas (Huang et al., 2022). The local

dynamics of each brain area (node) is given by Stuart–Landau oscilla-

tors which expresses the normal form of a supercritical Hopf bifurca-

tion, describing the transition from noisy to oscillatory dynamics

ROLLS ET AL. 5
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(Kuznetsov, 2013). During the last years, numerous studies were able

to show how the Hopf whole-brain model successfully simulates

empirical electrophysiology (Freyer et al., 2011, 2012), MEG (Deco,

Cabral, et al., 2017a) and fMRI (Deco, Kringelbach, et al., 2017b;

Kringelbach et al., 2015; Kringelbach & Deco, 2020).

The Hopf whole-brain model can be expressed mathematically as

follows:

dxi
dt

¼ ai�x2i �y2i
� �

xi�ωiyi

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Local Dynamics

þ G
XN

j¼1
Cij xj�xi

� �zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Coupling

þ βηi tð Þ
zfflffl}|fflffl{GaussianNoise

ð1Þ

dyi
dt

¼ ai�x2i �y2i
� �

yiþωixiþG
XN

j¼1
Cij yj�yi

� �þβηi tð Þ ð2Þ

Equations (1) and (2) describe the coupling of Stuart–Landau oscilla-

tors through an effective connectivity matrix C. The xi tð Þ term repre-

sents the simulated BOLD signal data of brain area i. The values of

yi tð Þ are relevant to the dynamics of the system but are not part of

the information read out from the system. In these equations, ηi tð Þ
provides additive Gaussian noise with standard deviation β. The

Stuart–Landau oscillators for each brain area i express a Hopf normal

form that has a supercritical bifurcation at ai ¼0, so that if ai >0 the

system has a stable limit cycle with frequency fi ¼ωi=2π (where ωi is

the angular velocity); and when ai <0 the system has a stable fixed

point representing a low activity noisy state. The intrinsic frequency fi

of each Stuart–Landau oscillator corresponding to a brain area is in

the 0.008–0.08Hz band (i = 1, …, 360). The intrinsic frequencies are

fitted from the data, as given by the averaged peak frequency of the

narrowband BOLD signals of each brain region. Each brain region has

a distinct peak in the power spectrum at a particular frequency, there

are some differences in the frequency for different brain regions, and

these differences contribute to the accuracy of the effective connec-

tivity estimation (cf. Ponce-Alvarez et al., 2015). The coupling term

representing the input received in node i from every other node j, is

weighted by the corresponding effective connectivity Cij. The cou-

pling is the canonical diffusive coupling, which approximates the sim-

plest (linear) part of a general coupling function. G denotes the global

coupling weight, scaling equally the total input received in each brain

area. While the oscillators are weakly coupled, the periodic orbit of

the uncoupled oscillators is preserved. Details are provided in the

Appendix S1.

The effective connectivity matrix is derived by optimizing the

conductivity of each existing anatomical connection as specified by

the Structural Connectivity matrix (measured with tractography;

Huang et al., 2021) to fit the empirical functional connectivity

(FC) pairs and the lagged FCtau pairs. By this, we are able to infer a

non-symmetric Effective Connectivity matrix (see Gilson et al. [2016]).

Note that FCtau, that is, the lagged functional connectivity between

pairs, lagged at tau s, breaks the symmetry and thus is fundamental

for our purpose. Specifically, we compute the distance between the

model FC simulated from the current estimate of the effective con-

nectivity and the empirical data FCemp, as well as the simulated model

FCtau and empirical data FCtau_emp and adjust each effective connec-

tion (entry in the effective connectivity matrix) separately with a

gradient-descent approach. The model is run repeatedly with the

updated effective connectivity until the fit converges toward a stable

value.

We start with the anatomical connectivity obtained with probabi-

listic tractography from dMRI (or from an initial zero C matrix as

described in the Appendix S1) and use the following procedure to

update each entry Cij in the effective connectivity matrix

Cij ¼Cijþε FCemp
ij �FCijþFCtau_emp

ij �FCtau
ij

� �
ð3Þ

where ϵ is a learning rate constant, and i and j are the nodes. When

updating each connection if the initial matrix is a dMRI structural con-

nection matrix (see Appendix S1), the corresponding link to the same

brain regions in the opposite hemisphere is also updated, as contralat-

eral connections are not revealed well by dMRI. The convergence of

the algorithm is illustrated by Rolls et al. (2022f), and the utility of the

algorithm was validated as described below and elsewhere (Rolls

et al., 2022a, 2022b, 2022d, 2022e, 2022f).

For the implementation, we set tau to be 2 s, selecting the appro-

priate number of TRs to achieve this. The maximum effective connec-

tivity was set to a value of 0.2, and was found between V1 and V2.

The effective connectivity measurement uses a nonlinear algo-

rithm and performs error correction to obtain optimal estimation. In

this process, some links do not contribute to the optimal estimation,

and are set to zero. In this situation, and given the reproducibility of

the convergence of the algorithm as documented here, even effective

connectivity links with low values are very likely to contribute to the

optimal estimation of the effective connectivity. It is noted that the

effective and functional connectivity were measured in the resting

state, and so provide a baseline reference that may change when par-

ticular tasks are being performed.

2.5 | Effective connectome

Whole-brain effective connectivity (EC) analysis was performed

between the 16 regions of interest described above shown in Fig-

ures 1 and S1 and the 360 regions defined in the surface-based HCP-

MMP1 atlas (Glasser, Coalson, et al., 2016a) shown in Table S1

(Huang et al., 2022). This EC was computed for all 171 participants.

The effective connectivity algorithm was run until it had reached the

maximal value for the correspondence between the simulated and

empirical functional connectivity matrices at time t and t + tau (see

Appendix S1).

The effective connectivity calculated between the 360 cortical

areas was checked and validated in several ways. First, in all cases, the

360 � 360 effective connectivity matrix could be used to generate by

simulation 360 � 360 functional connectivity matrices for time t and

time t + tau that were correlated 0.8 or more with the empirically

measured functional connectivity matrices at time t and time t + tau

using fMRI. Second, the effective connectivity matrices were robust

with respect to the number of participants, in that when the 171 par-

ticipants were separated into two groups of 86 and 85, the correlation

6 ROLLS ET AL.
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between the effective connectivities measured for each group inde-

pendently was 0.98. Third, the effective connectivities for early visual

areas V1, V2, V3, and V4 were compared with the known connections

for forward and backward connections involving these areas in

macaques (Markov et al., 2014), and the human effective connectivity

was consistent with the connections in this hierarchically organized

system in macaques, with these results shown in Rolls et al. (2022d,

2022f). Fourth, the effective connectivity with in particular the corre-

sponding brain region contralaterally was high relative to other con-

tralateral connectivities, providing clear evidence that the effective

connectivity algorithm could identify distant brain regions that could

be expected to have high effective connectivity (Rolls et al., 2022d).

To test whether the vectors of effective connectivities of each of

the 13 posterior cingulate division cortical regions with the 180 areas

in the left hemisphere of the modified HCP atlas were significantly

different, the interaction term was calculated for each pair of the

13 posterior cingulate division ROI effective connectivity vectors in

separate two-way ANOVAs (each 2 � 180) across the 171 partici-

pants, and Bonferroni correction for multiple comparisons was

applied. The results were checked with the nonparametric Scheirer–

Rey–Hare test (Scheirer et al., 1976; Sinha, 2022).

2.6 | Functional connectivity

For comparison with the effective connectivity, the functional con-

nectivity was also measured at 7T with the identical set of partici-

pants, data, and filtering of 0.008–0.08 Hz. The functional

connectivity was measured by the Pearson correlation between the

BOLD signal timeseries for each pair of brain regions, and is in fact

the FCemp referred to above. A threshold of 0.4 is used for the presen-

tation of the findings in Figure 5, for this sets the sparseness of what

is shown to a level commensurate with the effective connectivity, to

facilitate comparison between the functional and the effective con-

nectivity. The functional connectivity can provide evidence that may

relate to interactions between brain regions, while providing no evi-

dence about causal direction-specific effects. A high functional con-

nectivity may in this scenario thus reflect strong physiological

interactions between areas, and provides a different type of evidence

to effective connectivity. The effective connectivity is nonlinearly

related to the functional connectivity, with effective connectivities

being identified (i.e., >0) only for the links with relatively high func-

tional connectivity.

2.7 | Connections shown with diffusion
tractography

Diffusion tractography can provide evidence about fiber pathways

linking different brain regions with a method that is completely differ-

ent to the ways in which effective and functional connectivity are

measured, so is included here to provide complementary and support-

ing evidence to the effective connectivity. Diffusion tractography

shows only direct connections, so comparison with effective

connectivity can help to suggest which effective connectivities may

be mediated directly or trans-synaptically. Diffusion tractography

does not provide evidence about the direction of connections. Diffu-

sion tractography was performed on the same 171 HCP participants'

images at 7T with methods described in detail elsewhere (Huang

et al., 2021). The major parameters were: 1.05 mm isotropic voxels; a

two shell acquisition scheme with b-values = 1000, 2000 s/mm2, rep-

etition time/echo time = 7000/71 ms, 65 unique diffusion gradient

directions and 6 b0 images obtained for each phase encoding direc-

tion pair (AP and PA pairs). Preprocessing steps included distortion

correction, eddy-current correction, motion correction, and gradient

nonlinearity correction. In brief, whole-brain tractography was recon-

structed for each subject in native space. To improve the tractography

termination accuracy in GM, MRtrix3's 5ttgen command was used to

generate multitissue segment images (5tt) using T1 images, the seg-

mented tissues were then co-registered with the b0 image in diffusion

space. For multishell data, tissue response functions in GM, WM, and

CSF were estimated by the MRtrix3' dwi2response function with the

Dhollander algorithm (Dhollander et al., 2016). A Multi-Shell Multi-

Tissue Constrained Spherical Deconvolution (MSMT-CSD) model with

lmax = 8 and prior co-registered 5tt image was used on the prepro-

cessed multishell DWI data to obtain the fiber orientation distribution

(FOD) function (Jeurissen et al., 2014; Smith, 2002). Based on the

voxel-wise fiber orientation distribution, anatomically-constrained

tractography (ACT) using the probabilistic tracking algorithm: iFOD2

(2nd order integration based on FOD) with dynamic seeding was

applied to generate the initial tractogram (1 million streamlines with

maximum tract length = 250 mm and minimal tract length = 5 mm).

To quantify the number of streamlines connecting pairs of regions,

the updated version of the spherical-deconvolution informed filtering

of the tractograms (SIFT2) method was applied. The use of the SIFT2

algorithm helps to provide a streamline number for the estimates we

provide in the figures, that is, at least proportional to the number of

connections between each pair of brain regions (Smith et al., 2015).

The results for the tractography are shown in Figure 6 as the

number of streamlines between areas with a threshold applied of

10 to reduce the risk of occasional noise-related observations. The

term “connections” is used when referring to what is shown with dif-

fusion tractography, and connectivity when referring to effective or

functional connectivity. The terms “projects to” and “projects from”
refer to direction and therefore to effective connectivity. For tracto-

graphy, the number of streamlines is a number which reflects the

number of connections between brain regions, which is expected to

be related to the amount of information that can be transmitted from

one region to another (Rolls, 2021a; Rolls & Treves, 2011).

3 | RESULTS

3.1 | Effective connectivity, functional
connectivity, and diffusion tractography

The effective connectivities to the posterior cingulate cortex/RSC/

medial parietal cortex from other cortical areas in the left hemisphere

ROLLS ET AL. 7
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are shown in Figure 2. The effective connectivities from the posterior

cingulate cortex division to other cortical areas in the left hemisphere

are shown in Figure 3. Differences for the right hemisphere are con-

sidered later in the Section 3 and in Figures S8, S9, S2, and S3. All

Figures include the MCC regions outside the green line. The vectors

of effective connectivities of each of the 16 cingulate cortex ROIs

with the 180 areas in the modified HCP atlas were all significantly dif-

ferent from each other. (Across the 171 participants the interaction

term in separate 2-way ANOVAs for the comparisons between the

effective connectivity of every pair of the 13 posterior cingulate divi-

sion ROIs after Bonferroni correction for multiple comparisons were

all p < 10�90. The results were confirmed with the nonparametric

Scheirer–Rey–Hare test [Scheirer et al., 1976; Sinha, 2022].) The

functional implications of the results described next are considered in

Section 4, the discussion.

The 13 HCP-MMP cortical regions included in this HCP-MMP1

atlas as part of the posterior cingulate cortex division considered here

are grouped for ease of description into three groups (1–3) shown in

Figure 1a–c as described above. To facilitate the description of the

results, each of these groups is described in turn and separated by red

lines in the figures, which include the effective connectivities shown

in Figures 2 and 3, the difference of the effective connectivities in the

two directions for every link (Figure 4), the functional connectivities

(Figure 5), and the diffusion tractography (Figure 6). In addition, to

enable an explicit comparison, the results for the MCC, which in the

HCP-MMP atlas are 23c, 24dd, and 24dv, are included beyond the

green line in the figures. These groups are used to help present the

findings, but different HCP-MMP regions within a group do not have

identical connectivity, and this shows part of the utility of the HCP-

MMP atlas (Glasser, Coalson, et al., 2016a; Huang et al., 2022) and

the approach taken here. For example in Group 1, the connectivity of

region 31pd is correlated with that of most but not all other members

of the group, as shown below (Figure S4). The description starts with

the left hemisphere, which is of especial interest as it is involved in

language, but there is a comparison with connectivity in the right

hemisphere later in the Section 3 and in Figures S8, S9, S2, and S3.

3.2 | Group 1, postero-ventral posterior cingulate
division, regions 31pd, 31pv, 7m, d23ab, and v23ab

The topological terms such as “postero-ventral” are based on the

locations of the area 31 and 23 components in Group 1, which are the

areas that define anatomically the posterior cingulate cortex, because

these topological terms are sometimes used to describe the different

parts of the posterior cingulate cortex, as is evident in Section 1.

This group is characterized (Figures 2 and 3) by effective connec-

tivity with the temporal lobe visual association areas (especially TE1a),

F IGURE 2 Effective connectivity TO the posterior cingulate cortex division regions (the rows) FROM 180 cortical areas (the columns) in the
left hemisphere. The effective connectivity is read from column to row. Effective connectivities of 0 are shown as blank. All effective connectivity
maps are scaled to show 0.15 as the maximum, as this is the highest effective connectivity found between this set of brain regions. The effective
connectivity algorithm for the whole brain is set to have a maximum of 0.2, and this was for connectivity between V1 and V2. Abbreviations: See
Table S1. The three groups of posterior cingulate cortex division areas as defined in HCP-MMP1 are separated by red lines; and the MCC
functional connectivity is shown below the green line. The upper matrix is for the connectivity from the first 90 cortical regions listed in Table S1,
and the lower matrix is for the next 90 regions listed in Table S1.
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superior temporal sulcus (STS) auditory–visual association cortex

(region STSva; Rolls et al., 2022b; Rolls et al., 2022d), the medial tem-

poral lobe hippocampal system (presubiculum, entorhinal cortex, hip-

pocampus, and parahippocampal PHA1–PHA2), superior parietal

(7m with 7Pm), inferior parietal (PGi and PGs), reward-related regions

including the pregenual anterior cingulate cortex (9m, a24, d32, p32,

and 10d and ventromedial prefrontal cortex 10r and 10v; Rolls

et al., 2022e), subgenual anterior cingulate cortex (25), and

dorsolateral prefrontal cortex regions (8Ad, 8Av, and 9p). Many of

these connectivities are stronger from the PCC to these cortical

regions, but the presubiculum has a stronger effective connectivity to

the PCC (Figure 4).

