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ABSTRACT

The cortical connections of the human hippocampal memory system are fundamental
to understanding its operation in health and disease, especially in the context of the
great development of the human cortex. The functional connectivity of the human
hippocampal system was analyzed in 172 participants imaged at 7T in the Human
Connectome Project. The human hippocampus has high functional connectivity not
only with the entorhinal cortex, but also with areas that are more distant in the ventral
‘what’ stream including the perirhinal cortex and temporal cortical visual areas. Par-
ahippocampal gyrus TF in humans has connectivity with this ventral ‘what’ subsystem.
Correspondingly for the dorsal stream, the hippocampus has high functional connec-
tivity not only with the presubiculum, but also with areas more distant, the medial
parahippocampal cortex TH which includes the parahippocampal place or scene area,
the posterior cingulate including retrosplenial cortex, and the parietal cortex. Further,
there is considerable cross connectivity between the ventral and dorsal streams with
the hippocampus. The findings are supported by anatomical connections, which
together provide an unprecedented and quantitative overview of the extensive cortical
connectivity of the human hippocampal system that goes beyond hierarchically
organised and segregated pathways connecting the hippocampus and neocortex, and
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leads to new concepts on the operation of the hippocampal memory system in
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1. Introduction

The human hippocampus is essential for memory function,
with major disorders in at least forming new episodic and
semantic memory produced by damage to it (Clark et al., 2019;
Corkin, 2002; Maguire, Intraub, & Mullally, 2016). In addition, it
has been shown that a history of high blood pressure is
associated with reduced hippocampal functional connectivity
and impaired prospective memory (Feng, Rolls, Cheng, & Feng,
2020), so how the hippocampal system operates in the general
population is relevant for neuropsychology and clinical prac-
tice. To understand how the hippocampus is involved in
memory, and its disorders, we need to know its connections to
other brain areas, and especially with the neocortex (Aggleton,
2012; Rolls, 2018, 2021a). The connections of the hippocampus
provide major constraints on how this memory system oper-
ates computationally. If there are dual hierarchically organ-
ised segregated sets of connections to the hippocampus for
ventral stream ‘what’ information via the perirhinal cortex
and the lateral entorhinal cortex; and from dorsal, parietal
stream areas via the parahippocampal gyrus and medial en-
torhinal cortex (Burwell, 2000; Burwell, Witter, & Amaral, 1995;
Doan, Lagartos-Donate, Nilssen, Ohara, & Witter, 2019;
Knierim, Neunuebel, & Deshmukh, 2014; Suzuki & Amaral,
1994; Van Hoesen, 1982), then the hippocampus can be
viewed as linking the ‘what’ and ‘where’ streams for partic-
ular events so that we can associate together for example who
was present (‘what’), and where they were. This would make
the hierarchically organised pathways to and from the hip-
pocampus largely devoted at each stage to passing informa-
tion to the hippocampus for storage and back to the neocortex
for recall, with the appropriate convergence forwards towards
the hippocampus and divergence backwards at each stage
from the hippocampus (Treves & Rolls, 1994; Kesner & Rolls,
2015; Rolls, 2018, 2021a). A different possibility is that the
human hippocampal memory system is less hierarchically
organised and the streams are less segregated, which would
enable specialization of different cortical regions for different
types of computation.

Most of the evidence on hippocampal system connections
comes from investigations in animals, and some of the main
findings are summarized below and elsewhere (Huang, Rolls,
Hsu, Feng, & Lin, 2021). However, to understand the hippo-
campal memory system in humans, it is important to under-
stand the connections in humans, especially as there has been
such great development in humans of ventral visual stream
processing to the temporal lobe for invariant object recogni-
tion with a plethora of early visual cortical areas, a massively
developed parietal lobe dorsal visual stream involved in
spatial processing associated with foveal vision and eye
movements, a greatly developed orbitofrontal cortex reward/
emotional system, and a posterior cingulate cortex not known
to be present in rodents (Rolls, 2021a). A recent study (Huang,

Rolls, Hsu, et al., 2021) has utilized diffusion tractography in
172 participants imaged at 7T in the Human Connectome
Project (HCP) dataset (Glasser, Smith, et al., 2016), using the
HCP atlas to delineate with multimodal analysis 360 cortical
areas (Glasser, Coalson, et al., 2016), many with known func-
tions. The diffusion tractography in humans provided evi-
dence for connections between the hippocampus and
neocortex that are not entirely hierarchical, and are not
entirely segregated between the ventral and dorsal streams
(Huang, Rolls, Hsu, et al., 2021). However, the tractography left
a number of points unanswered, which we address here with
functional connectivity measurements in the same HCP par-
ticipants with resting state fMRI at 7T. First, with diffusion
tractography, it is possible that some connections might be
followed incorrectly where fiber bundles (streamlines) cross,
or where the streamlines stop and cannot be followed into
gray matter, so that the exact brain area of the connection
needs to be established. One key aim of the present investi-
gation was to use functional connectivity (FC) with fMRI to
further address whether areas shown with connections with
diffusion tractography are functionally connected. (Func-
tional connectivity measures the correlations between the
BOLD signals in different brain areas, and high correlations
reflect interactions between brain areas (which provides in-
formation about how areas are interacting through their
connectivity, though not necessarily mediated through direct
connections, and possibly reflecting common input).) For
example, direct connections between the hippocampus that
bypass the entorhinal, perirhinal and parahippocampal cortex
to reach the anterior temporal lobe ‘what/semantic’ systems,
and the parietal and posterior cingulate cortex ‘where’ sys-
tems were described, with hippocampal connections with
early sensory cortical areas for vision, touch and olfaction;
and with many cross-connections between the ‘what’ and
‘where’ streams in the connectivity before the hippocampus
(Huang, Rolls, Hsu, et al.,, 2021). One aim of the present
investigation was thus to investigate whether functional
connectivity provides support for functional interactions be-
tween the different brain areas identified with connections
with the hippocampal system using diffusion tractography
(Huang, Rolls, Hsu, et al., 2021). (It is useful to check that none
of the results with the diffusion tractography arose because
streamlines had been incorrectly followed where they cross.)
A second key aim of the present study was to measure the
strength of the connections between different parts of the
system as they relate to function, for the anatomical measure
of the number of streamlines between brain areas may not
necessarily reflect the strength of their interaction, as the
synaptic strength and where the pathways terminate on
neurons are likely to be important. A third aim was to inves-
tigate the contralateral connectivity of the hippocampal sys-
tem in humans, for diffusion tractography does not follow
connections well across the midline. The use of functional
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connectivity complements anatomical connection measure-
ments, by enabling investigation of more than direct
anatomical connectivity, by measuring the strength of the
connectivity, and by not relying on tract tracing with diffusion
tractography which might be susceptible to limitations in
following connections accurately when pathways cross. The
overall aim of this investigation was to investigate how the
hippocampus and the areas that connect it with the neocortex
have connectivity with different cortical areas to provide a
connectional basis for better understanding how the hippo-
campus operates as a system that interacts with known
cortical areas many of which have known functions. We did
not restrict the cortical regions to be investigated by postu-
lating prior hypotheses relating to particular hypotheses
about hippocampal function.