The functional connectivity (FC) is generally consistent (Figure 5),

with FC also or more evident with STS regions, with the hippocampus,

parahippocampal TH regions PHA1–PHA2, with temporal pole TGd as

well as inferior temporal visual TE areas, with parietal PFm which is a

F IGURE 3 Effective connectivity FROM the posterior cingulate cortex division regions TO 180 cortical areas in the left hemisphere. The
effective connectivity is read from column to row. Effective connectivities of 0 are shown as blank. Abbreviations: See Table S1. The three groups
of posterior cingulate cortex division areas are separated by red lines; and the MCC functional connectivity is shown to the right of the green line.
The left matrix is for the connectivity to the first 90 cortical regions listed in Table S1, and the right matrix is for the next 90 regions listed in
Table S1.
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visual region as well as PGi and PGs (Rolls et al., 2022a), and dorsolat-

eral prefrontal cortex (8Ad, 8Av, 8C, 9a, 9p, and i6-8; Rolls

et al., 2022c).

The diffusion tractography (Figure 6) provides evidence for direct

connections with the presubiculum, superior parietal cortex (7Pm,

7Am), and anterior cingulate cortex.

Topologically, as shown in Figures 1a, 8, and S1 (e.g., at MNI

coordinates Y = �46 and �54), regions 31pd, 31pv, d23ab, and

v23ab tend to be posterior in the PCC, with 7m just posterior to these

regions.

3.3 | Group 2, antero-dorsal posterior cingulate
division regions 23d, 31a, PCV, and RSC, POS2,
and POS1

POS1 and POS2 are visual areas in the parieto-occipital sulcus close

to the primary visual cortex V1 (Figures 1b and 8), have extensive

connections (Figure 6) and some functional connectivity (Figure 5)

with early visual cortical areas, and have effective connectivity with

the other brain regions in Group 2, 23d, 31a, PCV, and RSC

(Figure 2). The precuneus visual area PCV also has interactions with

early visual cortical areas as shown by the functional connectivity

(Figure 5).

The Group 2 regions between them have effective connectivity

to the parahippocampal gyrus regions PHA1-3 (which correspond to

macaque TH) and to the hippocampal system (including the hippocam-

pus, entorhinal cortex, and presubiculum) as shown in Figure 3, with

supporting evidence from the functional connectivity (Figure 5) and

tractography (Figure 6).

Group 2 includes the precuneus visual area (PCV, Y = �45 to

�54) which is dorsal, with 31a anterior to PCV at Y = �30 and �38

(Figure 1b), and 23d anterior to 31a. In addition to the POS1 and

POS2 inputs and connectivity to TH and the hippocampal system, this

set of brain regions has effective connectivity with the temporo-parie-

tal-occipital junction (which is activated during theory of mind, is impli-

cated in the self-other distinction, etc. [Buckner & DiNicola, 2019;

DiNicola et al., 2020; Quesque & Brass, 2019]); the superior parietal

cortex (especially 7Pm and 7Am which are medial); frontal pole

regions p10p and a10p; the reward-related pregenual anterior cingu-

late d32, p24, p32, and medial orbitofrontal cortex (regions 11l, 13l,

and OFC); MCC 23c; and dorsolateral prefrontal cortex including 8Ad,

8Av, 9-46d, 9a, and 9p. Many of these connectivities are stronger

from the PCC to these cortical regions, but 7Pm and 7Am, PGs, and

10r have stronger effective connectivity to Group 2 of the PCD

(Figures 3 and 4).

Region 23d just anterior to 31a has effective connectivity with

inferior parietal PFm; with the other Group 2 regions 31a, RSC, and

F IGURE 4 Difference of the effective connectivity in the two directions for each link for the posterior cingulate division regions with cortical
regions. For a given link, if the effective connectivity difference is positive, the connectivity is stronger in the direction from column to row. For a
given link, if the effective connectivity difference is negative, the connectivity is weaker in the direction from column to row. This is calculated
from 171 participants in the HCP imaged at 7T. The threshold value for any effective connectivity difference to be shown is 0.01, to enable this
figure to show only the larger differences in the effective connectivities in the two directions. The abbreviations for the brain regions are shown
in Table S1, and the brain regions are shown in Figures 1 and S1. The effective connectivity difference for the first set of cortical regions is shown
above; and for the second set of regions below.
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F IGURE 5 Functional connectivity between the posterior cingulate cortex division regions and 180 cortical areas in the left hemisphere.
Functional connectivities <0.4 are shown as blank. The upper figure shows the functional connectivity of the 16 regions with the first half of the
cortical areas (including the subiculum); the lower figure shows the functional connectivity with the second half of the cortical areas.
Abbreviations: See Table S1. The three groups of posterior cingulate cortex division regions are separated by red lines; and the MCC functional
connectivity is shown below the green line.

F IGURE 6 Connections between the posterior and MCC and 181 cortical areas in the left hemisphere as shown by diffusion tractography
using the same layout as in Figures 2 and 4. The number of streamlines shown was thresholded at 10 and values less than this are shown as
blank. Abbreviations: See Table S1. The three groups of posterior cingulate cortex areas are separated by red lines; and the MCC connections are
shown below the green line.
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POS2; with reward-related orbitofrontal cortex OFC, pOFC, 11l, and

13l, with pregenual anterior cingulate d32, p32, a24, and p24, and

with ventromedial prefrontal cortex (vmPFC) 10d and 9m (see Rolls

et al. 2022e); with supracallosal anterior cingulate a32pr where mainly

aversive stimuli and responses they may elicit are represented (Bush

et al., 2000; Grabenhorst & Rolls, 2011; Kringelbach & Rolls, 2003;

O'Doherty et al., 2001; Rolls et al., 2003; Sturm et al., 2013); with

parts of frontal pole area 10 (a10p and p10p); and with the dorsolat-

eral prefrontal cortex (Figure 2). The region that 23d is most similar to

in terms of its connectivities with other brain regions is RSC

(Figure S4). The functional connectivity (FC) is generally consistent

(Figure 5), with FC also or more evident with V1, inferior parietal PF,

PGi, and PGs, and several dorsolateral prefrontal cortex regions.

The diffusion tractography (Figure 6) provides evidence for direct

connections of RSC, POS2, and often POS1 with many visual cortical

areas (including V1-V3A, V6, V6A, and V7); with superior and inferior

parietal regions (7Pm, 7Am, 7PL, PFm, PGi, and PGs); and of RSC with

pregenual anterior cingulate regions and vmPFC region 10d. The dif-

fusion tractography does not show a direct connection with frontal

pole p10p and most dorsolateral prefrontal cortex regions, suggesting

that these connectivities are indirect.

Differences of the Group 2 regions from the Group 1 regions

(summarized in Figures 7 and 8) are that parts of Group 2 have exten-

sive diffusion tractography with early visual cortical areas which are

reflected in the functional connectivity; more effective connectivity

with the superior parietal cortex area 7; with the frontal pole areas

p10p implicated in executive function and sequencing of behavior;

and to the MCC 23c, and related areas 5 and 6. In contrast, the Group

1 regions have effective connectivity with visual temporal association

cortex TE areas; and higher effective connectivity with temporal lobe

auditory association cortical areas including STSva and STSda. Impor-

tantly, the Group 2 areas are not all located together, with some (PCV,

31a, and 23d) dorsal and somewhat anterior in PCC (see Figure 1b),

but POS1 and POS2 are further posterior close to early cortical visual

areas (see Figure 1b). It may be that POS1 and POS2 should be con-

sidered as related to early visual cortical areas, rather than what is

usually subsumed within the PCC/RSC (Glasser, Coalson,

et al., 2016a), but provide key inputs to the Group 2 regions.

3.4 | Group 3, DVT and ProS

The ProS region is adjacent to V1, and the DVT area (DVT) is an area

posterior to most of the other regions in the Posterior Cingulate Divi-

sion, found just lateral to POS2 (Figures 1c, 8, and S1-4). These areas

have effective and functional connectivity and connections with visual

cortical areas including V1–V3, V6, and V6a; with the ventromedial

visual (VMV) areas and parahippocampal TH regions PHA1-3 involved

in scene representations (Sulpizio et al., 2020); with the presubiculum

and hippocampus; with the midcingulate (premotor) cortex; with

temporo-parieto-occipital junction (TPOJ) regions; and (especially for

DVT) with parts of the superior (7Am, 7PL) and inferior parietal cortex

F IGURE 7 Synthesis of the connectivity of the posterior cingulate cortex division regions (see text). The effective connectivities indicated by
numbers show the strength of the effective connectivity directed to or from cingulate regions for other cortical regions or groups of cortical
regions. The effective connectivities shown are for the strongest link where more than one link between regions applies to a group of brain
regions. The diagram shows how posterior cingulate division regions and the MCC provide routes for other cortical regions on the left to connect
to hippocampal and premotor regions shown on the right. The Group 2 regions include also POS1 and POS2 which provide visual inputs into the
other Group 2 named regions. DVT, dorsal visual transitional region; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PCV, precuneus
visual area; ProS, ProStriate visual region; RSC, retrosplenial cortex; STS, superior temporal sulcus auditory association cortex; TH,
parahippocampal cortex represented in HCP-MMP by PHA1-3; vmPFC, ventromedial prefrontal cortex; VMV, ventromedial visual region with
visual scene representations. Other abbreviations are in Table S1.
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(PGp). Many of these effective connectivities are stronger toward

DVT and ProS, but these regions have connectivity directed more

strongly toward the parahippocampal gyrus PHA1-3 (Figures 2–4).

The diffusion tractography provides evidence that many of these are

direct connections (Figure 6). The functional connectivity shows inter-

actions not only with visual cortical areas, but also with somatosen-

sory and auditory regions (Figure 5). DVT and ProS thus have

connections with early cortical visual regions, with a number of areas

representing visual scenes (PHA1-3 and VMV regions as shown by

Sulpizio et al. [2020] whose study is especially relevant as it used the

HCP-MMP1 atlas), with the superior parietal cortex, with hippocampal

system regions, and with the premotor MCC.

These Group 3 regions differ from Group 1 regions (see summary

in Figure 7) in having effective connectivity with early visual cortical

areas, with the midcingulate premotor cortex, with more parts of the

superior parietal cortex, in having connectivity with inferior parietal

PGp instead of PGi, in having little connectivity with Group 1 regions,

and in having no effective connectivity with the inferior temporal

visual cortex (TE), frontal pole area 10p or with the dorsolateral pre-

frontal cortex (Figure 2). The Group 3 regions differ from Group

2 regions in having more effective connectivity with early cortical

visual areas; and in having no effective connectivity with the inferior

temporal visual cortex (TE), frontal pole area 10p, or with dorsolateral

prefrontal cortex regions (Figure 2).

F IGURE 8 (a) Summary of connectivity of Group 1 regions, the posteroventral part of the posterior cingulate cortex division shown on medial
(below) and lateral (above) views of the human brain, with the sulci expanded to show regions inside the sulci. The Group 1 regions (within the
black boundary) are v23ab and d23ab, 31pd and 31pv, and 7m. The width of the lines reflects the effective connectivity in the strongest
direction, and the size of the arrowheads reflects the effective connectivity in each direction. The labels are those for the cortical regions in the
HCP-MMP1/HCPex atlas shown in Table S1. The Group 1 regions have effective connectivity with the hippocampal system (presubiculum,
subiculum, entorhinal cortex, and hippocampus); anterior cingulate cortex (a24); frontal pole 10d; inferior parietal cortex PGi and PGs; the
auditory cortex in the superior temporal sulcus (STS); the anterior inferior temporal cortex (TE1a); the dorsolateral prefrontal cortex 8Ad; and the
temporal pole TGi. (b) Summary of the effective connectivity of Group 2 regions, which include the more anterior and dorsal parts of the
posterior cingulate cortex shown on medial (below) and lateral (above) views of the human brain, with the sulci expanded to show regions inside
the sulci. The brain regions in Group 2 include POS1 and POS2 (early visual cortical areas), which provide inputs to the other members of the
group (surrounded by a black boundary), PCV, 31a, 23d, and the retrosplenial cortex (RSC). The width of the lines reflects the effective
connectivity in the strongest direction, and the size of the arrowheads reflects the effective connectivity in each direction. Visuo-spatial inputs
are also received from medial parietal cortex areas 7Pm and 7Am. Group 2 areas also have connectivity with the pregenual anterior cingulate
cortex p24 and d32, with region OFC, with parietal PGs, with frontal pole p10p, and with dorsolateral prefrontal cortex 9p. Outputs of Group
2 regions are directed to the hippocampal system, including the hippocampus, presubiculum, and parahippocampal TH (PHA1-3); and to the
midcingulate motor cortex 23c.
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3.5 | Midcingulate cortex, 23c, 24dd, and 24dv

The MCC or cingulate motor area is included here so that it can be

contrasted with the Posterior Cingulate Division, and so that its con-

nections with the PCC can be shown in detail. The MCC has some

effective connectivity from V1 and V2 (Figure 2), no direct connec-

tions shown by diffusion tractography (Figure 6), and some functional

connectivity with a range of early visual cortical areas (Figure 5). It has

strong effective connectivity with premotor and related cortical

regions 6 (premotor) and 5 (somatosensory), with parts of area 5 con-

necting toward the MCC, Figure 4, and with parts of the insula that

have somatosensory representations; with the supracallosal anterior

cingulate cortex (a24pr, a32pr, p24pr, and p32pr) which projects (with

11l) toward the MCC (Figure 4); and with dorsolateral prefrontal cor-

tex 9-46d. The MCC thus has much connectivity to somatomotor cor-

tical areas, and receives input from the supracallosal (supragenual)

anterior cingulate cortex.

It is shown in Figure 6 that especially the supracallosal anterior

cingulate cortex has connections with midcingulate motor areas 23c,

24dd, 24dd; and so does SCEF the Supplementary and Cingulate Eye

Field. The MCC also has connections with PCV and DVT (Figure 6),

with some evidence too in the effective and functional connectivity.

The greater effective connectivity of the MCC with the supracallosal

anterior cingulate cortex than with the pregenual anterior cingulate is

emphasized by the effective connectivity (Figure 2), showing how

effective connectivity may be able to go beyond connections to func-

tional strength.

3.6 | Effective connectivities of the posterior
cingulate and medial parietal cortex with contralateral
cortical regions

The effective connectivities of the posterior cingulate division and

MCC from contralateral cortical areas are shown in Figure S2, and in

contralateral cortical areas in Figure S3. The contralateral effective

connectivities are in general weaker than those ipsilaterally. (The ratio

across the matrices shown in Figures 2 and S2 was that the contralat-

eral effective connectivities were 60% of the ipsilateral effective con-

nectivities.) The overall similarity of the effective connectivity links

contralaterally compared with ipsilaterally, and the fact that each pos-

terior cingulate division region had high connectivity with the corre-

sponding region contralaterally, attest to the power of the effective

connectivity algorithm in detecting corresponding particular brain

regions contralaterally as well as ipsilaterally.

3.7 | Effective connectivities of the posterior
cingulate and medial parietal cortex with subcortical
regions

The effective connectivities of subcortical regions in the HCPex atlas

(Huang et al., 2022) to the Posterior Cingulate Division cortical

regions are shown in Figure S6. Thalamic inputs are received from the

antero-ventral nucleus (AV) which is as expected for cingulate cortex

areas (Bubb et al., 2017). In addition, for the Group 2 regions which

have connectivity with early visual cortical areas, there is strong effec-

tive connectivity from (and to, see Figure S7) the medial pulvinar

nucleus (PuM) which has visual and other functions (Froesel

et al., 2021), and this has been overlooked (Bubb et al., 2017). Very

interestingly, the Group 1 regions associated with hippocampal func-

tion receive effective connectivity from the mammillary bodies (MB),

and the septum and basal nucleus of Meynert which contain choliner-

gic neurons. There is evidence that most of this connectivity is

bilateral.

The MCC in contrast receives effective connectivity from tha-

lamic nuclei ventral postero-lateral (VPL) and central-median (CM),

with also some effective connectivity from the pulvinar. Interestingly,

there is no effective connectivity detected from the septum and

nucleus basalis, suggesting that cholinergic inputs are directed espe-

cially to the part of the posterior cingulate cortex, the Group 1 regions,

that are associated with hippocampal memory functions as shown in

the Discussion (Section 4).

These patterns of effective connectivities with subcortical areas

shown in Figures S6 and S7 again provide evidence for the robustness

and utility of the Hopf effective connectivity algorithm (Rolls

et al., 2022f) used here, even when used to measure effective connec-

tivities between every pair of 426 brain regions.

3.8 | Differences in effective connectivities of the
right versus left hemisphere for the posterior cingulate
cortex

Most of the analysis presented so far has been for the left hemisphere

(Figures 2–6), or for the left with the right hemisphere (Figures S2 and

S3). For completeness, comparisons with the connectivities of the

right hemisphere are shown in Figures S8 and S9. The comparison

shows the differences in effective connectivity for the Right minus the

left hemisphere for the posterior cingulate cortex/RSC regions. The

differences between the hemispheres were overall small, but some

differences are interesting to note. For example, some of the effective

connectivities involving the parietal cortex with the posterior cingu-

late cortex are stronger in the right hemisphere, consistent with the

probability that there is more spatial processing in the right hemi-

sphere. Conversely, connectivity of parts of the vmPFC (10r, 10v,

10d) involved in reward with the posterior cingulate cortex was stron-

ger in the left hemisphere (Figure S9) with the background considered

elsewhere (Rolls et al., 2022e). For completeness, the effective con-

nectivities for the right hemisphere are shown in Figures S10 and S11

for direct comparison with the effective connectivities for the left

hemisphere shown in Figures 2 and 3.

4 | DISCUSSION

Some of the key findings are summarized next, with details for each

group considered later, with summaries provided in Figures 7 and 8.
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First, a postero-ventral part of the Posterior Cingulate Division

(31pd, 31pv, 7m, d23ab, and v23ab, grouped because of similar con-

nectivity) has effective connectivity with the temporal pole, inferior

temporal visual, and superior temporal auditory association cortex,

with the reward-related vmPFC and pregenual anterior cingulate cor-

tex, with the inferior parietal cortex, and with the hippocampal sys-

tem. We propose below that this connectivity implicates it in

hippocampal episodic memory, providing routes for “what,” “when”
(including temporal order), reward, and semantic schema-related infor-

mation to access the hippocampus.

Second, the antero-dorsal parts of the posterior cingulate and

medial parietal cortex (especially 31a and 23d, and more posteriorly

PCV and RSC) have connectivity with early visual cortical areas includ-

ing those that represent spatial scenes, with the superior parietal cor-

tex, with the pregenual anterior cingulate cortex, and with the

hippocampal system. We propose below that this connectivity impli-

cates it in the “where” component for hippocampal episodic memory

and for spatial navigation, for which the orbitofrontal/pregenual ante-

rior cingulate system may provide the goals.

Third, the DVT region and ProS regions receive from early visual

cortical areas, the superior parietal cortex (7Am, 7PI), and connect to

the midcingulate premotor cortex. These regions are where the retro-

splenial scene region is located in the HCP-MMP atlas (Sulpizio

et al., 2020). This connectivity implicates these two regions in scene

processing for memory and navigation, and in visuo-motor control of

actions in visual space and the spatial coordinate transforms neces-

sary for this and navigation.

In contrast, the midcingulate premotor cortex has connectivity

with somatomotor cortical areas, receives input from the supracallosal

anterior cingulate cortex which is implicated in action-outcome learn-

ing, and may implement goal-directed limb actions.

4.1 | Group 1, postero-ventral posterior cingulate
and medial parietal regions 31pd, 31pv, d23ab, v23ab,
and 7m, and their relation to episodic memory

This group has connectivity with ventral stream high-order visual

(TE) and auditory (STS) association cortical areas that represent what

object or person is present as shown by discoveries in macaques

(Arcaro & Livingstone, 2021; Booth & Rolls, 1998; Freiwald, 2020;

Lehky & Tanaka, 2016; Perrett et al., 1982; Rolls, 2021a, 2021c; Rolls

et al., 2022d) with complementary evidence in humans (Collins &

Olson, 2014; Finzi et al., 2021; Kanwisher et al., 1997); with the preg-

enual anterior cingulate cortex (9m, a24, d32, p32, and 10d) and

vmPFC (10r and 10v) where reward value and emotion are repre-

sented (Grabenhorst & Rolls, 2011; Rolls, 2019a, 2022a; Rolls

et al., 2022e); with some inferior parietal cortex regions (PGi and PGs,

which are in the angular gyrus BA 39 and are implicated in memory

and semantic processing [Davis et al., 2018; Papagno, 2018; Rolls

et al., 2022a]); with temporal pole (TG) regions implicated in semantic

memory (Bonner & Price, 2013; Rolls et al., 2022b); with frontal pole

regions (10pp, p10p); and with the hippocampal system which is

involved in episodic memory (Dere et al., 2008; Ekstrom &

Ranganath, 2018; Moscovitch et al., 2016; Rolls, 2018, 2021a). The

connections to this set of brain regions suggest that this ventral and

posterior part of the PCC is involved in hippocampal episodic memory,

providing routes for the relevant “what,” “where,” “when” (including

temporal order), reward, and semantic schema-related information to

gain access to the hippocampus during storage; and to be on the route

back to these cortical areas during hippocampal episodic memory

retrieval (Rolls, 2021a, 2022a). The Group 1 regions are thus espe-

cially related to ventral stream “what” processing (Ungerleider &

Haxby, 1994), and allow many widely separated brain regions at the

top of processing streams to provide “what,” “when,” and reward

inputs to the hippocampal system. Consistent with the involvement of

Group 1 regions in linking reward and emotion systems to memory,

the precuneus has increased functional connectivity in depression

with the lateral orbitofrontal cortex non-reward/punishment system

(Cheng et al., 2018).

The relation of Group 1 PCC regions to memory is strengthened

by the evidence in Figure S6 that these Group 1 region associated

with hippocampal function receive effective connectivity from the

mammillary bodies (MB) which are part of a hippocampal circuit

involved in episodic memory (Bubb et al., 2017), and the septum

(which projects to the hippocampal system) and adjoining basal

nucleus of Meynert both of which contain cholinergic neurons which

are implicated in memory (Hasselmo & Giocomo, 2006; Rolls, 2022a;

Rolls & Deco, 2015).

4.2 | Group 2, antero-dorsal posterior cingulate
division regions 23d, 31a, PCV; and RSC, POS2, and
POS1; and their relation to navigation and executive
function

POS1 and POS2 are visual areas in the parieto-occipital sulcus close

to the primary visual cortex V1 (Figure 8), have extensive connections

(Figure 6) and functional connectivity (Figure 5) with early visual corti-

cal areas, and provide inputs to the other brain regions in this group,

23d, 31a, PCV, and RSC (Figure 2). Further, POS1 and POS2 also have

effective connectivity to the medial parahippocampal gyrus PHA1-3

regions (corresponding to TH) where scenes are represented

(Epstein, 2005, 2008; Epstein & Baker, 2019; Epstein & Julian, 2013;

Epstein & Kanwisher, 1998; Kamps et al., 2016; Natu et al., 2021;

Rolls, 2022b; Sulpizio et al., 2020), and with the hippocampal system

(Figure 2). POS1 and POS2 may thus be involved in scene representa-

tions reaching the hippocampal system, and are likely to contribute to

the activation of hippocampal spatial view cells, and thereby be

involved in providing information important in episodic memory and

navigation (Rolls, 2022b; Rolls & Wirth, 2018). POS1 and POS2 are

also likely to be involved in memory and navigation by providing

inputs to other members of the Group 2 regions as follows.

Anterior to POS1 and POS2 and receiving visual inputs from

these regions are the precuneus visual area (PCV) and 31a and 23d

which are dorsal and extend anteriorly in the Posterior Cingulate
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Division (Figures 1b and 8) and have connectivity directed to the hip-

pocampal system (hippocampus, entorhinal cortex, and presubiculum),

to the parahippocampal PHA1-3 regions (Figure 3) with visual scene

representations (Epstein & Kanwisher, 1998; Kamps et al., 2016; Natu

et al., 2021; Rolls et al., 2022d; Sulpizio et al., 2020), and the MCC.

They receive effective connectivity not only from POS1 and POS2,

but also from the temporo-parietal junction (a multimodal region

implicated in social behavior and language [Buckner & DiNicola, 2019;

Coslett & Schwartz, 2018; DiNicola et al., 2020; Patel et al., 2019;

Quesque & Brass, 2019; Rolls et al., 2022b]); the superior parietal cor-

tex (7Pm and 7Am; Rolls et al., 2022a); frontal pole regions p10p and

a10p implicated in planning and sequencing (Gilbert & Burgess, 2008;

Shallice & Burgess, 1996; Shallice & Cipolotti, 2018) and prospective

as well as retrospective memory (Underwood et al., 2015); the preg-

enual anterior cingulate including d32, p24, and p32 implicated in

reward (Grabenhorst & Rolls, 2011; Rolls, 2022a; Rolls et al., 2022e);

and dorsolateral prefrontal cortex 8Ad, 9a, 9p involved in short-term

memory and thereby top-down attention (Deco & Rolls, 2005;

Germann & Petrides, 2020; Rolls et al., 2022c). This part of the Poste-

rior Cingulate Division is special in its strong connectivity with p10p

which is part of the frontal pole cortex (Figure S1-1, y = 66); the

reward-related pregenual anterior cingulate d32, p24, p32, and medial

orbitofrontal cortex (regions 11l, 13l, and OFC; Rolls et al., 2022e);

and the midcingulate premotor area (see Figure 2). This connectivity

including the connectivity to the parahippocampal scene or place area

in PHA1-3 implicates Group 2 regions in spatial and executive func-

tion (cf. Buckner & DiNicola, 2019; Dastjerdi et al., 2011; Foster

et al., 2012, 2013; Fox et al., 2018). Spatial roles for this part of the

PCC are emphasized too by the connectivity with superior parietal

areas 7Am and 7Pm, parts of dorsal stream processing which are

implicated in visuo-motor spatial functions (Orban et al., 2021; Rolls

et al., 2022a, 2022d; Snyder et al., 1998) and coordinate transforms

from egocentric eye-based frames to allocentric world-based frames

suitable for idiothetic update of hippocampal spatial representations

(Rolls, 2020, 2021b, 2022b; Snyder et al., 1998). Consistent with this,

a cingulate sulcus visual area has been described that responds selec-

tively to visual and vestibular cues to self-motion (Smith et al., 2018),

and this may be according to Figure S1 in or near 23d. Consistent with

the above evidence that Group 2 is involved in navigation, area

31 which receives from POS1 and POS2 is implicated by neuroimag-

ing in representing heading direction (Baumann & Mattingley, 2021).

Consistent with the concept that navigation and executive function

are performed to achieve goals, this part of the posterior cingulate

and medial parietal cortex (31a, 23d, and PCV) receives from the

reward-related medial orbitofrontal cortex and pregenual anterior cin-

gulate cortex (Figure 2; Grabenhorst & Rolls, 2011; Rolls, 2022a,

2022b; Rolls et al., 2020, 2022e).

The retrosplenial cortex RSC has similar connectivity to the PCV,

31a, and 23d, but also has connections with early visual cortical areas

as shown in Figure 6. Consistent with visuo-spatial roles for Group

2 regions, the RSC, which also receives from POS2 (Figure 2), is impli-

cated by neuroimaging studies in representing permanent features of

an environment such as landmark identity and location (Auger

et al., 2012; Baumann & Mattingley, 2021; Persichetti & Dilks, 2019).

The input from the reward-related pregenual anterior cingulate cortex

and medial orbitofrontal cortex to the RSC (p24, p32, 11l, Figure 2) is

of interest, for it provides a pathway for navigation to be performed

to reach rewards or goals (Rolls, 2022a; Rolls et al., 2022e).

An important type of navigation involves an update of location

based on self-motion, and one area in which vestibular and optic flow

information is represented is macaque area 7a (Avila et al., 2019;

Bremmer et al., 2000; Cullen, 2019; Wurtz & Duffy, 1992). As shown

here, there is connectivity of area 7 regions with the Group 2 regions

(Figure 2), which in turn connect to the hippocampal system and para-

hippocampal gyrus TH (PHA1-3; Figures 3 and 8). It is proposed that

these Group 2 PCC regions provide one route for optic flow and ves-

tibular signals to reach the hippocampus in which whole-body motion

neurons are found (O'Mara et al., 1994). Some of these whole-body

motion neurons respond to linear and others to rotational motion, and

some of them respond to vestibular inputs, others to visual inputs for

motion, and some to both (O'Mara et al., 1994). These neurons are

probably involved in navigation especially when the view details are

obscured, that is, idiothetic (self-motion updated) navigation (O'Mara

et al., 1994; Rolls, 2020; Rolls, 2021b). (The rodent equivalent is prob-

ably “speed cells”; Kropff et al., 2015.) Consistent with this proposal,

in macaques there are neurons in a dorsal posterior cingulate region

(and to a smaller extent in the RSC) that respond to vestibular inputs

(Liu et al., 2021). Additional egomotion areas in the human brain as

shown by neuroimaging include intraparietal sulcus area 1 (IPS1) and

V3A in the occipital region; and V6 (Sulpizio et al., 2020); and all of

these regions connect to Group 3 regions DVT and ProS, which in

turn connect to Group 2 PCD regions (Figure 2), which in turn con-

nect to parietal 7 (7Pm and 7Am; Figure 3). These connectivities help

to show how self-motion information can reach hippocampal whole

body motion cells (O'Mara et al., 1994) for use in idiothetic naviga-

tional updating (Rolls, 2020, 2021b; Rolls et al., 2022d).

It is therefore proposed that the group 2 PCC regions by virtue of

the connectivity described here support spatial functions including

navigation, and executive function, consistent with human neuroimag-

ing and brain lesion evidence (Buckner & DiNicola, 2019; Dastjerdi

et al., 2011; Ekstrom et al., 2017; Foster et al., 2012, 2013; Fox

et al., 2018; Teghil et al., 2021), as considered further below.

4.3 | Group 3, dorsal visual transitional area and
ProS region

The ProS region is adjacent to V1, and the DVT area is an area poste-

rior to most of the Posterior Cingulate Division, found just lateral to

POS2 (Figures 1c, 8, and S1-4). Importantly, the retrosplenial cortex

scene area is located in the DVT region and ProS region with some

extension into parieto-occipital sulcus region 1 (POS1; Sulpizio

et al., 2020). The ProS and DVT regions have connectivity with early

cortical visual regions, with areas representing visual scenes (PHA1-3

and VMV regions (Sulpizio et al., 2020)), with the parietal cortex, with

hippocampal system regions (hippocampus and presubiculum), and
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with the premotor MCC and associated somatosensory area 5. Unlike

the Group 1 regions, ProS and DVT do not have connectivity as a

hub-like region useful for episodic memory, in that they have no con-

nectivity with the inferior temporal visual cortex (TE) or superior tem-

poral auditory association cortex, with the dorsolateral prefrontal

cortex, or with the Group 1 regions (Figure 2). Unlike Group 2 regions,

the Group 3 regions have connectivity with somatosensory cortex (5),

and have no connectivity with the frontal cortex. The Group 3 regions

thus appear to be involved in relatively low-level visual processing,

with connectivity with the superior parietal cortex area 7 which sug-

gests that the Group 3 regions are involved in visuo-motor control

appropriate for motor actions in visual space (Andersen, 1995;

Huang & Sereno, 2018; Orban et al., 2021; Rolls et al., 2022a, 2022d;

Urgen & Orban, 2021), and perhaps in the necessary spatial coordi-

nate transforms (Rolls, 2020; Salinas & Sejnowski, 2001). Indeed, spa-

tial coordinate transforms are also necessary for idiothetic update of

spatial representations useful for hippocampal function including navi-

gation when the spatial view is obscured (Dean & Platt, 2006;

Rolls, 2020, 2021b, 2022b; Snyder et al., 1998; Vedder et al., 2017).