We aim to be very clear in this paper about anatomical
connections versus functional connectivity. When we refer to
‘connections’, we refer to anatomical evidence, from for
example tract tracing studies in macaques (summarized
below), and from for example diffusion tractography in
humans (Huang, Rolls, Hsu, et al., 2021). When we refer to
functional connectivity or ‘connectivity’, we refer to physio-
logical investigations in which the correlation in the BOLD
signal between different brain areas is measured, as described
above. As explained above, the evidence described by these
different approaches is complementary in important ways.

A highlight of the present investigation is the use of the
Human Connectome Project atlas (Glasser, Coalson, et al.,
2016), which we extended for the present study by
including a definition of the subiculum, and by enabling it to
be used with standard neuroimaging software such as SPM
(Huang, Rolls, Feng, & Lin, 2021; Huang, Rolls, Hsu, et al.,
2021). This atlas provides unparalleled subdivisions of the
human cortex using multimodal methods, with many of the
areas having identified functions (Glasser, Coalson, et al.,
2016). The multimodal methods used to generate this HCP-
MMP v1.0 parcellation included resting state functional con-
nectivity, cortical myelin content and thickness, and task-
related fMRI. By combining all these measures to distin-
guish different cortical areas, and the use of a large number
(420) of participants, 360 cortical regions could be identified
across the two hemispheres. This approach provides better
categorization of cortical areas than does for example func-
tional connectivity alone (Power et al., 2011). All 8 regions in
the HCP-MMP atlas that are thought to provide pathways
between the hippocampus and neocortex (based on the
anatomical studies described below) were chosen as regions
of interest (ROIs). They are the hippocampus, presubiculum,
entorhinal cortex, perirhinal cortex, and parahippocampal
gyrus areas TF, and TH represented by PHA1-3. As described
in the Methods, we went beyond this, and for this particular
investigation separated the hippocampal region of HCP-MMP
into hippocampus and subiculum, thus providing 9 regions of
interest. However, we did not attempt in the present inves-
tigation to separate dentate, CA3, CA1 and CA4 subfields of
the human hippocampus, as it is difficult to obtain robust
and reliable separation of these with resting state fMRI
(Yassa et al., 2010), and a recent study using resting state
fMRI was able to clearly distinguish primarily anterior from
posterior hippocampal regions, and to relate each to mainly

just one set of cortical regions (Ezama, Hernandez-Cabrera,
Seoane, Pereda, & Janssen, 2021). Another highlight of the
present investigation is the use of the same 172 HCP partic-
ipants for the functional connectivity described here as for
the diffusion tractography (Huang, Rolls, Hsu, et al., 2021), to
facilitate direct comparison.

A summary of some of the anatomical connections of the
hippocampal system in macaques follows, and this provides
support for many of the anatomical connections (Huang,
Rolls, Hsu, et al., 2021), and functional pathways described
here, for humans. In addition to the well-known connections
involving the perirhinal, entorhinal, and parahippocampal
cortex connections in macaques (Lavenex & Amaral, 2000;
Lavenex, Suzuki, & Amaral, 2002; Nilssen, Doan, Nigro, Ohara,
& Witter, 2019; Suzuki & Amaral, 1994; Van Hoesen, 1982;
Witter & Amaral, 2021), further connections include the
following. In macaques the hippocampal CA1 region has some
direct connections to the cortex in the anterior part of the
superior temporal sulcus (Zhong, Yukie, & Rockland, 2005) and
to the orbitofrontal and anterior cingulate cortex (Cavada,
Company, Tejedor, Cruz-Rizzolo, & Reinoso-Suarez, 2000;
Morecraft et al., 2012; Zhong, Yukie, & Rockland, 2006). It has
further been reported in macaques that CA1l neurons have
direct connections to a number of temporal cortical areas,
including the posterior parahippocampal cortex (areas TF and
TH), perirhinal (areas 35 and 36) (Insausti & Munoz, 2001), and
ventral inferotemporal areas (areas TEav and TEpv) (Yukie,
2000), with connections from CA1 also to the temporal pole
(TG) and subiculum (Blatt & Rosene, 1998), to the pregenual
anterior cingulate cortex (Insausti & Munoz, 2001), and to
anteroventral TE (Ichinohe & Rockland, 2005; Zhong &
Rockland, 2004) and the orbitofrontal cortex (Zhong et al,,
2006). Moreover, direct projections to CAl in macaques have
been reported from areas 7a and 7b, area TF, and a region in
the occipitotemporal sulcus (Ding, Van Hoesen, & Rockland,
2000; Rockland & Van Hoesen, 1999), and from cortex in the
superior temporal sulcus, the rostral and retrosplenial por-
tions of the cingulate cortex, the agranular insular cortex, and
the caudal orbitofrontal cortex (Suzuki & Amaral, 1990); and
also from anteroventral TE (Zhong & Rockland, 2004). The
macaque presubiculum has connections to the cortex in the
superior temporal sulcus, the lateral orbitofrontal cortex, and
the temporal pole (Insausti & Munoz, 2001).

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 content was obtained from each
participant, and the scanning protocol was approved by the
Institutional Review Board of Washington University in St.
Louis, MO, USA (IRB #201204036).

Multimodal imaging was performed in a Siemens Magetom
7T housed at the Center for Magnetic Resonance (CMRR) at the
University of Minnesota in Minneapolis. For each participant,
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a total of four sessions of rs-fMRI were acquired, 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 ses-
sions 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 x 208, matrix = 130 x 130, 85
slices, voxel size = 1.6 x 1.6 x 1.6 mm?, multiband factor = 5.
The scanning time for the rs-fMRI protocol was approximately
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
investigation with diffusion tractography (Huang, Rolls, Hsu,
et al., 2021), and to ensure that the participants were very
similar in both investigations, eight rs-fMRI participants were
excluded: six with no diffusion scans and two with incomplete
rs-fMRI sessions. Then, in order to allow a comparison of the
7T data described here with results obtained at the 3T rs-fMRI
dataset, five subjects were excluded: 3 with no 3T fMRI scans
and two with incomplete rs-fMRI sessions. That provided 172
participants for the analyses described here (age 22—36 years,
66 males). The functional connectivity shown here was for the
first of the 4 sessions of 7T rs-fMRI, to allow future compati-
bility with effective connectivity for which results from a
single session can be used. However the results on the other 3
sessions were checked, and were similar, and the voxel-level
results shown in Figs. 2 and S2-S8 were from all 4 time se-
ries. The number of participants was the maximum available
subject to the above, as fMRI analyses benefit from as much
statistical power as possible (Gong et al., 2018).

2.2. Data preprocessing and measurement of functional
connectivity

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/HCPpipe
lines), including gradient distortion correction, head motion
correction, image distortion correction, 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
automated component classifier referred to as FIX (FMRIB's
ICA-based X-noisifier) to remove non-neural spatiotemporal
artefact (Griffanti et al, 2014; Salimi-Khorshidi et al., 2014;
Smith et al.,, 2013). This step also used 24 confound timeseries
derived from the motion estimation (6 rigid-body parameter
timeseries, their backwards-looking temporal derivatives, plus
all 12 resulting regressors squared (Satterthwaite et al., 2013) to
minimise noise in the data. (The mean framewise displace-
ment was .083 + .032 std.) The timeseries were detrended, and
temporally filtered with a second order Butterworth filter set to
.008—.08 Hz, and then the functional connectivities were
measured as the Pearson correlations between the 900 point
time series for each pair of brain regions.