The DVT receives input from V6 and V6A (Figure 2). Area V6A in

the macaque is a visual-somatosensory area that occupies the poste-

rior part of the dorsal precuneate cortex (Gamberini et al., 2020,

2021; Rolls et al., 2022d). It represents the upper limbs and is involved

in the control of goal-directed arm movements (Fattori et al., 2017).

Macaque V6A hosts the so called “real-position cells,” that is visual

cells that encode spatial position in head-based (craniotopic) coordi-

nates not in retinotopic coordinates (Galletti et al., 1993). Area V6A is

strongly connected with prestriate visual areas, with superior parietal

areas, and with the premotor frontal cortex representing arm move-

ment (Gamberini et al., 2021; Rolls et al., 2022d). Macaque V6A is

divided into two subareas that together are involved in the visual and

somatosensory aspects of “reach-to-grasp”: V6Av which is more

visual and V6Ad which is more somatosensory (Gamberini

et al., 2018). The human homolog of V6Av has been identified in the

posterior, dorsal-most part of precuneate cortex (Pitzalis et al., 2013),

in a territory probably included in the DVT region of the HCP-MMP1

atlas (Glasser, Coalson, et al., 2016a) and which (like macaque V6Av)

is activated by optic flow (Pitzalis et al., 2013). Another part of the

macaque dorsal precuneate region includes the medial portion of area

PEc (Gamberini et al., 2020). Area PEc is a visual-somatosensory area

which represents both upper and lower limbs and is probably involved

in locomotion and in the analysis of related optic flow (Gamberini

et al., 2020; Raffi et al., 2011). Area PEc is strongly connected with

part of posterior cingulate cortex 31, area 7m and retrosplenial cortex

(Bakola et al., 2010). Recently, the human homolog of PEc has been

identified in the dorsal-most part of the precuneate cortex (Pitzalis

et al., 2019).

DVT and ProS in Group 3 (in addition to POS1, POS2, and the

RSC in Group 2) may provide a route for scene information to be

represented in the VMV regions (Sulpizio et al., 2020) and thus to

reach the hippocampal system and parahippocampal TH cortex

PHA1-3 (see Figure 3), and thereby to provide a key input to drive

spatial view cells (Georges-François et al., 1999; Robertson

et al., 1998; Rolls, 2022b; Rolls et al., 1997, 1998; Rolls &

Wirth, 2018; Tsitsiklis et al., 2020; Wirth et al., 2017) which provide a

component of primate (including human) episodic memory by enabling

objects, people, or rewards to be associated with their location in

visual scenes (Rolls et al., 2005; Rolls & Xiang, 2005, 2006), and are

likely to be useful in navigation from viewed landmark to viewed land-

mark too (Rolls, 2021b). This is part of a ventromedial visual cortical

stream that is proposed to encode scene information to provide

“where” inputs to the hippocampal spatial and memory system (Rolls

et al., 2022d). In this context, the dorsal visual transitional region

(DVT) and ProS region are key parts of the retrosplenial scene area

(Sulpizio et al., 2020), which connect earlier visual cortex ventral

stream regions to the parahippocampal scene area (or PPA) in the

VMV and PHA1-3 regions (Rolls, 2022b; Rolls et al., 2022d).

This Group 3 part of the PCC may also provide a route for vestib-

ular and optic flow information useful in navigation to reach hippo-

campal whole body motion neurons, for it receives inputs from VIP

and V6A in which optic flow is represented (Delle Monache

et al., 2021; Duhamel et al., 1997; Sherrill et al., 2015).

4.4 | Midcingulate cortex: 23c, 24dd, and 24dv

Because the MCC is a premotor cortical region (Vogt, 2016) that is

immediately anterior to the posterior cingulate cortex, and might

receive inputs from perhaps adjacent parts of the posterior cingulate

cortex, the connectivity of the MCC was included in the analysis. The

MCC or cingulate motor area has much connectivity to somatomotor

cortical areas, and receives input from the supracallosal anterior cin-

gulate cortex (Figures 2 and 3) which has connectivity with premotor/

somatosensory regions (Rolls et al., 2022e) and is activated by aver-

sive and non-reward stimuli (Grabenhorst & Rolls, 2011; Rolls

et al., 2020). The MCC may thus provide for aversive/non-reward

stimuli represented in the lateral orbitofrontal cortex to produce

appropriate limb responses to such stimuli, including limb withdrawal,

flight, and fight and more generally for action-outcome learning (Rolls

et al., 2022e). The MCC also receives from the Group 2 PCC regions

implicated in executive function and navigation (Figure 7). In humans,

a part of 23c termed the cingulate sulcus visual area is activated by

visual self-motion and particularly by changing heading (Smith, 2021),

and it is suggested that this reflects its inputs from the Group

2 regions just posterior to it such as 23d.

4.5 | Comparison with connections in non-human
primates

Tract-tracing anatomical investigations of the connections of the PCC

areas 23 and 31 in non-human primates (Vogt & Laureys, 2009) gen-

erally support what is described here for humans as described next.

(Evidence from rodents is not relevant, in that rodents are believed

not to have PCC areas 23 and 31 [Vogt & Laureys, 2009]. Rodents

have for posterior cingulate cortex only what is termed an RSC region
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with cytoarchitecturally defined areas 30 and 29c [Vogt &

Paxinos, 2014].) The connections of the RSC in macaques have also

been described (Kobayashi & Amaral, 2003, 2007; Vann et al., 2009),

as follows. In macaques, posterior parietal area 7a projects to d23a,

d23b, and d23c (and provides spatial information including head posi-

tion and eye position which can be referenced to the world

(Rolls, 2020; Snyder et al., 1998)). Medial parietal 7m projects to

31 and 23d (and to MCC 23c), and in humans 7Pm projects strongly

to Group 2 spatial regions (Figure 2). Auditory areas in the superior

temporal gyrus in macaques project to d23 and v23, providing audi-

tory “what” (ventral stream) information into these Group 1 areas,

somewhat similarly to the situation in humans though in humans

visual “what” information from TE1 also reaches the Group 1 areas

(Figure 2). The frontal pole cortex area 10 and the orbitofrontal cortex

area 11 in macaques have projections to the RSC (Kobayashi &

Amaral, 2003), supporting and validating what is described here in

humans for connectivity from regions p10p and OFC to Group 2 PCD

regions (Figure 2). The macaque connectivity of the PCC with the pre-

subiculum, subiculum, and TH (Kobayashi & Amaral, 2003, 2007), also

supports what is described here for humans. The monkey does not

have inferior parietal areas 39 (angular gyrus, anterior PG regions,

relating on the left to dyslexia and agraphia, and on the right to body

image) and 40 (marginal gyrus, PF regions, relating on the left to pho-

nology, and also part of the mirror neuron system) and also involved

in memory (Caspers et al., 2008; Coslett & Schwartz, 2018; Davis

et al., 2018; Glasser, Coalson, et al., 2016a; Papagno, 2018;

Rizzolatti & Rozzi, 2018; Ronchi et al., 2018; Vogt & Laureys, 2009),

so there is no equivalent in macaques of the strong connectivity in

humans from the memory-related (Davis et al., 2018; Papagno, 2018)

inferior parietal areas PGi and PGs (Rolls et al., 2022a) to the Group

1 PCC regions. The tract-tracing studies in non-human primates thus

provide support and validation for many of the findings described

here, though the present investigation goes beyond these by provid-

ing evidence on humans, in whom many of the brain regions involved

have developed greatly, and by providing evidence of the physiologi-

cal strength of the connectivities.

Although the new findings on the human PCC connectivity

described here are generally supported by macaque neuroanatomy

(Kobayashi & Amaral, 2003, 2007; Vogt & Laureys, 2009), the present

findings in humans go beyond that because there is considerable

development of the human compared with the macaque brain, includ-

ing of areas such as the inferior parietal cortex, orbitofrontal cortex,

dorsolateral prefrontal cortex, and language-related areas such as the

cortex in the STS and the inferior frontal gyrus (Pandya et al., 2015;

Passingham, 2021; Rolls, 2021a; Rolls et al., 2022a, 2022b, 2022e).

The macaque anatomy does provide important evidence on the corti-

cal layers from which projections originate and where they terminate

(Kobayashi & Amaral, 2003, 2007; Markov et al., 2013, 2014) which is

important in understanding cortical function as it provides insight into

the operation of bottom-up versus top-down cortical processing and

how cortical systems operate in memory (Rolls, 2016). On the other

hand that is complemented by the effective connectivity described

here which provides evidence on the physiological strengths and their

directions between cortical regions in humans, which for similar rea-

sons is important in understanding brain computations (Rolls, 2016,

2021a).

4.6 | Anatomical–functional synthesis

Here the aim is to synthesize the connectivity information and com-

bine it with evidence on the functions of some of the brain regions to

produce working hypotheses on the anatomico-functional organiza-

tion of the posterior cingulate cortex / RSC and MCC. This is done

with reference to the summaries in Figures 7 and 8, and takes into

account previous analyses of the connectivity of the posterior cingu-

late cortex (Baker et al., 2018; Glasser, Coalson, et al., 2016a; Khalsa

et al., 2014; Vogt & Laureys, 2009). The article by Baker et al. (2018)

is especially helpful in summarizing analyses of functional connectivity

and diffusion tractography using the HCP-MMP atlas and summariz-

ing some of the task-related fMRI results for each brain region

(Glasser, Coalson, et al., 2016a), though the present analyses extend

this by providing effective connectivity analyses, new tractography

analyses, and presenting the results in quantitative matrix format so

that all the connectivity can be evaluated.

4.6.1 | Group 1 (31pd, 31pv, d23ab, v23ab, and 7m)

We start with the postero-ventral Posterior Cingulate Division

regions, Group 1 (31pd, 31pv, 7m, d23ab, and v23ab), which have

quite similar effective connectivity with each other (Figure S4) and

which form a distinct connectivity-based community. We propose

that Group 1 provides links from many high-order cortical areas into

the hippocampal memory system, where all of these types of input

can be associated together in the hippocampal CA3 network to imple-

ment episodic memory storage (Figures 7 and 8; Rolls, 2018, 2021a;

Rolls & Treves, 1994; Treves & Rolls, 1994). The weaker return path-

ways from the hippocampus to the parahippocampal cortex and

thereby to neocortical regions provide for memory retrieval (Figures 7

and 8; Rolls, 2021a, 2022a; Treves & Rolls, 1994). These Group 1 con-

nectivities provide a route to the hippocampus for key elements for

the hippocampal memory system for inputs about “what” (provided

by the visual ventral stream TE and auditory STS regions); “when”
(provided by sequence and planning inputs from area 10p, and also by

time cells that may be computed in the lateral entorhinal to hippocam-

pus system [Eichenbaum, 2017; Rolls & Mills, 2019; Tsao

et al., 2018]); and reward/emotion value provided by the pregenual

anterior cingulate cortex (Grabenhorst & Rolls, 2011) to the Group

1 regions (Figure 2; Rolls, 2022a; Rolls et al., 2022e). Further, the pos-

terior cingulate cortex Group 1 regions provide a key route from mul-

timodal “what” parietal cortex region PGi to the hippocampal system

(Rolls et al., 2022a). As shown in Figures 7 and 8, the Group 1 part of

the posterior cingulate and medial parietal cortex has these inputs,

and then has effective connectivity directed to the hippocampal sys-

tem (Rolls et al., 2022f; complemented by anatomical connections
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[Huang et al., 2021] and functional connectivity [Ma et al., 2022]),

with weaker return backprojection pathways as required for recall

that does not dominate bottom-up inputs (Rolls, 2016; Rolls, 2021a;

Treves & Rolls, 1994).

The evidence presented here thus is that the posterior, Group

1, parts of the posterior cingulate and medial parietal cortex provide

important links from many high-order cortical areas into the hippo-

campal memory system. Consistent with this, a ventral (/posterior)

subpart of the PCC is preferentially recruited during episodic remem-

bering and imagining the future (DiNicola et al., 2020) including auto-

biographical memory (Davis et al., 2018; Papagno, 2018; Summerfield

et al., 2009). It is further proposed that the posterior cingulate and

medial parietal cortex provide a route for inferior parietal cortex area

PG regions (Rolls et al., 2022a; angular gyrus, BA39), as well as tempo-

ral pole and STS regions (Rolls et al., 2022b, 2022d; see Figure 2) to

gain access to the hippocampal memory system. These areas are

implicated in semantic representations (Bonner & Price, 2013; Price

et al., 2015; Rolls et al., 2022b), allowing them access to the hippo-

campal memory system. Consistent with the proposed posterior cin-

gulate and medial parietal cortex reward pathway to the hippocampus

from the pregenual anterior cingulate cortex (Rolls et al., 2022e), part

of the posterior cingulate cortex has activations related to value, with

responses in macaques related for example to risky decisions

(McCoy & Platt, 2005; Pearson et al., 2011). Baker et al. (2018) agree

that these Group 1 regions have functions related to memory, includ-

ing episodic memory, semantic memory, and working memory.

Thus “what,” “when,” reward, and semantic (including schema)

information have routes to the hippocampus via the Group 1 PCC

regions. Further, given that the Group 1 regions receive from the ends

of each of many different processing streams (e.g., for vision from TE,

for hearing, etc., from the STS, somatosensory/visual from parietal,

and reward/emotional value from the anterior cingulate cortex; Rolls

et al., 2022e), it is suggested that the Group 1 regions contribute to

computing multimodal semantic representations of objects consistent

with their connections to a language network that includes the ventral

parts of the cortex in the superior temporal sulcus shown in Figures 2

and 3 (Rolls et al., 2022b), which are then provided as the 'what' input

to the hippocampal memory system.

4.6.2 | Group 2 (23d, 31a, PCV, and RSC, POS2,
and POS1)

We propose that the Group 2 and 3 regions contribute to providing

“where” information for the hippocampal episodic memory, as

described next.

Taking the Group 2 areas POS1, POS2, and RSC, these may be

involved in introducing spatial scene/spatial view information into the

hippocampal system as a “where” component of episodic memory

(Figures 7 and 8b) with connectivity with visual cortical areas

(Figure 2). This part of the PCD, especially the RSC which receives

from POS2, thus may provide a route for scene information to reach

the hippocampus to provide a key input to drive spatial view cells

(Georges-François et al., 1999; Robertson et al., 1998; Rolls, 2022b;

Rolls et al., 1997, 1998, 2022d; Rolls & Wirth, 2018; Tsitsiklis

et al., 2020; Wirth et al., 2017) which provide a component of primate

(including human) episodic memory by enabling objects, people, or

rewards to be associated with their location in visual scenes

(Rolls, 2022a; Rolls et al., 2005; Rolls & Xiang, 2005, 2006), and are

likely to be useful in navigation from viewed landmark to viewed land-

mark too (Rolls, 2021b).

The connectivity analyses described here help to advance under-

standing of the connectional pathways providing for scene-related

information to reach hippocampal spatial view cells, as considered

next. There are several scene areas in the human brain, including the

occipital place (or scene) area (OPA), the retrosplenial cortex scene

area, and the parahippocampal scene area (PPA; Epstein, 2005, 2008;

Epstein & Baker, 2019; Epstein & Julian, 2013; Epstein &

Kanwisher, 1998; Kamps et al., 2016; Natu et al., 2021; Sulpizio

et al., 2020). (Use of the abbreviation PSA instead of PPA is preferred

for these regions, because the neuroimaging evidence is consistent

with scene responsiveness, not the place where the participant being

imaged is located; Rolls, 2022b.) With respect to the HCP-MMP atlas

(Figures 8 and S1; Glasser, Coalson, et al., 2016a; Huang et al., 2022),

an investigation using this atlas has provided evidence that the occipi-

tal place area OPA is located in V3CD and nearby regions including

LO1; that the retrosplenial cortex scene area is located in the dorsal

visual transitional region (DVT) and ProS region with some extension

into parieto-occipital sulcus region 1 (POS1); and that the PPA

(i.e., PSA) is located in the ventromedial visual areas (VMV1-3) extend-

ing anteriorly into the parahippocampal gyrus PHA1-3 (which corre-

spond to parahippocampal TH; Rolls, 2022b; Sulpizio et al., 2020).