As is evident from the above, the HCP was extremely
careful in its preparation of the timeseries, to minimize any
unwanted noise from headmotion etc. To address this further,
we performed a further analysis with the same 172 partici-
pants at 3T which has a 1200 point time series with TR =.72.In
this set of data, it was possible to regress out the framewise
displacement, and it was found that this made little differ-
ence, in that the functional connectivities with and without
regression of frame-wise displacement were correlated .987.
(Frame-wise displacement measures the movement of the
head from one volume to the next, and is calculated as the
sum of the absolute values of the six realignment estimates
(three translation and three rotation parameters) at every
timepoint (Power, Barnes, Snyder, Schlaggar, & Petersen,
2012).) We also performed cross-validation, and showed that
the functional connectivities described here for 172 partici-
pants at 7T were correlated .944 with those in 845 different
HCP participants at 3T. These precautions and cross-
validation thus show that the functional connectivity mea-
surements described here are robust. It is also noted that
although signal dropout can be a complication of fMRI in the
medial temporal lobe, this is unlikely to differentially influ-
ence the 9 regions of interest analyzed here, as they are all
close together in the brain (Fig. 1). Further, in places where this
might be relevant, such as the less extensive functional con-
nectivity of the entorhinal cortex than the hippocampus re-
ported here, the temporal signal-to-noise ratio (tSNR) was
checked and was not low, and the functional connectivity is
consistent with the less extensive anatomical connections of
the entorhinal cortex than the hippocampus found with the
diffusion tractography (Huang, Rolls, Hsu, et al., 2021).

2.3.  Brain atlas and hippocampal system region of
interest selection

To construct the functional connectome for the regions of
interest in this investigation with other parts of the human
brain, we prepared the following atlas: (1) HCP's multi-modal
parcellation (v1.0), including 179 cortical regions per hemi-
sphere except for the hippocampus (Glasser, Coalson, et al.,
2016). The modified atlas (HCPex) that we used was defined
in the asymmetric MNI space of ICBM152 2009¢ (Fonov et al.,
2011), and is described in detail elsewhere (Huang, Rolls,
Feng, et al., 2021). We checked with individual participants
that the atlas fitted their T1 structural images in native space
including in the medial temporal lobe. To distinguish the
subiculum from the hippocampus, we used the subiculum
mask provided in the CoBrALab atlas (Winterburn et al., 2013).
Thus, the final modified HCP atlas contained 362 parcels
which cover the cerebral cortex including separate definitions
of the hippocampus and subiculum. A list of these regions is
provided in Table S1, with coronal slices showing the location
of each of these brain regions provided elsewhere (Huang,
Rolls, Feng, et al., 2021; Huang, Rolls, Hsu, et al., 2021).

In this investigation, the same nine regions of interest
(ROIs) were chosen as in the complementary diffusion trac-
tography investigation (Huang, Rolls, Hsu, et al,, 2021) to
investigate their whole-brain functional connectivities. They
were the Hippocampus (Hipp), Subiculum (Subic), Entorhinal
Cortex (EC), Perirhinal Cortex (PeEc), the presubiculum (PreS)
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Subic | PreS

PHA3| TF

Fig. 1 — The hippocampal, parahippocampal and related regions of interest (ROIs) as defined in the HCP atlas (Glasser,
Coalson, et al., 2016) that were used for the functional connectivity. EC - entorhinal cortex; Hipp — hippocampus; PeEc:
perirhinal cortex; PHA1-3 - parahippocampal gyrus areas 1—3; TF- parahippocampal area TF; PreS — presubiculum; Subic —
subiculum. For the hippocampus and subiculum, the templates were from Winterburn et al. (2013). The y values of these
coronal slices are in MNI coordinates. R indicates Right hemisphere.

and parahippocampal gyrus (area TF; area TH in terms of 3
subregions PHA1-3), as shown in Fig. 1. Of the four para-
hippocampal areas, PHA1-3 correspond to area TH (which is
medial to and extends posterior to area TF), where within TH,
PHA1 is medial, PHA?2 is dorsolateral, and PHA3 is ventrolat-
eral (see Fig. 1). The hippocampus defined in this investigation
was slightly larger than in the original HCP atlas, and was
separated from the subiculum, as described in more detail by
Huang, Rolls, Hsu et al. (2021).

2.4. Functional connectome

Whole-brain functional connectivity (FC) analysis was per-
formed between the 9 hippocampal system ROIs shown in
Fig. 1 and the 362 regions defined above and shown in Table
S1. This provided the analyses illustrated in Figs. 3 and 4.
This FC was computed for each participant by the Pearson
correlations between the average across voxels of the times-
eries for each of the hippocampal system ROIs and the average
across voxels of the time series of voxels for each of the other
brain regions in the HCP atlas. These functional connectivities
were then averaged across participants. The temporal filtering
used was .008—.08 Hz, to be compatible with future studies of
effective connectivity.

In addition, FC analysis was also performed between the 9
hippocampal system ROIs shown in Fig. 1 and every voxel in
the brain. This provided the analyses illustrated on coronal
slices of the brain in Figs. 2 and S1-S8. For the ROI-with-voxel
FC, for each participant, the Pearson correlations between the
average across voxels of the time series for a hippocampal
system ROI and the timeseries for every other voxel in the
brain were computed. These functional connectivities were

then averaged across participants. This analysis utilized the
gray matter atlas defined in asymmetric MNI space of
ICBM152 2009c¢ (Fonov et al., 2011); download link for this atlas:
http://www.bic.mni.mcgill.ca/ServicesAtlases/
ICBM152NLin2009) (see Huang, Rolls, Feng et al. (2021)).

2.5. Statistics

The functional connectivity of each hippocampal system ROI
with other regions in the extended HCP atlas was calculated
using the first resting state fMRI session for each HCP partic-
ipant and then averaged across the 172 participants. An
average functional connectivity of less than .39 between any
two regions is shown as blank in the connectivity matrices
shown in Figs. 3 and 4. This threshold value of r = .39 allows
for a binary sparseness of the connectivity shown in Figs. 3
and 4 to be .18; that is, all the functional connectivities
shown in Figs. 3 and 4 are in the top 18% of all the possible
functional connectivities between these 9 x 181 cortical areas.
This threshold allows the different functional connectivity
patterns of the 9 hippocampal system areas with other
cortical areas to be clearly illustrated (Fig. 3). (For reference in
connection with Fig. 3, functional connectivities above a
threshold of .51 are in the top 5th percentile, corresponding to
a binary sparseness of .05.)

Part of the reason for using this threshold of r = .39 for Figs.
3 and 4 is that it produces a sparseness of the connectivity
matrix that is very similar to that found for the diffusion
tractography connection matrix found in the same 172 HCP
participants for these 9 hippocampal system x 181 cortical
areas (Huang, Rolls, Hsu, et al.,, 2021). For the connection
matrix shown in Figs. 5 and S11 of Huang et al. (2021), the
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y=+33

y=+25

y:+1 7

5L .0

Functional connectivity (r)

Fig. 2 — The vozxel-level functional connectivity of the left hippocampus. The Region of interest, the Hippocampus, is
outlined in black. The mean functional connectivity averaged across the 172 participants is shown. The threshold was
selected at .15 to reveal the selectivity of the connectivity. The y value is in MNI coordinates.

connections shown are in the top 20.6%, so the sparseness of
the functional connectivity matrix shown here in Figs. 3 and 4
is similar to that of the connection matrix. That facilitates
comparison between the functional connectivity matrix and
the anatomical connection matrix.

In a further analysis, Fig. S9 shows the mean and the
standard error of the mean of the functional connectivity of
the hippocampus region with the 181 cortical areas calculated
over the 172 participants. This shows that the standard errors
are low, and that the differences between the functional
connectivities of the hippocampus with cortical areas are very
significant (indicated by whether the standard errors overlap).
Indeed, a one way ANOVA for the hippocampus region
showed that it had highly significantly different functional
connectivity with the 181 different cortical areas (F [180,
30,591] = 66.1, p = 0). Fig. S9 also shows the threshold of r = .39
used for Figs. 3 and 4, and shows that the functional connec-
tivities selected in Figs. 3 and 4 for analysis here are different

from most of the generally much lower functional connec-
tivities of the hippocampus with other cortical areas.

For the ROI to voxel functional connectivity shown in Figs.
2 and S1-S8, a threshold of .15 was used, as the voxel-level r
values are lower. These Figures are designed to show the exact
brain areas at the voxel level with the functional connectivity
described here.

To test whether the patterns of functional connectivities of
each of the 9 hippocampal system ROIs with the 181 areas in
the left hemisphere of the modified HCP atlas were signifi-
cantly different, the interaction term was calculated for each
pair of the 9 hippocampal system ROIs in two-way ANOVAs
(each 2 x 181) across the 172 participants, and Bonferroni
correction for multiple comparisons was applied.

We have reported how we determined the sample size, all
data exclusions, all data inclusion/exclusion criteria, that in-
clusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures in this study.
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Fig. 5 — Similarities and differences between the functional connectivities of the nine hippocampal system ROI areas. The
correlation matrix shows the correlations between all nine hippocampal ROIs based on their functional connectivity vectors
with each of the 181 left cortical areas in the modified HCP atlas across 172 participants. Abbreviations as in Fig. 3.

3.1. Hippocampal ROI-with-voxel functional
connectivity of the human hippocampal system

The functional connectivity of the human hippocampus with
all other voxels in the brain is shown in coronal slices in Fig. 2.
The ROI region (in this case the Hippocampus) is outlined in
black. Corresponding results for the other 8 hippocampal
system ROIs are shown in Figs. S1-S8, as it is helpful to see the
data at this level of detail. Reference should be made to these
Figures in the remainder of the Results.

3.2 Hippocampal ROI-with-HCP-cortical region
functional connectivity of the human hippocampal system

The functional connectivity of the human hippocampal sys-
tem with all 181 cortical regions in the left hemisphere of the
modified HCP brain atlas is shown in Fig. 3. This is useful as it
shows quantitatively the connectivity with what are in many
cases cortical regions with identified functions. The full
names in the modified HCP atlas are shown in Table S1, and
are shown labelled in coronal slices elsewhere (Huang, Rolls,
Feng, et al.,, 2021; Huang, Rolls, Hsu, et al,, 2021). The pat-
terns of functional connectivities of each of the 9 hippocampal
system ROIs with the 181 areas in the modified HCP atlas were
all significantly different from each other (the interaction term
in a 2-way ANOVA across the 172 participants was p < 10~ *%°
for the comparisons between every pair of the 9 ROIs after
Bonferroni correction for multiple comparisons).

Fig. 4 extends this analysis to both hemispheres, so that
contralateral functional connectivities can be shown, and to
enable analysis of possible left-right asymmetries. The con-
nectivities are thresholded atr = .39 at 7T in both Figs. 3 and 4,

as this facilitates comparison of the functional connectivities
of these nine regions with each other, but also with the direct
connections shown with diffusion tractography of the same 9
regions with the same HCP areas in the same participants
(Huang, Rolls, Hsu, et al., 2021).

In the remainder of the results, the functional connectivity
of each of the 9 hippocampal system ROIs is considered, refer-
ring throughout to the data shown in Figs. 2—4 and S1-S8. Some
reference to known functions of the areas considered is pro-
vided, for this helps toilluminate the significance and relevance
of the functional connectivities described for each region.

3.3. Hippocampus

Akey point evident in Figs. 3,4 and S3 is that the hippocampus
has higher functional connectivity with many cortical areas
than does the entorhinal cortex (F [1,63,920] = 3.72 x 10°,
p < 10%°). This is consistent with the evidence from tractog-
raphy that in humans some of the communication between
the hippocampus and cortical areas may bypass the entorhi-
nal cortex.

As expected, the hippocampus does have at least moderate
functional connectivity (FC) with nearby areas such as the
entorhinal cortex, subiculum, and presubiculum (Fig. 3). But it
also has high connectivity with areas such as TH (PHA1-2)
medially in the parahippocampal gyrus; with parietal cortex
areas (including PG and medial parietal 7m); and with poste-
rior cingulate cortex areas (including 31 and 23 and the ret-
rosplenial cortex) (Figs. 3 and 2).

The hippocampus also has some FC with some ventral vi-
sual stream areas, including the anterior inferior temporal
cortex area TE1 and the temporal pole TG.


https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

CORTEX 147 (2022) 83—101 91

Interestingly, the hippocampus has some FC with the
anterior cingulate cortex (p32), the frontal pole (10d), the
dorsolateral prefrontal cortex (8Ad, which is probably the
frontal eye field region involved in the short-term memory for
spatial location for eye movements (Funahashi, Bruce, &
Goldman-Rakic, 1989)), and the lateral orbitofrontal cortex
(area 47) (Fig. 3). Given the orbitofrontal cortex functional
connectivity with the hippocampus, we checked the amyg-
dala, and found that the amygdala has functional connectivity
with the hippocampus (r = .52) (and with the perirhinal cortex,
r = .43). Some functional connectivities are also found with
somatosensory/motor areas 1, 3a, 3b and 4; and with auditory
and related areas in the superior temporal sulcus (A5, STSda,
STSva) (Fig. 3). At a slightly lower threshold of r = .36, func-
tional connectivity of the hippocampus was also found with
the pyriform (olfactory) cortex, with the subgenual anterior
cingulate cortex (area 25), and with the posterior orbitofrontal
cortex (pOFC).

The hippocampal functional connectivity with both
ventral and dorsal stream areas probably relates to the ability
of primate hippocampal neurons to respond to learned asso-
ciations of objects and spatial views (Rolls, Xiang, & Franco,
2005), which are typically involved in episodic memory
(Kesner & Rolls, 2015; Rolls, 2018).

3.4. Subiculum

The subiculum (Subic) has FC with fewer cortical regions than
the hippocampus (Figs. 3 and S1). The subiculum does have
strong FC with the hippocampus, and moderate connectivity
with the presubiculum (PreS), entorhinal cortex (EC), para-
hippocampal area TH, posterior cingulate areas including 31,
23 and retrosplenial cingulate cortex, and lateral parietal areas
(PG). The subiculum is thus connected with dorsal stream
areas rather than ventral stream areas. The subiculum con-
tains whole body motion cells sensitive to vestibular signals
and optic flow (O'Mara, Rolls, Berthoz, & Kesner, 1994), which
probably reflect the connectivity with the parietal cortex
(Rolls, 2021c).