Figures 2 and 3 show for example that DVT, ProS, and POS1 (the ret-

rosplenial cortex scene area) have effective connectivity to the Group

2 regions, and to the VMV regions that are part of the PSA (Rolls

et al., 2022d). The VMV areas then have strong effective connectivity

to parahippocampal TH (PHA1-3; Figure 2), which in turn has strong

effective connectivity to the hippocampus (Rolls et al., 2022f; sup-

ported by functional connectivity [Ma et al., 2022] and diffusion trac-

tography [Huang et al., 2021]), showing how scene information can

reach hippocampal cells that respond to scenes (Georges-François

et al., 1999; Mao et al., 2021; Robertson et al., 1998; Rolls, 2021c,

2022b; Rolls et al., 1997, 1998, 2022d; Rolls & Wirth, 2018; Tsitsiklis

et al., 2020; Wirth et al., 2017).

The dorsal/anterior PCC areas in Group 2 (23d, 31a, PCV, and

RSC, Figure 1b), it is suggested based on the literature summarized

above, also provide access to the hippocampal system for spatial

inputs from superior parietal areas 7Am and 7Pm, which are impli-

cated in visuo-motor spatial functions and tool use (Battaglia-Mayer &

Caminiti, 2018; Orban et al., 2021; Snyder et al., 1998) and coordinate

transforms from egocentric eye-based frames to allocentric world-

based frames suitable for idiothetic update of hippocampal spatial

representations (Rolls, 2020, 2021b; Snyder et al., 1998). The precu-

neus visual region PCV in the medial parietal cortex is especially

related to regions involved in these coordinate transform processes

by its extensive visual cortex connectivity including with parietal area

ROLLS ET AL. 19

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7 regions and PGp, and it has connectivity to the hippocampus and

presubiculum (Figures 2–6).

Baker et al. (2018) agree that these Group 2 regions have func-

tions related to spatial functions including those involved in naviga-

tion and episodic memory.

The Group 2 regions are also implicated in executive function by

their strong inputs from frontal pole region p10p implicated in plan-

ning and sequencing (Gilbert & Burgess, 2008; Shallice &

Burgess, 1996; Shallice & Cipolotti, 2018), by their inputs from the

reward-related medial orbitofrontal cortex 11l and pregenual anterior

cingulate cortex (Rolls et al., 2022e) and punishment and non-reward

related supracallosal anterior cingulate cortex (signified with a pr

standing for prime or 0), and by the outputs to the midcingulate pre-

motor cortex (Figures 2–7 and 8b). Consistent with this, the dorsal

(/anterior) part of the posterior cingulate cortex is activated during

some executive function tasks such as visual search and mental arith-

metic (Buckner & DiNicola, 2019; Dastjerdi et al., 2011; Foster

et al., 2012; Foster et al., 2013; Fox et al., 2018). The Group 2 regions

are strategically located just posterior to the MCC (Figure 8b), thereby

minimizing wiring length in providing a route for Group 2 regions to

influence behavior by the MCC and thereby other premotor cortical

areas. The Group 2 regions are also strategically located in that they

receive from early visual cortical areas and visual medial parietal area

7, as shown in Figure 8b. These points provide a foundation for

understanding the topology of the posterior cingulate cortex.

Baker et al. (2018) agree that these Group 2 regions have func-

tions related to memory, including episodic memory, semantic mem-

ory, and working memory.

4.6.3 | Group 3 (ProS and DVT)

The regions in Group 3, the ProS region and the dorsal visual transi-

tional region DVT (Figure 1c), are the main part of the retrosplenial

scene area (Sulpizio et al., 2020), receive from early visual cortical

areas, connect to the ventromedial visual area (VMV) which connect

to medial parahippocampal PHA1-3 in which visual scenes are repre-

sented (Sulpizio et al., 2020), which in turn have outputs to the hippo-

campal system and midcingulate motor cortex (Figures 2–6; Rolls

et al., 2022d). The Group 3 regions thus are part of a ventromedial

visual cortical stream that provides a “where” component of episodic

memory (Figure 7; Rolls, 2022b; Rolls et al., 2022d). PRoS and DVT,

where the retrosplenial scene area is located (Sulpizio et al., 2020), are

posterior to region RSC. The parahippocampal scene area is located in

medial parahippocampal gyrus regions PHA1-3, VMV1-3, and VVC

(Sulpizio et al., 2020). The occipital scene area is located in V3CD

adjoining V4 (Sulpizio et al., 2020; see for diagram Rolls, 2022b). The

Group 3 regions also receive from parietal cortex including the supe-

rior parietal cortex involved in visuo-spatial responses (Figures 2–6). It

is proposed that these parts of the PCC division are also involved in

visuo-motor functions including the coordinate transforms necessary

for actions to visual stimuli (Salinas & Sejnowski, 2001), and for

providing allocentric coordinates for idiothetic signals to the hippo-

campal system useful for navigation in the dark or when the view is

obscured (Rolls, 2020, 2021b; Figure 7). The Group 3 regions are in

part earlier in visual processing than Group 2 regions, and indeed pro-

vide Group 2 regions with some of their inputs as shown in Figures 2

and 3. Baker et al. (2018) comment that the ProS area is thought “to
have a transitional function between the early visual cortex and pos-

terior cingulate association cortex like DVT.” Consistent with the

above, Baker et al. (2018) also comment that the dorsal visual transi-

tional area is a newly defined region in the HCP-MMP atlas and is

“functionally connected to the dorsal stream visual cortex, which per-

ceives where stimuli are located, as well as the superior posterior pari-

etal cortex, which plays an important role in planned movements.”
In summary, DVT and ProS are implicated as part of the retrosple-

nial scene area in linking earlier visual cortical regions with ventrome-

dial visual VMV regions and the PHA1-3 which are the

parahippocampal scene area with the hippocampus to provide a ven-

tromedial visual “where” stream to the hippocampus for building

feature-based scene representations (Rolls, 2022b; Rolls

et al., 2022d). In addition, DVT with its connectivity with parietal area

7 regions (7Am, 7Pm, and 7PL; Figure 2) and PGp is implicated in the

coordinate transforms that enable spatial view cells in cortical scene

areas such as the parahippocampal gyrus to be updated by self-

motion inputs (Robertson et al., 1998; Rolls et al., 2022d).

4.6.4 | Midcingulate cortex (23c, 24dd, and 24dv)

With respect to the MCC, sometimes termed the cingulate motor area

(Vogt, 2016), it is of interest that this provides an output for Group

2 posterior cingulate and medial parietal region 7m, and has in addi-

tion very different effective connectivity to the adjoining posterior

cingulate cortex (Figures 2, 3, and 7). The hypothesis is that the mid-

cingulate region provides a route for the reward-related representa-

tions in the medial orbitofrontal cortex and aversive and non-reward

representations in the lateral orbitofrontal cortex (Grabenhorst &

Rolls, 2011), connecting via the pregenual and then supracallosal ante-

rior cingulate cortex to the MCC, to produce limb responses via

somato-premotor cortical areas such as areas 6 and 5 and more gen-

erally to provide an output route for action-outcome learning

(Figure 7; Rolls, 2022a; Rolls et al., 2022e). Limb responses of limb

withdrawal, or flight, or fight, are appropriate behaviors to especially

aversive/unpleasant stimuli (Rolls et al., 2022e) which are represented

in the lateral orbitofrontal cortex and supracallosal (supragenual) ante-

rior cingulate cortex (Grabenhorst & Rolls, 2011; Rolls, 2019a;

Rolls, 2019c). The effective connectivities shown in Figure 7 for the

MCC support this hypothesis, which is further based on the effective

connectivities shown in Figures 2 and 3. More generally, the MCC can

be seen with its connectivity described here as connecting anterior

cingulate cortex regions involved in action-outcome learning to action

output premotor cortical regions (Noonan et al., 2011; Rolls, 2022a;

Rolls et al., 2022e; Rushworth et al., 2012).
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4.7 | Effective connectivity, functional
connectivity, and diffusion tractography

These different measures complement each other in the research

described here.

The effective connectivity algorithm used here is a non-linear

algorithm, and retains only effective connectivities that enable the

effective connectivity matrix to maximize the correlation of the func-

tional connectivity at time t and t + tau that it generates by simulation

with the empirical functional connectivity measured at time t and t +-

tau. The algorithm, therefore, leaves many links in the effective con-

nectivity matrix at zero. Because of the measurements at time t and

the delayed t + tau, the strength of the connectivity can be measured

in each direction. For some links, the effective connectivity can be

zero in one direction and strong in the reverse direction, though in

many cases, given the computational design of the neocortex

(Rolls, 2016; Rolls, 2021a), there is often some connectivity in both

directions. Effective connectivity can be described as measuring

causal effects, as it utilizes time delays (Rolls, 2021d). One point to

consider is the extent to which the Hopf effective connectivity algo-

rithm when applied to the brain provides evidence that is selective for

one link between two brain regions. If the system was linear and con-

sisted of a simple series of connected stages, then the effective con-

nectivity would be the same for all stages. But in practice, the brain is

a non-linear system, and each stage has many inputs from different

brain regions and many outputs to different brain regions, so the

effective connectivity measured between any pair of brain regions

may reflect mainly the effective connectivity between that pair of

brain regions. In practice, the effective connectivity measured

between one pair of brain regions is relatively selective for that stage,

with evidence for this provided elsewhere (Rolls et al., 2022d).

The functional connectivity (Figure 5) is in contrast a linear mea-

sure (the Pearson correlation across time between the BOLD signals

in two brain regions) and can provide evidence that may relate to

interactions between brain regions, and indirect effects relating to

common input, while providing no evidence about causal direction-

specific effects. A high-functional connectivity may in this scenario

thus reflect strong physiological interactions between areas, and pro-

vides a different type of evidence for effective connectivity. The

effective connectivity is non-linearly related to the functional connec-

tivity, with effective connectivities being identified (i.e., >0) only for

the links with relatively high functional connectivity. The functional

connectivities range from close to 1.0 to �0.33 and with a threshold

of 0.4 reveal somewhat more links than the effective connectivity,

partly perhaps because they can reflect common input to two regions

rather than causal connectivity between regions, and partly because

the threshold has been set to reveal effects known in the literature

but not reflected in the effective connectivity. The functional connec-

tivities are useful as a check on the effective connectivities, but of

course do not measure causal effects.

The diffusion tractography (Figure 6) provides no evidence on the

direction or causality of connections, and is useful as it can provide

some evidence on what in the effective connectivity may reflect a

direct connection, and what does not. However, limitations of the dif-

fusion tractography are that it cannot follow streamlines within the

gray matter so the exact site of termination is not perfectly provided;

and the tractography does not follow long connections well, with for

example almost none of the contralateral connectivity shown with

tractography that is revealed by the effective connectivity in

Figures S2 and S3; and may thus overemphasize connections between

close cortical regions. Nevertheless, the diffusion tractography is a

useful complement to the effective connectivity, especially where it

provides evidence where an effective connectivity link may be medi-

ated by a direct connection. On the other hand, the effective connec-

tivity and functional connectivity are useful complements to the

tractography by helping to exclude false positives in the tract-

following in the tractography, as has been examined for the human

hippocampal connectome (Huang et al., 2021; Ma et al., 2022; Rolls

et al., 2022f).

5 | CONCLUSIONS

The effective connectivity analyses described here, complemented by

functional connectivity and diffusion tractography in the same HCP

participants (Glasser, Smith, et al., 2016b), and the use of the HCP-

MMP1 (Glasser, Coalson, et al., 2016a)/HCPex (Huang et al., 2022)

atlases, provide unprecedented insight into the connectivity of the

human posterior cingulate cortex and related RSC and medial parietal

regions in the Posterior Cingulate Division of the HCP-MMP1 atlas,

and provide a framework that should be very useful when it is com-

bined in future with neuroimaging activation studies using the same

atlases. Already the main groupings evident in the connectivity of the

posterior cingulate cortex, RSC and medial parietal 7m have provided

new insights into the functions of the different groups in memory,

and in spatial functions relevant to memory and navigation. A feature

of the connectivity of the Posterior Cingulate Division is its close rela-

tion to inferior temporal lobe visual cortical processing areas, at the

top of the visual stream hierarchy for the Group 1 regions (likely to

provide invariant representations of objects and people; Rolls, 2021c),

and to spatially relevant visual information for the Group 2 and Group

3 regions from lower in visual sensory processing from areas relating

to the parahippocampal TH region in which information about spatial

scenes is represented (Epstein & Baker, 2019; Epstein & Julian, 2013;

Natu et al., 2021; Sulpizio et al., 2020). The human Posterior Cingulate

Division can thus be seen to provide important components of inputs

to the hippocampus for episodic memory, namely visual “what” repre-
sentations of objects and people (Rolls et al., 2005; Sliwa et al., 2016)

and visual “where” representations by spatial view neurons (Georges-

François et al., 1999; Robertson et al., 1998; Rolls, 2022b; Rolls

et al., 1997, 1998; Rolls & Wirth, 2018; Rolls & Xiang, 2006; Wirth

et al., 2017) that can be combined by single neurons during rapid epi-

sodic learning of “what”–“where” representations (Rolls et al., 2005;

Rolls & Xiang, 2006). The Posterior Cingulate Division goes beyond

that, by also receiving from reward-related (hence emotion-related)

brain regions such as the pregenual anterior cingulate cortex and
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vmPFC (Figure 8), which provide important parts of episodic memo-

ries (Rolls, 2022a) and which can be associated rapidly with objects by

hippocampal neurons (Rolls & Xiang, 2005, 2006). The emphasis on

visual inputs about locations in viewed space by the primate (including

human; Tsitsiklis et al., 2020) hippocampus (Rolls, 2022b) goes beyond

what is mainly emphasized in the rodent hippocampus which is about

the place where the rodent is located (Hartley et al., 2014;

O'Keefe, 1979; O'Keefe & Dostrovsky, 1971), and indeed the rodent

is thought not to have the posterior cingulate cortex that consists of

Brodmann areas 23 and 31 (Vogt, 2009; Vogt & Laureys, 2009).

ACKNOWLEDGMENTS

The neuroimaging data were provided by the Human Connectome

Project, WU-Minn Consortium (Principal Investigators: David Van

Essen and Kamil Ugurbil; 1U54MH091657) funded by the 16 NIH

Institutes and Centers that support the NIH Blueprint for Neurosci-

ence Research; and by the McDonnell Center for Systems Neurosci-

ence at Washington University. Dr Wei Cheng and Shitong Xiang of

ISTBI, Fudan University, Shanghai are thanked for parcellating the

data into HCP-MMP1 surface-based space (Glasser, Coalson, et al.,

2016) and reordering it into HCPex order (Huang et al., 2022). Roscoe

Hunter of the University of Warwick is thanked for contributing to

the description in the Supplementary Material of the Hopf effective

connectivity algorithm.