3.5. Presubiculum

The presubiculum has functional connectivity with many
different brain areas (Figs. 3 and S2). It has high FC with the
hippocampus and subiculum, and also with TH, parietal cor-
tex (7, PG), and posterior cingulate cortex including the ret-
rosplenial cingulate cortex. It is thus strongly connected with
dorsal stream ‘where’ areas in humans; and correspondingly
has moderate connectivity with dorsolateral parts of the
prefrontal cortex (8Ad). The primate presubiculum contains
head direction cells (Robertson, Rolls, Georges-Francois, &
Panzeri, 1999), which probably relate to its parietal cortex
connectivity. The human presubiculum also has functional
connectivity with early visual cortical areas (V1-V3 and POS1);
with VMV1 and VMV2 which together with TH (PHA1-3) form
the parietal place or scene area (Sulpizio, Galati, Fattori,
Galletti, & Pitzalis, 2020); somatosensory cortex (3a,b);

auditory cortex (Al,LBelt, AS); anterior cingulate cortex (32);
frontal pole (10); and prefrontal cortex (8Ad).

3.6. Entorhinal cortex (EC)

As expected, the entorhinal cortex does have moderate FC with
the hippocampus, subiculum, perirhinal cortex, and pre-
subiculum (Figs. 3 and S3). It also has some FC with the inferior
temporal cortex, parietal cortex, posterior cingulate cortex,
posterior orbitofrontal cortex, and frontal pole (10) (Fig. 3).

3.7. Perirhinal cortex

The perirhinal cortex (PeEc) also has functional connectivity
with many fewer cortical areas than the hippocampus (Figs. 2,
3 and S4). As expected, the perirhinal cortex does have mod-
erate FC with the hippocampus and entorhinal cortex. Inter-
estingly, the perirhinal cortex has FC with TF which is lateral
parahippocampal cortex, and TF has FC with the temporal
lobe visual cortical areas such as TE2 (Fig. 3). Consistently, the
perirhinal cortex has FC with ventral stream temporal cortical
visual areas TE2 and TE2 and the fusiform face cortex (FFC).

3.8. Parahippocampal cortex TF

Parahippocampal area TF (which is isocortex) is lateral to and
extends more anteriorly than parahippocampal area TH
(which is proisocortex) (Fig. S1 of Huang et al. (2021)).

Parahippocampal area TF has FC with ventral stream vi-
sual areas including the perirhinal cortex, and parts of the
inferior temporal visual cortex TE, and FFC (Figs. 3 and S5). At
slightly lower thresholds, TF has functional connectivity with
more parts of TE and TG, and with the inferior frontal areas
(more than IFja) involved in ‘what’ short-term memory (Figs. 3
and S5). TF does not have marked FC with dorsal stream/pa-
rietal areas. Thus in humans, this lateral and more anterior
part of the parahippocampal gyrus, TF, is related to ventral
stream rather than dorsal stream areas.

3.9. Parahippocampal cortex TH (areas PHA1-3)

The Parahippocampal TH areas PHA1-3 are medial and extend
posteriorly in the parahippocampal gyrus (Fig. 1). PHA1-3 have
strong functional connectivity with each other (Fig. 3 and Sé6-
S8). They also have moderate functional connectivity with the
hippocampus and with dorsal stream/parietal areas including
area 7 and PG. TH also has moderate FC with posterior
cingulate areas including the retrosplenial cingulate cortex
(RSC). TH also has moderate FC with i6-8 and 8Ad, a relatively
dorsal part of the frontal cortex in the superior frontal sulcus,
linking TH to spatial, ‘where’, prefrontal cortex short-term
memory systems. TH also has moderate connectivity with
early visual cortical areas (including the ventromedial visual
areas VMV1-3 (see Fig. S1 of Huang, Rolls, Hsu et al. (2021)) that
together form the parahippocampal place (or scene) area (PPA)
(Sulpizio et al., 2020). This is consistent with the discovery of
spatial view cells in the primate parahippocampal gyrus as
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well as hippocampus (Georges-Francois, Rolls, & Robertson,
1999; Rolls, 2021c; Rolls, Robertson, & Georges-Francois, 1997).

3.10. Right versus left hippocampal system connectivity

The full functional connectivity matrix for each of the left and
right hippocampal system regions of interest (the rows) with
all HCP cortical atlas areas (the columns) is shown in Fig. 4.
The top matrix shows the functional connectivity of all the
ROIs with the 181 left hemisphere HCP atlas areas, and the
bottom matrix the connections of the ROIs with the right
hemisphere 181 HCP atlas areas. The functional connectivity
is again averaged over the 172 participants. What is especially
evident in Fig. 4 is that most of the hippocampal formation
connections are almost bilaterally symmetrical. This is quite
different to the direct connections as revealed with diffusion
tractography, which is less able to show interhemispheric
connections, and which shows connections across the
midline mainly for the hippocampus, presubiculum and TH
(Huang, Rolls, Hsu, et al., 2021).

Fig. 4 also shows that the connections of the right and left
hippocampus are overall similar. However, statistical com-
parison with Bonferroni correction p < .01 showed that some of
the functional connectivities of areas PHA1-3 were greater in
therighthemisphere (especially with the parietal and posterior
cingulate cortex, and early visual cortical areas), consistent
with a specialization of the right hemisphere for spatial func-
tionincluding thatimplemented in the parahippocampal place
area. Further, the functional connectivities of all 9 hippocam-
pal system areas with the prefrontal cortex (with most of the
areas IFsa through s6-9 shown in Table S1) was greater in the
left hemisphere, consistent with specialization of the left hip-
pocampus for functions implemented with the left prefrontal
cortex, which may be related to short-term memory, and
planning for the future. Perhaps related to this, the functional
connectivity of left TF with Broca's area (45 and 44) and the
adjoining 471 were also greater in the left hemisphere, impli-
cating language in these computations (Rolls, 2021a).

3.11. Comparison between the functional connectivities of
the nine different hippocampal system ROIs

Fig. 5 shows the matrix of correlations between all nine ROIs
based on their functional connectivity vectors with each of the
181 areas in the left hemisphere of the modified HCP atlas.
Many features stand out. First, the 3 areas that comprise
parahippocampal region TH (PHA1-3) are quite correlated
with each other, as they have similar functional connectivity
to each other, and different connectivities from the other
parahippocampal region, TF. Second, TH has a high correla-
tion of its functional connectivities (FC) with the pre-
subiculum, and low correlations with the connectivities of TF
and the perirhinal and entorhinal cortex. In contrast, TF has
moderate correlations with the connectivities of the peri-
rhinal cortex, but not with TH areas. The implication is that TF
is related to ventral stream areas via the perirhinal cortex,
whereas TH is related to other brain regions (which as shown
in Fig. 3include parietal cortex dorsal stream areas). Third, the
presubiculum and subiculum have highly correlated vectors
of functional connectivity, which are also highly correlated

with the vector of hippocampal connectivity. The pre-
subiculum and subiculum also have moderate similarity to
the connectivity of the entorhinal cortex, and to the more
medial and dorsal parts of TH (PHA1 and PHA2). Fourth, the
hippocampus has moderately similar functional connectivity
not only with the subiculum and presubiculum, but also with
the entorhinal cortex, and some similarity with the medial
and dorsal parts of TH (PHA1 and PHA2). The correlations
reflect the similarity of the row vectors shown in Fig. 3, which
does provide more detailed information on the functional
connectivities of the nine hippocampal ROIs with the 181
cortical regions in the modified HCP atlas. As noted above, all
pairs of the nine hippocampal system ROIs had different
patterns of functional connectivity with the 181 brain areas in
the modified HCP atlas (all p < 1072%).