FUNDING INFORMATION

The research was supported by the following grants to Professor

J. Feng: National Key R&D Program of China (No. 2019YFA0709502);

111 Project (No. B18015); Shanghai Municipal Science and Technol-

ogy Major Project, ZJLab, and Shanghai Center for Brain Science and

Brain-Inspired Technology (No. 2018SHZDZX01); and National Key

R&D Program of China (No. 2018YFC1312904). G.D. is supported by

a Spanish National Research Project funded by the Spanish Ministry

of Science, Innovation and Universities (MCIU), State Research

Agency (AEI) (ref. PID2019-105772GB-I00 MCIU AEI); HBP SGA3

Human Brain Project Specific Grant Agreement 3 (grant agreement

no. 945539), funded by the EU H2020 FET Flagship programme; SGR

Research Support Group Support (ref. 2017 SGR 1545), funded by

the Catalan Agency for Management of University and Research

Grants (AGAUR); Neurotwin Digital twins for model-driven non-

invasive electrical brain stimulation (grant agreement ID: 101017716)

funded by the EU H2020 FET Proactive Programme; euSNN

European School of Network Neuroscience (grant agreement ID:

860563) funded by the EU H2020 MSCA-ITN Innovative Training

Networks; CECH The Emerging Human Brain Cluster (Id. 001-P-

001682) within the framework of the European Research Develop-

ment Fund Operational Program of Catalonia 2014–2020; Brain-Con-

nects: Brain Connectivity during Stroke Recovery and Rehabilitation

(id. 201725.33) funded by the Fundacio La Marato TV3; Corticity,

FLAG ERA JTC 2017, (ref. PCI2018-092891) funded by the Spanish

Ministry of Science, Innovation and Universities (MCIU), State

Research Agency (AEI). The funding agencies played no role in the

study design; in the collection, analysis, and interpretation of data; in

the writing of the report; or in the decision to submit the article for

publication.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data are available at the HCP website http://www.

humanconnectome.org/. Code for the Hopf effective connectivity

algorithm is available at https://github.com/decolab/Effective-

Connectivity–Hopf.

ORCID

Edmund T. Rolls https://orcid.org/0000-0003-3025-1292

REFERENCES

Andersen, R. A. (1995). Encoding of intention and spatial location in the

posterior parietal cortex. Cerebral Cortex, 5, 457–469.
Arcaro, M. J., & Livingstone, M. S. (2021). On the relationship between

maps and domains in inferotemporal cortex. Nature Reviews. Neurosci-

ence, 22, 573–583.
Auger, S. D., Mullally, S. L., & Maguire, E. A. (2012). Retrosplenial cortex

codes for permanent landmarks. PLoS One, 7, e43620.

Avila, E., Lakshminarasimhan, K. J., DeAngelis, G. C., & Angelaki, D. E.

(2019). Visual and vestibular selectivity for self-motion in macaque

posterior parietal area 7a. Cerebral Cortex, 29, 3932–3947.
Bajaj, S., Adhikari, B. M., Friston, K. J., & Dhamala, M. (2016). Bridging the

gap: Dynamic causal modeling and granger causality analysis of resting

state functional magnetic resonance imaging. Brain Connectivity, 6,

652–661.
Baker, C. M., Burks, J. D., Briggs, R. G., Conner, A. K., Glenn, C. A.,

Manohar, K., Milton, C. K., Sali, G., McCoy, T. M., Battiste, J. D.,

O'Donoghue, D. L., & Sughrue, M. E. (2018). A connectomic atlas of

the human cerebrum-chapter 8: The posterior cingulate cortex, medial

parietal lobe, and parieto-occipital sulcus. Operative Neurosurgery, 15,

S350–S371.
Bakola, S., Gamberini, M., Passarelli, L., Fattori, P., & Galletti, C. (2010).

Cortical connections of parietal field PEc in the macaque: Linking

vision and somatic sensation for the control of limb action. Cerebral

Cortex, 20, 2592–2604.
Battaglia-Mayer, A., & Caminiti, R. (2018). Parieto-frontal networks for

eye-hand coordination and movements. Handbook of Clinical Neurol-

ogy, 151, 499–524.
Baumann, O., & Mattingley, J. B. (2021). Extrahippocampal contributions

to spatial navigation in humans: A review of the neuroimaging evi-

dence. Hippocampus, 31, 640–657.
Bonner, M. F., & Price, A. R. (2013). Where is the anterior temporal

lobe and what does it do? The Journal of Neuroscience, 33, 4213–
4215.

Booth, M. C. A., & Rolls, E. T. (1998). View-invariant representations of

familiar objects by neurons in the inferior temporal visual cortex. Cere-

bral Cortex, 8, 510–523.
Bremmer, F., Duhamel, J. R., Ben Hamed, S., & Graf, W. (2000). Stages of

self-motion processing in primate posterior parietal cortex. Interna-

tional Review of Neurobiology, 44, 173–198.
Bubb, E. J., Kinnavane, L., & Aggleton, J. P. (2017). Hippocampal–dience-

phalic–cingulate networks for memory and emotion: An anatomical

guide. Brain and Neuroscience Advances, 1, 1–20.
Buckner, R. L., & DiNicola, L. M. (2019). The brain's default network:

Updated anatomy, physiology and evolving insights. Nature Reviews.

Neuroscience, 20, 593–608.

22 ROLLS ET AL.

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.humanconnectome.org/
http://www.humanconnectome.org/
https://github.com/decolab/Effective%E2%80%90Connectivity%E2%80%90%E2%80%90Hopf
https://github.com/decolab/Effective%E2%80%90Connectivity%E2%80%90%E2%80%90Hopf
https://orcid.org/0000-0003-3025-1292
https://orcid.org/0000-0003-3025-1292


Burles, F., Umilta, A., McFarlane, L. H., Potocki, K., & Iaria, G. (2018). Ven-

tral-dorsal functional contribution of the posterior cingulate cortex in

human spatial orientation: A meta-analysis. Frontiers in Human Neuro-

science, 12, 190.

Bush, G., Luu, P., & Posner, M. I. (2000). Cognitive and emotional influ-

ences in anterior cingulate cortex. Trends in Cognitive Sciences, 4,

215–222.
Caspers, S., Eickhoff, S. B., Geyer, S., Scheperjans, F., Mohlberg, H.,

Zilles, K., & Amunts, K. (2008). The human inferior parietal lobule in

stereotaxic space. Brain Structure & Function, 212, 481–495.
Cavanna, A. E., & Trimble, M. R. (2006). The precuneus: A review of its

functional anatomy and behavioural correlates. Brain, 129, 564–583.
Cheng, W., Rolls, E. T., Qiu, J., Yang, D., Ruan, H., Wei, D., Zhao, L.,

Meng, J., Xie, P., & Feng, J. (2018). Functional connectivity of the pre-

cuneus in unmedicated patients with depression. Biological Psychiatry:

Cognitive Neuroscience and Neuroimaging, 3, 1040–1049.
Chrastil, E. R., Tobyne, S. M., Nauer, R. K., Chang, A. E., & Stern, C. E.

(2018). Converging meta-analytic and connectomic evidence for func-

tional subregions within the human retrosplenial region. Behavioral

Neuroscience, 132, 339–355.
Colclough, G. L., Smith, S. M., Nichols, T. E., Winkler, A. M.,

Sotiropoulos, S. N., Glasser, M. F., van Essen, D. C., & Woolrich, M. W.

(2017). The heritability of multi-modal connectivity in human brain

activity. eLife, 6, e20178.

Collins, J. A., & Olson, I. R. (2014). Beyond the FFA: The role of the ventral

anterior temporal lobes in face processing. Neuropsychologia, 61,

65–79.
Coslett, H. B., & Schwartz, M. F. (2018). The parietal lobe and language.

Handbook of Clinical Neurology, 151, 365–375.
Cullen, K. E. (2019). Vestibular processing during natural self-motion:

Implications for perception and action. Nature Reviews. Neuroscience,

20, 346–363.
Dastjerdi, M., Foster, B. L., Nasrullah, S., Rauschecker, A. M.,

Dougherty, R. F., Townsend, J. D., Chang, C., Greicius, M. D.,

Menon, V., Kennedy, D. P., & Parvizi, J. (2011). Differential electro-

physiological response during rest, self-referential, and non-self-

referential tasks in human posteromedial cortex. Proceedings of the

National Academy of Sciences of the United States of America, 108,

3023–3028.
Davis, S. W., Wing, E. A., & Cabeza, R. (2018). Contributions of the ventral

parietal cortex to declarative memory. Handbook of Clinical Neurology,

151, 525–553.
Dean, H. L., & Platt, M. L. (2006). Allocentric spatial referencing of neuro-

nal activity in macaque posterior cingulate cortex. The Journal of Neu-

roscience, 26, 1117–1127.
Deco, G., & Rolls, E. T. (2005). Attention, short-term memory, and action

selection: A unifying theory. Progress in Neurobiology, 76, 236–256.
Deco, G., Cabral, J., Woolrich, M. W., Stevner, A. B. A., van

Hartevelt, T. J., & Kringelbach, M. L. (2017a). Single or multiple fre-

quency generators in on-going brain activity: A mechanistic whole-

brain model of empirical MEG data. NeuroImage, 152, 538–550.
Deco, G., Kringelbach, M. L., Jirsa, V. K., & Ritter, P. (2017b). The dynamics

of resting fluctuations in the brain: Metastability and its dynamical cor-

tical core. Scientific Reports, 7, 3095.

Deco, G., Cruzat, J., Cabral, J., Tagliazucchi, E., Laufs, H.,

Logothetis, N. K., & Kringelbach, M. L. (2019). Awakening: Predicting

external stimulation to force transitions between different brain

states. Proceedings of the National Academy of Sciences, 116, 18088–
18097.

Delle Monache, S., Indovina, I., Zago, M., Daprati, E., Lacquaniti, F., &

Bosco, G. (2021). Watching the effects of gravity. Vestibular cortex

and the neural representation of “visual” gravity. Frontiers in Integra-

tive Neuroscience, 15, 793634.

Dere, E., Easton, A., Nadel, L., & Huston, J. P. (Eds.). (2008). Handbook of

episodic memory. Elsevier.

Dhollander, T., Raffelt, D., & Connelly, A. (2016) Unsupervised 3-tissue

response function estimation from single-shell or multi-shell diffusion

MR data without a co-registered T1 image. ISMRM Workshop on

Breaking the Barriers of Diffusion MRI, 5.

DiNicola, L. M., Braga, R. M., & Buckner, R. L. (2020). Parallel distributed

networks dissociate episodic and social functions within the individual.

Journal of Neurophysiology, 123, 1144–1179.
Duhamel, J. R., Bremmer, F., Ben Hamed, S., & Graf, W. (1997). Spatial

invariance of visual receptive fields in parietal cortex neurons. Nature,

389, 845–848.
Eichenbaum, H. (2017). On the integration of space, time, and memory.

Neuron, 95, 1007–1018.
Ekstrom, A. D., Huffman, D. J., & Starrett, M. (2017). Interacting networks

of brain regions underlie human spatial navigation: A review and novel

synthesis of the literature. Journal of Neurophysiology, 118, 3328–
3344.

Ekstrom, A. D., & Ranganath, C. (2018). Space, time, and episodic memory:

The hippocampus is all over the cognitive map. Hippocampus, 28,

680–687.
Epstein, R., & Kanwisher, N. (1998). A cortical representation of the local

visual environment. Nature, 392, 598–601.
Epstein, R. (2005). The cortical basis of visual scene processing. Visual Cog-

nition, 12, 954–978.
Epstein, R. A. (2008). Parahippocampal and retrosplenial contributions to

human spatial navigation. Trends in Cognitive Sciences, 12, 388–396.
Epstein, R. A., & Julian, J. B. (2013). Scene areas in humans and macaques.

Neuron, 79, 615–617.
Epstein, R. A., & Baker, C. I. (2019). Scene perception in the human brain.

Annual Review of Vision Science, 5, 373–397.
Fattori, P., Breveglieri, R., Bosco, A., Gamberini, M., & Galletti, C. (2017).

Vision for prehension in the medial parietal cortex. Cerebral Cortex, 27,

1149–1163.
Finzi, D., Gomez, J., Nordt, M., Rezai, A. A., Poltoratski, S., & Grill-

Spector, K. (2021). Differential spatial computations in ventral and lat-

eral face-selective regions are scaffolded by structural connections.

Nature Communications, 12, 2278.

Foster, B. L., Dastjerdi, M., & Parvizi, J. (2012). Neural populations in

human posteromedial cortex display opposing responses during mem-

ory and numerical processing. Proceedings of the National Academy of

Sciences of the United States of America, 109, 15514–15519.
Foster, B. L., Kaveh, A., Dastjerdi, M., Miller, K. J., & Parvizi, J. (2013).

Human retrosplenial cortex displays transient theta phase locking

with medial temporal cortex prior to activation during autobiograph-

ical memory retrieval. The Journal of Neuroscience, 33, 10439–
10446.

Fox, K. C. R., Foster, B. L., Kucyi, A., Daitch, A. L., & Parvizi, J. (2018). Intra-

cranial electrophysiology of the human default network. Trends in Cog-

nitive Sciences, 22, 307–324.
Frassle, S., Lomakina, E. I., Razi, A., Friston, K. J., Buhmann, J. M., &

Stephan, K. E. (2017). Regression DCM for fMRI. NeuroImage, 155,

406–421.
Freiwald, W. A. (2020). The neural mechanisms of face processing: Cells,

areas, networks, and models. Current Opinion in Neurobiology, 60,

184–191.
Freton, M., Lemogne, C., Bergouignan, L., Delaveau, P., Lehericy, S., &

Fossati, P. (2014). The eye of the self: Precuneus volume and visual

perspective during autobiographical memory retrieval. Brain Structure &

Function, 219, 959–968.
Freyer, F., Roberts, J. A., Becker, R., Robinson, P. A., Ritter, P., &

Breakspear, M. (2011). Biophysical mechanisms of multistability in

resting-state cortical rhythms. The Journal of Neuroscience, 31, 6353–
6361.

Freyer, F., Roberts, J. A., Ritter, P., & Breakspear, M. (2012). A canonical

model of multistability and scale-invariance in biological systems. PLoS

Computational Biology, 8, e1002634.

ROLLS ET AL. 23

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Friston, K. (2009). Causal modelling and brain connectivity in functional

magnetic resonance imaging. PLoS Biology, 7, e33.

Froesel, M., Cappe, C., & Ben Hamed, S. (2021). A multisensory perspec-

tive onto primate pulvinar functions. Neuroscience and Biobehavioral

Reviews, 125, 231–243.
Galletti, C., Battaglini, P. P., & Fattori, P. (1993). Parietal neurons encoding

spatial locations in craniotopic coordinates. Experimental Brain

Research, 96, 221–229.
Gamberini, M., Dal Bo, G., Breveglieri, R., Briganti, S., Passarelli, L.,

Fattori, P., & Galletti, C. (2018). Sensory properties of the caudal

aspect of the macaque's superior parietal lobule. Brain Structure &

Function, 223, 1863–1879.
Gamberini, M., Passarelli, L., Fattori, P., & Galletti, C. (2020). Structural

connectivity and functional properties of the macaque superior parie-

tal lobule. Brain Structure & Function, 225, 1349–1367.
Gamberini, M., Passarelli, L., Filippini, M., Fattori, P., & Galletti, C. (2021).

Vision for action: Thalamic and cortical inputs to the macaque superior

parietal lobule. Brain Structure & Function, 226, 2951–2966.
Georges-François, P., Rolls, E. T., & Robertson, R. G. (1999). Spatial view

cells in the primate hippocampus: Allocentric view not head direction

or eye position or place. Cerebral Cortex, 9, 197–212.
Germann, J., & Petrides, M. (2020). The ventral part of dorsolateral frontal

area 8A regulates visual attentional selection and the dorsal part audi-

tory attentional selection. Neuroscience, 441, 209–216.
Gilbert, S. J., & Burgess, P. W. (2008). Executive function. Current Biology,

18, R110–R114.
Gilson, M., Moreno-Bote, R., Ponce-Alvarez, A., Ritter, P., & Deco, G.

(2016). Estimation of directed effective connectivity from fMRI func-

tional connectivity hints at asymmetries in the cortical connectome.

PLoS Computational Biology, 12, e1004762.

Glasser, M. F., Sotiropoulos, S. N., Wilson, J. A., Coalson, T. S., Fischl, B.,

Andersson, J. L., Xu, J., Jbabdi, S., Webster, M., Polimeni, J. R., Van

Essen, D. C., Jenkinson, M., & WU-Minn HCP Consortium. (2013). The

minimal preprocessing pipelines for the human connectome project.

NeuroImage, 80, 105–124.
Glasser, M. F., Coalson, T. S., Robinson, E. C., Hacker, C. D., Harwell, J.,

Yacoub, E., Ugurbil, K., Andersson, J., Beckmann, C. F., Jenkinson, M.,

Smith, S. M., & Van Essen, D. C. (2016a). A multi-modal parcellation of

human cerebral cortex. Nature, 536, 171–178.
Glasser, M. F., Smith, S. M., Marcus, D. S., Andersson, J. L., Auerbach, E. J.,

Behrens, T. E., Coalson, T. S., Harms, M. P., Jenkinson, M., Moeller, S.,

Robinson, E. C., Sotiropoulos, S. N., Xu, J., Yacoub, E., Ugurbil, K., &

Van Essen, D. C. (2016b). The Human Connectome Project's neuroim-

aging approach. Nature Neuroscience, 19, 1175–1187.
Grabenhorst, F., & Rolls, E. T. (2011). Value, pleasure, and choice in the

ventral prefrontal cortex. Trends in Cognitive Sciences, 15, 56–67.
Griffanti, L., Salimi-Khorshidi, G., Beckmann, C. F., Auerbach, E. J.,

Douaud, G., Sexton, C. E., Zsoldos, E., Ebmeier, K. P., Filippini, N.,

Mackay, C. E., Moeller, S., Xu, J., Yacoub, E., Baselli, G., Ugurbil, K.,

Miller, K. L., & Smith, S. M. (2014). ICA-based artefact removal and

accelerated fMRI acquisition for improved resting state network imag-

ing. NeuroImage, 95, 232–247.
Hartley, T., Lever, C., Burgess, N., & O'Keefe, J. (2014). Space in the brain:

How the hippocampal formation supports spatial cognition. Philosophi-

cal Transactions of the Royal Society of London. Series B, Biological Sci-

ences, 369, 20120510.

Hasselmo, M. E., Rolls, E. T., & Baylis, G. C. (1989a). The role of expression

and identity in the face-selective responses of neurons in the temporal

visual cortex of the monkey. Behavioural Brain Research, 32, 203–218.
Hasselmo, M. E., Rolls, E. T., Baylis, G. C., & Nalwa, V. (1989b). Object-

centred encoding by face-selective neurons in the cortex in the supe-

rior temporal sulcus of the monkey. Experimental Brain Research, 75,

417–429.
Hasselmo, M. E., & Giocomo, L. M. (2006). Cholinergic modulation of corti-

cal function. Journal of Molecular Neuroscience, 30, 133–135.

Huang, C.-C., Rolls, E. T., Hsu, C.-C. H., Feng, J., & Lin, C.-P. (2021). Exten-

sive cortical connectivity of the human hippocampal memory system:

Beyond the "what" and "where" dual-stream model. Cerebral Cortex,

31, 4652–4669.
Huang, C. C., Rolls, E. T., Feng, J., & Lin, C. P. (2022). An extended Human

Connectome Project multimodal parcellation atlas of the human cortex

and subcortical areas. Brain Structure & Function, 227, 763–778.
Huang, R. S., & Sereno, M. I. (2018). Multisensory and sensorimotor maps.

Handbook of Clinical Neurology, 151, 141–161.
Jeurissen, B., Tournier, J. D., Dhollander, T., Connelly, A., & Sijbers, J.

(2014). Multi-tissue constrained spherical deconvolution for improved

analysis of multi-shell diffusion MRI data. NeuroImage, 103, 411–426.
Kamps, F. S., Julian, J. B., Kubilius, J., Kanwisher, N., & Dilks, D. D. (2016).

The occipital place area represents the local elements of scenes. Neu-

roImage, 132, 417–424.
Kanwisher, N., McDermott, J., & Chun, M. M. (1997). The fusiform face

area: A module in human extrastriate cortex specialized for face per-

ception. The Journal of Neuroscience, 17, 4302–4311.
Khalsa, S., Mayhew, S. D., Chechlacz, M., Bagary, M., & Bagshaw, A. P.

(2014). The structural and functional connectivity of the posterior cin-

gulate cortex: Comparison between deterministic and probabilistic

tractography for the investigation of structure-function relationships.

NeuroImage, 102(Pt 1), 118–127.
Kobayashi, Y., & Amaral, D. G. (2003). Macaque monkey retrosplenial cor-

tex: II Cortical afferents. Journal of Comparative Neurology, 466, 48–79.
Kobayashi, Y., & Amaral, D. G. (2007). Macaque monkey retrosplenial cortex:

III Cortical efferents. Journal of Comparative Neurology, 502, 810–833.
Kringelbach, M. L., & Rolls, E. T. (2003). Neural correlates of rapid reversal

learning in a simple model of human social interaction. NeuroImage, 20,

1371–1383.
Kringelbach, M. L., McIntosh, A. R., Ritter, P., Jirsa, V. K., & Deco, G.

(2015). The rediscovery of slowness: Exploring the timing of cognition.

Trends in Cognitive Sciences, 19, 616–628.
Kringelbach, M. L., & Deco, G. (2020). Brain states and transitions: Insights

from computational neuroscience. Cell Reports, 32, 108128.

Kropff, E., Carmichael, J. E., Moser, M. B., & Moser, E. I. (2015). Speed cells

in the medial entorhinal cortex. Nature, 523, 419–424.
Kuznetsov, Y. A. (2013). Elements of applied bifurcation theory. Springer Sci-

ence & Business Media.

Lee Masson, H., & Isik, L. (2021). Functional selectivity for social interac-

tion perception in the human superior temporal sulcus during natural

viewing. NeuroImage, 245, 118741.

Leech, R., & Sharp, D. J. (2014). The role of the posterior cingulate cortex

in cognition and disease. Brain, 137, 12–32.
Leech, R., & Smallwood, J. (2019). The posterior cingulate cortex: Insights

from structure and function. Handbook of Clinical Neurology, 166,

73–85.
Lehky, S. R., & Tanaka, K. (2016). Neural representation for object recogni-

tion in inferotemporal cortex. Current Opinion in Neurobiology, 37,

23–35.
Li, P., Shan, H., Liang, S., Nie, B., Duan, S., Huang, Q., Zhang, T., Sun, X.,

Feng, T., Ma, L., Shan, B., Li, D., & Liu, H. (2018). Structural and func-

tional brain network of human retrosplenial cortex. Neuroscience Let-

ters, 674, 24–29.
Liu, B., Tian, Q., & Gu, Y. (2021). Robust vestibular self-motion signals in

macaque posterior cingulate region. eLife, 10, e64569.

Ma, Q., Rolls, E. T., Huang, C.-C., Cheng, W., & Feng, J. (2022). Extensive

cortical functional connectivity of the human hippocampal memory

system. Cortex, 147, 83–101.
Mao, D., Avila, E., Caziot, B., Laurens, J., Dickman, J. D., & Angelaki, D. E.

(2021). Spatial modulation of hippocampal activity in freely moving

macaques. Neuron, 109, 3521–3534.
Markov, N. T., Ercsey-Ravasz, M., Van Essen, D. C., Knoblauch, K.,

Toroczkai, Z., & Kennedy, H. (2013). Cortical high-density counter-

stream architectures. Science, 342, 1238406.

24 ROLLS ET AL.

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Markov, N. T., Vezoli, J., Chameau, P., Falchier, A., Quilodran, R.,

Huissoud, C., Lamy, C., Misery, P., Giroud, P., Ullman, S., Barone, P.,

Dehay, C., Knoblauch, K., & Kennedy, H. (2014). Anatomy of hierarchy:

Feedforward and feedback pathways in macaque visual cortex. The

Journal of Comparative Neurology, 522, 225–259.
McCoy, A. N., & Platt, M. L. (2005). Risk-sensitive neurons in macaque

posterior cingulate cortex. Nature Neuroscience, 8, 1220–1227.
Moscovitch, M., Cabeza, R., Winocur, G., & Nadel, L. (2016). Episodic

memory and beyond: The hippocampus and neocortex in transforma-

tion. Annual Review of Psychology, 67, 105–134.
Natu, V. S., Arcaro, M. J., Barnett, M. A., Gomez, J., Livingstone, M., Grill-

Spector, K., & Weiner, K. S. (2021). Sulcal depth in the medial ventral

temporal cortex predicts the location of a place-selective region in

macaques, children, and adults. Cerebral Cortex, 31, 48–61.
Noonan, M. P., Mars, R. B., & Rushworth, M. F. (2011). Distinct roles of

three frontal cortical areas in reward-guided behavior. The Journal of

Neuroscience, 31, 14399–14412.
O'Doherty, J., Kringelbach, M. L., Rolls, E. T., Hornak, J., & Andrews, C.

(2001). Abstract reward and punishment representations in the human

orbitofrontal cortex. Nature Neuroscience, 4, 95–102.
O'Keefe, J., & Dostrovsky, J. (1971). The hippocampus as a spatial map:

Preliminary evidence from unit activity in the freely moving rat. Brain

Research, 34, 171–175.
O'Keefe, J. (1979). A review of the hippocampal place cells. Progress in

Neurobiology, 13, 419–439.
O'Mara, S. M., Rolls, E. T., Berthoz, A., & Kesner, R. P. (1994). Neurons

responding to whole-body motion in the primate hippocampus. The

Journal of Neuroscience, 14, 6511–6523.
Orban, G. A., Sepe, A., & Bonini, L. (2021). Parietal maps of visual signals

for bodily action planning. Brain Structure & Function, 226, 2967–
2988.

Pandya, D. N., Seltzer, B., Petrides, M., & Cipolloni, P. B. (2015). Cerebral

cortex: Architecture, connections, and the dual origin concept. Oxford

University Press.

Papagno, C. (2018). Memory deficits. Handbook of Clinical Neurology, Parie-

tal Cortex, 151, 377–393.
Passingham, R. E. (2021). Understanding the prefrontal cortex: Selective

advantage, connectivity and neural operations. Oxford University Press.

Patel, G. H., Sestieri, C., & Corbetta, M. (2019). The evolution of the tem-

poroparietal junction and posterior superior temporal sulcus. Cortex,

118, 38–50.
Pearson, J. M., Heilbronner, S. R., Barack, D. L., Hayden, B. Y., &

Platt, M. L. (2011). Posterior cingulate cortex: Adapting behavior to a

changing world. Trends in Cognitive Sciences, 15, 143–151.
Perrett, D. I., Rolls, E. T., & Caan, W. (1982). Visual neurons responsive to

faces in the monkey temporal cortex. Experimental Brain Research, 47,

329–342.
Persichetti, A. S., & Dilks, D. D. (2019). Distinct representations of spatial

and categorical relationships across human scene-selective cortex. Pro-

ceedings of the National Academy of Sciences of the United States of

America, 116, 21312–21317.
Pitzalis, S., Sereno, M. I., Committeri, G., Fattori, P., Galati, G., Tosoni, A., &

Galletti, C. (2013). The human homologue of macaque area V6A. Neu-

roImage, 82, 517–530.
Pitzalis, S., Serra, C., Sulpizio, V., Di Marco, S., Fattori, P., Galati, G., &

Galletti, C. (2019). A putative human homologue of the macaque area

PEc. NeuroImage, 202, 116092.

Ponce-Alvarez, A., Deco, G., Hagmann, P., Romani, G. L., Mantini, D., &

Corbetta, M. (2015). Resting-state temporal synchronization networks

emerge from connectivity topology and heterogeneity. PLoS Computa-

tional Biology, 11, e1004100.

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A.,

Church, J. A., Vogel, A. C., Laumann, T. O., Miezin, F. M.,

Schlaggar, B. L., & Petersen, S. E. (2011). Functional network organiza-

tion of the human brain. Neuron, 72, 665–678.

Price, A. R., Bonner, M. F., Peelle, J. E., & Grossman, M. (2015). Converging

evidence for the neuroanatomic basis of combinatorial semantics in

the angular gyrus. The Journal of Neuroscience, 35, 3276–3284.
Quesque, F., & Brass, M. (2019). The role of the TemporoParietal junction

in self-other distinction. Brain Topography, 32, 943–955.
Raffi, M., Maioli, M. G., & Squatrito, S. (2011). Optic flow direction coding

in area PEc of the behaving monkey. Neuroscience, 194, 136–149.
Razi, A., Seghier, M. L., Zhou, Y., McColgan, P., Zeidman, P., Park, H. J.,

Sporns, O., Rees, G., & Friston, K. J. (2017). Large-scale DCMs for

resting-state fMRI. Network Neuroscience, 1, 222–241.
Rizzolatti, G., & Rozzi, S. (2018). The mirror mechanism in the parietal lobe.

Handbook of Clinical Neurology, 151, 555–573.
Robertson, R. G., Rolls, E. T., & Georges-François, P. (1998). Spatial view

cells in the primate hippocampus: Effects of removal of view details.

Journal of Neurophysiology, 79, 1145–1156.
Rolls, E. T., & Treves, A. (1994). Neural networks in the brain involved in

memory and recall. Progress in Brain Research, 102, 335–341.
Rolls, E. T., Robertson, R. G., & Georges-François, P. (1997). Spatial view

cells in the primate hippocampus. The European Journal of Neurosci-

ence, 9, 1789–1794.
Rolls, E. T., Treves, A., Robertson, R. G., Georges-François, P., & Panzeri, S.

(1998). Information about spatial view in an ensemble of primate hip-

pocampal cells. Journal of Neurophysiology, 79, 1797–1813.
Rolls, E. T., Kringelbach, M. L., & de Araujo, I. E. T. (2003). Different repre-

sentations of pleasant and unpleasant odors in the human brain. The

European Journal of Neuroscience, 18, 695–703.
Rolls, E. T., & Xiang, J.-Z. (2005). Reward-spatial view representations and

learning in the hippocampus. The Journal of Neuroscience, 25, 6167–
6174.

Rolls, E. T., Xiang, J.-Z., & Franco, L. (2005). Object, space and object-space

representations in the primate hippocampus. Journal of Neurophysiol-

ogy, 94, 833–844.
Rolls, E. T., & Xiang, J.-Z. (2006). Spatial view cells in the primate hippo-

campus, and memory recall. Reviews in the Neurosciences, 17,

175–200.
Rolls, E. T., & Treves, A. (2011). The neuronal encoding of information in

the brain. Progress in Neurobiology, 95, 448–490.
Rolls, E. T., & Deco, G. (2015). Stochastic cortical neurodynamics underly-

ing the memory and cognitive changes in aging. Neurobiology of Learn-

ing and Memory, 118, 150–161.
Rolls, E. T. (2016). Cerebral cortex: Principles of operation. Oxford University

Press.

Rolls, E. T. (2018). The storage and recall of memories in the hippocampo-

cortical system. Cell and Tissue Research, 373, 577–604.
Rolls, E. T., & Wirth, S. (2018). Spatial representations in the primate hip-

pocampus, and their functions in memory and navigation. Progress in

Neurobiology, 171, 90–113.
Rolls, E. T. (2019a). The cingulate cortex and limbic systems for emotion,

action, and memory. Brain Structure & Function, 224, 3001–3018.
Rolls, E. T. (2019b). The cingulate cortex and limbic systems for action,

emotion, and memory. In B. A. Vogt (Ed.), Handbook of clinical neurol-

ogy: Cingulate cortex (pp. 23–37). Elsevier.
Rolls, E. T. (2019c). The orbitofrontal cortex. Oxford University Press.