Fig. 6 provides a summary diagram of the strengths of the
functional connectivities between the different parts of the
hippocampal system and other brain areas, all thresholded at
.4, with those connections considered next. In a ventral visual
stream (shown in blue) connecting with the hippocampus,
early visual cortical areas have connectivity with the temporal
cortical visual areas, which in turn have connectivity with the
perirhinal cortex, which in turn has connectivity with the
entorhinal cortex, which in turn has connectivity with the
hippocampus. Interestingly, parahippocampal gyrus area TF
(which is lateral in the parahippocampal gyrus) is part of this
ventral visual stream in humans, in that it has connectivity
with the temporal cortical visual areas and the perirhinal
cortex. In a dorsal visual stream (shown in red) with connec-
tivity with the hippocampus, early visual cortical areas have
connectivity with the parietal cortex and parahippocampal
area TH, both of which have connectivity with the pre-
subiculum, which in turn has connectivity with the hippo-
campus. The posterior cingulate cortex is linked with this
dorsal system, in that it has connectivity with the parietal
cortex; and then onward connectivity via the presubiculum
with the hippocampus.

One feature of the connectivity shown in Fig. 6 is that the
ventral and dorsal streams in humans can be considered as
partly separated pathways that converge in the hippocampus.

A second feature shown in Fig. 6 is that the presubiculum
in terms of functional connectivity appears to be an important
part of the dorsal visual stream's route with the hippocampus.
However, the entorhinal cortex can potentially also provide a
route for the dorsal visual stream to connect with the hippo-
campus, in that the presubiculum and parietal cortex have
connectivity with the entorhinal cortex, though it is at the low
end of what is considered here.

A third feature of the connectivity shown in Fig. 6 is that
the hippocampus has connectivity that can bridge over in-
termediate areas. For example the hippocampus has func-
tional connectivity with the perirhinal cortex and temporal
lobe cortex that is apparent across intervening areas such as
the entorhinal cortex. Similarly, in the dorsal visual stream,
the hippocampus has functional connectivity with the par-
ahippocampal cortex TH, the posterior cingulate cortex, and
the parietal cortex that is apparent over intervening areas
such as the entorhinal cortex and presubiculum. This was
supported by partial correlation analysis which showed for
example that the functional connectivity between the
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connectivity shown.

hippocampus and parahippocampal gyrus PHA1 of r = .57
remained substantial (r = .45) when partial correlation was
used to remove the effects of correlations with the entorhinal
cortex.

Fourth, Fig. 6 makes it clear that there are influences that
cross between the two visual streams before the hippocam-
pus, between for example the perirhinal cortex and para-
hippocampal gyrus TH; and for the temporal cortical visual
areas with the posterior cingulate cortex and para-
hippocampal TH.

Fifth, the entorhinal cortex and subiculum have functional
connectivity with both the dorsal visual stream as shown in
Fig. 6 in red, and with the ventral visual stream as shown in
blue. Accordingly their connectivities with the each other and
with the hippocampus are shown in neither red not blue but
in black in Fig. 6.

4, Discussion

In the first part of the discussion, a synthesis is made of what
can be learned by the combination of the complementary
methods of functional connectivity as described here, and of
diffusion tractography (Huang, Rolls, Hsu, et al., 2021), about
the connections and connectivity of the human hippocampus.
The approach being taken is unprecedented in previous

research, most of which has not been in humans (though the
supporting anatomical evidence from macaques described in
the Introduction is incorporated into this synthesis); most of
which has involved the study of single brain areas with
neuroanatomical tract tracing in animals, rather than the
quantitative connections (Huang, Rolls, Hsu, et al., 2021) and
connectivity of 9 main parts of the hippocampal system in
humans with 181 cortical areas in each hemisphere that can
be defined anatomically but also to some extent functionally
using the HCP atlas (Glasser, Coalson, et al., 2016). This syn-
thesis is facilitated by the fact that the tractography (Huang,
Rolls, Hsu, et al, 2021) and the functional connectivity
(described here) were performed using the same HCP atlas and
with the same HCP participants.

Then in the second part of the Discussion the functional
implications of the connectivity of the human hippocampal
memory system are considered, in terms of some of the
computations that take part in different parts of the human
hippocampal system and its connected neocortical areas.

4.1. Comparison of functional connectivity of the human
hippocampal system with connections measured with
diffusion tractography

The functional connectivity of the hippocampal system
described here and summarized in Fig. 6 is very helpful to
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compare with the direct connections of the hippocampal
system as revealed by diffusion tractography in the same
group of 172 individuals from the Human Connectome Project
(Huang, Rolls, Hsu, et al., 2021). The functional connectivity
both supports key new findings about the direct connections
in humans as described recently (Huang, Rolls, Hsu, et al,,
2021), by showing functional connectivity correlates; and
also is important by showing the brain regions beyond those
with direct hippocampal connections that are influenced by
activity in the hippocampal system. A key part of the impor-
tance of the functional connectivity described here is that it
shows that the pathways of the hippocampal system identi-
fied with diffusion tractography (Huang, Rolls, Hsu, et al.,
2021) are not false positives, in that all have functional con-
nectivity, which would not be present if the tractography had
followed pathways incorrectly. We focus on these compari-
sons next, with key points based on Figs. 3 and 6 in the present
paper compared with Figs. 5 and 6 of Huang, Rolls, Hsu, et al.
(2021), the tractography in the same participants.

First, the human hippocampal system has far more
extensive direct connections with cortical areas than in even
non-human primates, including with the temporal pole, many
parietal cortex areas, many posterior including retrosplenial
cingulate cortical areas, and even with early sensory areas for
vision, olfaction, somatosensation, and a part of what is
auditory cortex in the superior temporal sulcus (Fig. 5 of
Huang, Rolls, Hsu, et al., 2021). The functional connectivity
described here extends that anatomical evidence, by con-
firming that there is strong functional connectivity between
the hippocampus and most of these cortical areas, including
the TE and TG temporal areas, many parietal cortex areas, and
many posterior cingulate cortex areas (Figs. 2 and 3). The ex-
istence of direct connections is consistent with the macaque
anatomy (see Introduction), though the connections of the
human hippocampus with these areas is more extensive, and
they are now much more systematically defined in the human
HCP-MMP atlas (Glasser, Coalson, et al., 2016). Of particular
interest though to consider is the evidence of direct connec-
tions of the hippocampus with early sensory cortical areas
suggested by the tractography (Fig. 5 of Huang, Rolls, Hsu,
et al., 2021), including somewhat surprisingly (given the evi-
dence in macaques) with somatosensory, olfactory, and even
early visual cortical areas. The functional connectivity
described here supports this, in that there are functional
correlations of the hippocampus with the somatosensory
cortical areas (Fig. 3), the early visual cortical areas (in at least
some participants, see Fig. 2), and the pyriform (olfactory)
cortex has a correlation with the contralateral hippocampus
(Fig. 4, and a weaker correlation with the ipsilateral). Thus
even if we can not be sure yet that there are direct connections
of the hippocampus per se with these early visual cortical
areas such as V1-V3, due to some limitations of tractography
(Huang, Rolls, Hsu, et al., 2021), the functional connectivity
described here shows that the human hippocampus has clear
functional interactions with early visual cortical areas
including POS1 (Fig. 3) in at least some participants (Fig. 2). The
distribution of functional connectivities across participants
between the hippocampus and early visual cortical areas was
consistent, with some participants having high functional
connectivities, though across all the participants the mean

was not high though clear in Fig. 3 for POS1. It would be
fascinating if high functional connectivities between the
hippocampus and early visual cortical areas in individual
people were associated with visual imagery.

Second, a key finding of the tractography related to the
concept of widespread cortical connections of the human
hippocampus above is that the human hippocampus has
direct connections with the perirhinal cortex, and para-
hippocampal gyrus areas TF and TH (Huang, Rolls, Hsu, et al.,
2021), which can bypass the entorhinal cortex. That suggested
that the entorhinal cortex is not in humans the primary, main,
gateway to and from the hippocampus. The functional con-
nectivity of these areas described here is consistent with the
concept that the entorhinal cortex is not ‘the gateway’ via a
serial hierarchy to and from the hippocampus in humans, for
the perirhinal cortex and even TE and TG areas, and the TH
and parietal areas, do have strong interactions with the hip-
pocampus (Fig. 3), which could be mediated by direct hippo-
campal connections with these areas rather than mainly
through the entorhinal cortex as in the simplified schematic
dual stream model (Fig. 1 of Huang, Rolls, Hsu, et al., 2021).
Further, the entorhinal cortex and even the peririhinal cortex
have functional connectivity with relatively few cortical areas
compared to the hippocampus (Figs. 3, 6 and S3, S4). An
implication is that the entorhinal cortex may implement some
specialized processing, such as grid cells in the medial ento-
rhinal cortex (Moser, Rowland, & Moser, 2015) including
spatial view grid cells in primates (Garcia & Buffalo, 2020;
Meister & Buffalo, 2018), and time encoding cells in the lateral
entorhinal cortex (Rolls & Mills, 2019; Tsao et al., 2018).

A third key finding of the tractography is that the human
parahippocampal gyrus is not mainly for connections with the
dorsal visual system/parietal areas, as in the dual stream
model (Fig. 1 of Huang, Rolls, Hsu, et al., 2021). Instead, what
the functional connectivity described here strongly supports
is that, in humans, area TF, which is lateral and extends
relatively anterior, is connected with ventral stream ‘what’
areas (Figs. 3 and 6). In a complementary way, area TH of the
parahippocampal gyrus (and proisocortical, and possibly of
early evolutionary origin (Pandya, Seltzer, Petrides, &
Cipolloni, 2015)), which is more medial and extends more
posterior, appears to provide the functional connections be-
tween the hippocampus and dorsal stream areas including
parietal and posterior cingulate areas including the retro-
splenial cingulate cortex. This supports the human tractog-
raphy (Huang, Rolls, Hsu, et al, 2021). Moreover, the
functional connectivity reveals that it is especially area TH
and the presubiculum, and to some extent the hippocampus,
that has functional connectivity with early sensory areas
(Figs. 3 and 6), and that extends the tractography. The func-
tional connectivity certainly supports the concept that in
humans, the hippocampal system has connectivity with early
sensory cortical areas (Figs. 3 and 4, and S2, S3, S8).

A fourth key finding from the functional connectivity is
that this extends bilaterally (Fig. 4), in strong contrast to the
tractography, which is able to show connections mainly
unilaterally (Huang, Rolls, Hsu, et al., 2021). However, it is
noted that it could be an advantage if the human CA3 attractor
network is mainly unilateral because this would enable the
human hippocampus to operate as two separate attractor
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networks, allowing the left human hippocampus to specialise
more for language-related functions (Rolls, 2018; 2021a). This
effectively doubles the memory capacity of the human hip-
pocampus, as the capacity is determined largely by the
number of CA3-CA3 connections onto each CA3 neuron in
each separate attractor network (Rolls, 2018; 2021a).

A fifth finding was that in terms of cross-connectivity be-
tween the dorsal and ventral stream areas relating to the
hippocampus shown in Fig. 6, the entorhinal cortex connects
with ventral stream information from the perirhinal cortex,
and also with dorsal stream information via its connections
with the presubiculum, parietal cortex, TH, and posterior
cingulate cortex (Figs. 3 and 6). In addition, there is cross-
connectivity between the parahippocampal TH and the peri-
rhinal cortex (Fig. 6), which again is not part of the simplified
dual stream model shown in Fig. 1 of Huang et al. (2021). Also
of interest in Fig. 6 is the functional connectivity of the tem-
poral cortical areas TE and TG with the posterior cingulate
cortex and TH, which may be indirect connectivity because
the tractography did not reveal direct connections between
these areas (Huang, Rolls, Hsu, et al., 2021).

Sixth, an area with which the human hippocampal system
does have functional connectivity, probably implemented by
direct connections (Huang, Rolls, Hsu, et al., 2021), is with the
human anterior temporal lobe (Figs. 3 and 6). This may be
important in relation to language, as the human left anterior
temporal lobe is implicated in semantic representations
(Bonner & Price, 2013; DeWitt & Rauschecker, 2016; Fairhall &
Caramazza, 2013a, 2013b; Rolls, 2021a). Indeed, it must be
remembered that the formation of new semantic represen-
tations, as well as episodic memory, is impaired by hippo-
campal damage (Rolls, 2021a), and the connectivity with
especially the anterior temporal lobe provides clues about this
functionality (Huang, Rolls, Hsu, et al., 2021; Rolls, 2022).

Seventh, there is functional connectivity of the hippo-
campus with some auditory cortex areas (Fig. 3), and this is
likely to be mediated through direct connections of the hip-
pocampus with areas STGa and AAIC, with which the hippo-
campus does have direct connections (Fig. 5 of Huang, Rolls,
Hsu, et al., 2021).

Eighth, there is moderate functional connectivity of the
hippocampus with some parietal cortex areas (Fig. 3), and this
may be mediated by direct connections, and also by connec-
tions via the posterior cingulate cortex and presubiculum
(Fig. 5 of Huang, Rolls, Hsu, et al., 2021).

Ninth, it is of interest that most parts of the hippocampal
system described here have functional connectivity with
prefrontal area 8, especially 8Ad at the junction of the superior
and middle temporal gyri. This was not evident in the trac-
tography (Fig. 5 of Huang, Rolls, Hsu, et al., 2021), so this is
probably a trans-synaptic connection. This is probably part of
the frontal eye fields (FEF) which have extensive connectivity
with dorsal visual stream areas (Passingham & Wise, 2012),
which are involved in eye movements to remembered targets
(Funahashi et al., 1989; Goldman-Rakic, 1996), and which are
involved in top-down attention (Germann & Petrides, 2020)
which requires short-term memory to hold the object of
attention online (Deco & Rolls, 2005; Rolls, 2021a). The hip-
pocampal spatial view representation of scenes by spatial
view cells (Rolls, 2021a; Rolls & Wirth, 2018; Rolls & Xiang,

2006) that can be updated by self-motion (Robertson, Rolls, &
Georges-Francgois, 1998; Wirth, Baraduc, Plante, Pinede, &
Duhamel, 2017) may relate to this brain area when the
movements have to be remembered, as they do for idiothetic
update (Rolls, 2020; 2021c).

Tenth, there was evidence for functional connectivity of
the hippocampus with the lateral (area 47, Fig. 3) and posterior
orbitofrontal cortex, and with the anterior cingulate cortex
(Fig. 3, area 32), which are areas related to punishment,
reward, and emotion (Rolls, 2019; Rolls, Cheng, & Feng, 2020).
Remembering where rewards are is an important aspect of
hippocampal episodic memory, and this reward connectivity
may also be important in the generation of semantic mem-
ories using recalled episodic memories (Rolls, 2022). This is
supported by evidence from macaques (Cavada et al., 2000).

The diffusion tractography streamlines reflect the magni-
tude of the number of connections between hippocampal
system ROIs and HCP atlas cortical regions, and so reflect
potentially the magnitude of what is being communicated
between the pair of brain regions (Huang, Rolls, Hsu, et al,,
2021). This is the case because it is likely that the number of
neurons transmitting information is an important factor in
how much information is transmitted (Rolls, 2021a; Rolls &
Treves, 2011). With the functional connectivity measures,
the r values measure just the correlation between the BOLD
signals, and do not reflect the size of the areas nor the number
of connections between them and thus necessarily the
amount of information that may be transmitted. This must be
borne in mind when comparing the diffusion tractography
(Huang, Rolls, Hsu, et al., 2021) with the functional connec-
tivity measures described here. However, for many of the
connections shown in Figs. 3 and 6, there is a good corre-
spondence with the number of streamlines revealed in the
diffusion tractography shown in Figs. 5 and 6 of Huang et al.
(2021).

We also analyzed the functional connectivity in approxi-
mately 1000 HCP participants imaged at 3T, and found overall
very similar results, though the r values are higher at 7T.

4.2.  Functional implications of the connectivity of the
human hippocampal memory system

The synthesis of the functional connectivity of the hippo-
campal system shown in Fig. 6 can be related to the functions
of the different connected regions as follows, based on evi-
dence in humans and macaques, as the cortical areas that
connect to the hippocampus are so much more developed
than in rodents (Rolls, 2021a). The approach is to take the
types of information represented in the hippocampus, and
show how this relates to the connectivity shown, and thus
help to build an understanding of the operation of this hip-
pocampal memory system in humans.

First, the hippocampus and parahippocampal gyrus
contain spatial view cells that respond to parts of scenes (Rolls
et al., 1997; Robertson et al., 1998; Rolls, Treves, Robertson,
Georges-Francois, & Panzeri, 1998; Georges-Francois et al.,
1999; Rolls & Xiang, 2006; Wirth et al., 2017; Rolls & Wirth,
2018; Rolls, 2021a, 2021c) with very similar neurons in
humans (Tsitsiklis et al., 2020). Activations in humans to
viewed spatial scenes are found in the parahippocampal place
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area which is located medially in the parahippocampal gyrus,
and extends posteriorly into the ventro-medial visual (VMV)
areas (Epstein & Baker, 2019; Sulpizio et al., 2020) that we show
here have high functional connectivity with the medial part of
the parahippocampal gyrus, area TH, with consistent evi-
dence in macaques (Nasr et al., 2011; Kornblith, Cheng,
Ohayon, & Tsao, 2013). Given the high functional connectiv-
ity between the hippocampus and area TH reported here
(Fig. 3), and the anatomical evidence that these are direct
connections in humans (Huang, Rolls, Hsu, et al., 2021) and
macaques (Yukie, 2000), the route from VMV via the para-
hippocampal gyrus TH is likely to be the route through which
hippocampal spatial view cells are activated. In addition, the
functional connectivity shown in Figs. 3 and 6 indicates high
connectivity of both the hippocampus and TH with the pre-
subiculum, which is thereby aligned with this spatial view
processing system. Indeed, in humans the presubiculum,
subiculum and hippocampus are all activated by spatial
scenes (Epstein & Baker, 2019). Part of this system in terms of
connectivity is the posterior cingulate cortex and retrosplenial
cingulate cortex (Fig. 6), and consistently in humans these
cortical areas are also activated in humans by viewed spatial
scenes (Epstein & Baker, 2019; Sulpizio et al., 2020). These
cortical areas also have high functional connectivity with
parts of the parietal cortex including area 7 and PG (Figs. 3 and
6), which relate this whole system to the dorsal visual stream
(Ungerleider, 1995), and indeed there is evidence that visual
cells that respond in allocentric (world-based) spatial co-
ordinates are found in parietal area 7 (Snyder, Grieve,
Brotchie, & Andersen, 1998). These parietal (and similar pos-
terior cingulate (Dean & Platt, 2006)) neurons may convey in-
formation about allocentric bearings to landmarks, which
with hippocampal spatial view cells may be important and
frequently used in human and more generally primate navi-
gation (Rolls, 2020; 2021c).

Second, another type of information is represented in the
primate presubiculum, which contains head direction cells
(Robertson et al., 1999). Given the connectivity shown in Figs. 3
and 6, similar head direction information could be repre-
sented in other parts of the system shown in red in Fig. 6.

Third, information about linear and angular whole body
motion is represented in the hippocampus and subiculum by
‘whole body motion’ cells, and the signals that can drive these
neurons can be vestibular or optic flow or both (O'Mara et al.,
1994). (What are probably similar cells have been described in
the rodent medial entorhinal cortex, but have been termed
‘speed cells’ (Kropff, Carmichael, Moser, & Moser, 2015).) The
hippocampus and subiculum share high functional connec-
tivity with parietal PG areas, and with the posterior cingulate
cortex, which are likely to be part of the same system.
Consistent with this, vestibular and optic flow signals are
found in the parietal cortex of primates in area 7a (Avila,
Lakshminarasimhan, DeAngelis, & Angelaki, 2019; Bremmer,
Duhamel, Ben Hamed, & Graf, 2000; Cullen, 2019; Wurtz &
Duffy, 1992), and activations in humans to optic flow are
found in early visual cortical areas such as 6A (Sherrill et al.,
2015), which may be sources of input to the hippocampus
and subiculum that drive the whole body motion neurons.

Fourth, the functional connectivity of the other main (i.e.,
ventral) cortical system that connects with the human

hippocampus is shown in blue in Fig. 6. The temporal cortical
areas have functional connectivity with the perirhinal cortex,
which in turn has connectivity with the perirhinal cortex,
which in turn has connectivity with the hippocampus. One
feature of especial interest is that the connectivity of both the
temporal cortical visual areas and the perirhinal cortex with
the hippocampus is high, which is consistent with the direct
anatomical connections revealed by tractography between
these regions that bypass the entorhinal cortex in humans
(Huang, Rolls, Hsu, et al., 2021). The temporal lobe cortical
areas have neurons that respond to faces, and have invariance
for where the objects or faces are, so provide ‘what’ but not
‘where’ information (Tovee, Rolls, & Azzopardi, 1994; Rolls,
Aggelopoulos, & Zheng, 2003; Rolls, 2012, 2021a, 2021b). The
ventral stream pathways thus provide a route for ‘what’ in-
formation, about objects and faces, to reach the hippocampus,
and that information may reach the hippocampal system
directly as well as via the entorhinal cortex. Some hippo-
campal spatial view neurons respond to combinations of ob-
jects and spatial views (Rolls et al., 2005) and the recall of each
from the other (Rolls & Xiang, 2006), and this is how it is
proposed that episodic memory in primates including
humans is implemented, for it prototypically involves
remembering and later recalling where people or objects have
been seen in the spatial environment (Rolls, 2010, 2013a,
2013b, 2016, 2018, 2021a; Kesner & Rolls, 2015). The functional
connectivity shown in