Rolls, E. T., & Mills, P. (2019). The generation of time in the hippocampal

memory system. Cell Reports, 28, 1649–1658.
Rolls, E. T. (2020). Spatial coordinate transforms linking the allocentric hip-

pocampal and egocentric parietal primate brain systems for memory,

action in space, and navigation. Hippocampus, 30, 332–353.
Rolls, E. T., Vatansever, D., Li, Y., Cheng, W., & Feng, J. (2020). Rapid rule-

based reward reversal and the lateral orbitofrontal cortex. Cerebral

Cortex Communications, 1. https://doi.org/10.1093/texcom/tgaa087

Rolls, E. T. (2021a). Brain computations: What and how. Oxford University

Press.

Rolls, E. T. (2021b). Neurons including hippocampal spatial view cells, and

navigation in primates including humans. Hippocampus, 31, 593–611.

ROLLS ET AL. 25

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/texcom/tgaa087


Rolls, E. T. (2021c). Learning invariant object and spatial view representa-

tions in the brain using slow unsupervised learning. Frontiers in Compu-

tational Neuroscience, 15, 686239.

Rolls, E. T. (2021d). Mind causality: A computational neuroscience

approach. Frontiers in Computational Neuroscience, 15, 70505.

Rolls, E. T. (2022a). The hippocampus, ventromedial prefrontal cortex,

and episodic and semantic memory. Progress in Neurobiology, 217,

102334.

Rolls, E. T. (2022b). Hippocampal spatial view cells for memory and naviga-

tion, and their underlying connectivity in humans. Hippocampus.

Advance online publication. https://doi.org/10.1002/HIPO.23467

Rolls, E. T., Deco, G., Huang, C.-C., & Feng, J. (2022a). The human posterior

parietal cortex: Effective connectome, and its relation to function.

Cerebral Cortex, bhac266. https://doi.org/10.1093/cercor/bhac266

Rolls, E. T., Deco, G., Huang, C.-C., & Feng, J. (2022b). The human language

effective connectome. NeuroImage, 258, 119352.

Rolls, E. T., Deco, G., Huang, C.-C., & Feng, J. (2022c). Prefrontal and

somatosensory-motor cortex effective connectivity in humans. Cere-

bral Cortex, bhac391. https://doi.org/10.1093/cercor/bhac391

Rolls, E. T., Deco, G., Huang, C.-C., & Feng, J. (2022d). Multiple cortical

visual streams in humans. Cerebral Cortex, bhac276. https://doi.org/

10.1093/cercor/bhac276

Rolls, E. T., Deco, G., Huang, C. C., & Feng, J. (2022e). The human orbito-

frontal cortex, vmPFC, and anterior cingulate cortex effective connec-

tome: Emotion, memory, and action. Cerebral Cortex, bhac070. https://

doi.org/10.1093/cercor/bhac070

Rolls, E. T., Deco, G., Huang, C. C., & Feng, J. (2022f). The effective con-

nectivity of the human hippocampal memory system. Cerebral Cortex,

32, 3706–3725.
Ronchi, R., Park, H. D., & Blanke, O. (2018). Bodily self-consciousness and

its disorders. Handbook of Clinical Neurology, 151, 313–330.
Rubinov, M., & Sporns, O. (2010). Complex network measures of brain

connectivity: Uses and interpretations. NeuroImage, 52, 1059–1069.
Rushworth, M. F., Kolling, N., Sallet, J., & Mars, R. B. (2012). Valuation and

decision-making in frontal cortex: One or many serial or parallel sys-

tems? Current Opinion in Neurobiology, 22, 946–955.
Salimi-Khorshidi, G., Douaud, G., Beckmann, C. F., Glasser, M. F.,

Griffanti, L., & Smith, S. M. (2014). Automatic denoising of functional

MRI data: Combining independent component analysis and hierarchi-

cal fusion of classifiers. NeuroImage, 90, 449–468.
Salinas, E., & Sejnowski, T. J. (2001). Gain modulation in the central ner-

vous system: Where behavior, neurophysiology, and computation

meet. The Neuroscientist, 7, 430–440.
Satterthwaite, T. D., Elliott, M. A., Gerraty, R. T., Ruparel, K., Loughead, J.,

Calkins, M. E., Eickhoff, S. B., Hakonarson, H., Gur, R. C., Gur, R. E., &

Wolf, D. H. (2013). An improved framework for confound regression

and filtering for control of motion artifact in the preprocessing of

resting-state functional connectivity data. NeuroImage, 64, 240–256.
Scheirer, J., Ray, W. S., & Hare, N. (1976). The analysis of ranked data

derived from completely randomized factorial designs. Biometrics, 32,

429–434.
Shallice, T., & Burgess, P. (1996). The domain of supervisory processes and

temporal organization of behaviour. Philosophical Transactions of the

Royal Society B: Biological Sciences, 351, 1405–1411.
Shallice, T., & Cipolotti, L. (2018). The prefrontal cortex and neurological

impairments of active thought. Annual Review of Psychology, 69,

157–180.
Sherrill, K. R., Chrastil, E. R., Ross, R. S., Erdem, U. M., Hasselmo, M. E., &

Stern, C. E. (2015). Functional connections between optic flow areas

and navigationally responsive brain regions during goal-directed navi-

gation. NeuroImage, 118, 386–396.
Sinha, N. (2022) Non-parametric alternative of 2-way ANOVA

(ScheirerRayHare) MATLAB Central File Exchange. https://www.

mathworks.com/matlabcentral/fileexchange/96399-non-parametric-

alternative-of-2-way-anova-scheirerrayhare.

Sliwa, J., Plante, A., Duhamel, J. R., & Wirth, S. (2016). Independent neuro-

nal representation of facial and vocal identity in the monkey hippo-

campus and inferotemporal cortex. Cerebral Cortex, 26, 950–966.
Smith, A. T., Beer, A. L., Furlan, M., & Mars, R. B. (2018). Connectivity of

the cingulate sulcus visual area (CSv) in the human cerebral cortex.

Cerebral Cortex, 28, 713–725.
Smith, A. T. (2021). Cortical visual area CSv as a cingulate motor area: A

sensorimotor interface for the control of locomotion. Brain Structure &

Function, 226, 2931–2950.
Smith, R. E., Tournier, J. D., Calamante, F., & Connelly, A. (2015). SIFT2:

Enabling dense quantitative assessment of brain white matter connec-

tivity using streamlines tractography. NeuroImage, 119, 338–351.
Smith, S. M. (2002). Fast robust automated brain extraction. Human Brain

Mapping, 17, 143–155.
Smith, S. M., Beckmann, C. F., Andersson, J., Auerbach, E. J.,

Bijsterbosch, J., Douaud, G., Duff, E., Feinberg, D. A., Griffanti, L.,

Harms, M. P., Kelly, M., Laumann, T., Miller, K. L., Moeller, S.,

Petersen, S., Power, J., Salimi-Khorshidi, G., Snyder, A. Z., Vu, A. T., …
WU-Minn HCP Consortium. (2013). Resting-state fMRI in the Human

Connectome Project. NeuroImage, 80, 144–168.
Snyder, L. H., Grieve, K. L., Brotchie, P., & Andersen, R. A. (1998). Separate

body- and world-referenced representations of visual space in parietal

cortex. Nature, 394, 887–891.
Sturm, V. E., Sollberger, M., Seeley, W. W., Rankin, K. P., Ascher, E. A.,

Rosen, H. J., Miller, B. L., & Levenson, R. W. (2013). Role of right preg-

enual anterior cingulate cortex in self-conscious emotional reactivity.

Social Cognitive and Affective Neuroscience, 8, 468–474.
Sulpizio, V., Galati, G., Fattori, P., Galletti, C., & Pitzalis, S. (2020). A com-

mon neural substrate for processing scenes and egomotion-

compatible visual motion. Brain Structure & Function, 225, 2091–2110.
Summerfield, J. J., Hassabis, D., & Maguire, E. A. (2009). Cortical midline

involvement in autobiographical memory. NeuroImage, 44, 1188–
1200.

Teghil, A., Bonavita, A., Guariglia, C., & Boccia, M. (2021). Commonalities

and specificities between environmental navigation and autobiograph-

ical memory: A synthesis and a theoretical perspective. Neuroscience

and Biobehavioral Reviews, 127, 928–945.
Treves, A., & Rolls, E. T. (1994). A computational analysis of the role of the

hippocampus in memory. Hippocampus, 4, 374–391.
Tsao, A., Sugar, J., Lu, L., Wang, C., Knierim, J. J., Moser, M. B., &

Moser, E. I. (2018). Integrating time from experience in the lateral

entorhinal cortex. Nature, 561, 57–62.
Tsitsiklis, M., Miller, J., Qasim, S. E., Inman, C. S., Gross, R. E., Willie, J. T.,

Smith, E. H., Sheth, S. A., Schevon, C. A., Sperling, M. R., Sharan, A.,

Stein, J. M., & Jacobs, J. (2020). Single-neuron representations of spa-

tial targets in humans. Current Biology, 30, 245–253.
Underwood, A. G., Guynn, M. J., & Cohen, A. L. (2015). The future orienta-

tion of past memory: The role of BA 10 in prospective and retrospec-

tive retrieval modes. Frontiers in Human Neuroscience, 9, 668.

Ungerleider, L. G., & Haxby, J. V. (1994). ‘What’ and ‘where’ in the human

brain. Current Opinion in Neurobiology, 4, 157–165.
Urgen, B. A., & Orban, G. A. (2021). The unique role of parietal cortex in

action observation: Functional organization for communicative and

manipulative actions. NeuroImage, 237, 118220.

Valdes-Sosa, P. A., Roebroeck, A., Daunizeau, J., & Friston, K. (2011).

Effective connectivity: Influence, causality and biophysical modeling.

NeuroImage, 58, 339–361.
van Essen, D. C., Smith, S. M., Barch, D. M., Behrens, T. E., Yacoub, E.,

Ugurbil, K., & WU-Minn HCP Consortium. (2013). The WU-Minn

human connectome project: An overview. NeuroImage, 80, 62–79.
van Essen, D. C., & Glasser, M. F. (2018). Parcellating cerebral cortex: How

invasive animal studies inform noninvasive mapmaking in humans.

Neuron, 99, 640–663.
van Heukelum, S., Mars, R. B., Guthrie, M., Buitelaar, J. K.,

Beckmann, C. F., Tiesinga, P. H. E., Vogt, B. A., Glennon, J. C., &

26 ROLLS ET AL.

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/HIPO.23467
https://doi.org/10.1093/cercor/bhac266
https://doi.org/10.1093/cercor/bhac391
https://doi.org/10.1093/cercor/bhac276
https://doi.org/10.1093/cercor/bhac276
https://doi.org/10.1093/cercor/bhac070
https://doi.org/10.1093/cercor/bhac070
https://www.mathworks.com/matlabcentral/fileexchange/96399-non-parametric-alternative-of-2-way-anova-scheirerrayhare
https://www.mathworks.com/matlabcentral/fileexchange/96399-non-parametric-alternative-of-2-way-anova-scheirerrayhare
https://www.mathworks.com/matlabcentral/fileexchange/96399-non-parametric-alternative-of-2-way-anova-scheirerrayhare


Havenith, M. N. (2020). Where is cingulate cortex? A cross-species

view. Trends in Neurosciences, 43, 285–299.
Vann, S. D., Aggleton, J. P., & Maguire, E. A. (2009). What does the retro-

splenial cortex do? Nature Reviews. Neuroscience, 10, 792–802.
Vedder, L. C., Miller, A. M. P., Harrison, M. B., & Smith, D. M. (2017). Ret-

rosplenial cortical neurons encode navigational cues, trajectories and

reward locations during goal directed navigation. Cerebral Cortex, 27,

3713–3723.
Vogt, B. A., Nimchinsky, E. A., Vogt, L. J., & Hof, P. R. (1995). Human cingu-

late cortex: Surface features, flat maps, and cytoarchitecture. The Jour-

nal of Comparative Neurology, 359, 490–506.
Vogt, B. A. (Ed.). (2009). Cingulate neurobiology and disease. Oxford Univer-

sity Press.

Vogt, B. A., & Laureys, S. (2009). The primate posterior cingulate gyrus:

Connections, sensorimotor orientation, gateway to limbic processing.

In B. A. Vogt (Ed.), Cingulate neurobiology and disease (pp. 275–308).
Oxford University Press.

Vogt, B. A., & Paxinos, G. (2014). Cytoarchitecture of mouse and rat cingu-

late cortex with human homologies. Brain Structure & Function, 219,

185–192.
Vogt, B. A. (2016). Midcingulate cortex: Structure, connections, homolo-

gies, functions and diseases. Journal of Chemical Neuroanatomy, 74,

28–46.
Vogt, B. A. (2019a). The cingulate cortex in neurologic diseases: History,

structure, overview. Handbook of Clinical Neurology, 166, 3–21.

Vogt, B. A. (Ed.). (2019b). Handbook of clinical neurology: Cingulate cortex

(3rd ed.). Elsevier.

Wirth, S., Baraduc, P., Plante, A., Pinede, S., & Duhamel, J. R. (2017). Gaze-

informed, task-situated representation of space in primate hippocam-

pus during virtual navigation. PLoS Biology, 15, e2001045.

Wurtz, R. H., & Duffy, C. J. (1992). Neuronal correlates of optic flow stimu-

lation. Annals of the New York Academy of Sciences, 656, 205–219.
Yokoyama, C., Autio, J. A., Ikeda, T., Sallet, J., Mars, R. B., Van Essen, D. C.,

Glasser, M. F., Sadato, N., & Hayashi, T. (2021). Comparative connec-

tomics of the primate social brain. NeuroImage, 245, 118693.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Rolls, E. T., Wirth, S., Deco, G., Huang,

C.-C., & Feng, J. (2022). The human posterior cingulate,

retrosplenial, and medial parietal cortex effective connectome,

and implications for memory and navigation. Human Brain

Mapping, 1–27. https://doi.org/10.1002/hbm.26089

ROLLS ET AL. 27

 10970193, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hbm

.26089 by T
est, W

iley O
nline L

ibrary on [17/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/hbm.26089

	The human posterior cingulate, retrosplenial, and medial parietal cortex effective connectome, and implications for memory ...
	1  INTRODUCTION
	2  METHODS
	2.1  Participants and data acquisition
	2.2  Data preprocessing
	2.3  Brain atlas and seed selection
	2.4  Measurement of effective connectivity
	2.5  Effective connectome
	2.6  Functional connectivity
	2.7  Connections shown with diffusion tractography

	3  RESULTS
	3.1  Effective connectivity, functional connectivity, and diffusion tractography
	3.2  Group 1, postero-ventral posterior cingulate division, regions 31pd, 31pv, 7m, d23ab, and v23ab
	3.3  Group 2, antero-dorsal posterior cingulate division regions 23d, 31a, PCV, and RSC, POS2, and POS1
	3.4  Group 3, DVT and ProS
	3.5  Midcingulate cortex, 23c, 24dd, and 24dv
	3.6  Effective connectivities of the posterior cingulate and medial parietal cortex with contralateral cortical regions
	3.7  Effective connectivities of the posterior cingulate and medial parietal cortex with subcortical regions
	3.8  Differences in effective connectivities of the right versus left hemisphere for the posterior cingulate cortex

	4  DISCUSSION
	4.1  Group 1, postero-ventral posterior cingulate and medial parietal regions 31pd, 31pv, d23ab, v23ab, and 7m, and their r...
	4.2  Group 2, antero-dorsal posterior cingulate division regions 23d, 31a, PCV; and RSC, POS2, and POS1; and their relation...
	4.3  Group 3, dorsal visual transitional area and ProS region
	4.4  Midcingulate cortex: 23c, 24dd, and 24dv
	4.5  Comparison with connections in non-human primates
	4.6  Anatomical-functional synthesis
	4.6.1  Group 1 (31pd, 31pv, d23ab, v23ab, and 7m)
	4.6.2  Group 2 (23d, 31a, PCV, and RSC, POS2, and POS1)
	4.6.3  Group 3 (ProS and DVT)
	4.6.4  Midcingulate cortex (23c, 24dd, and 24dv)

	4.7  Effective connectivity, functional connectivity, and diffusion tractography

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


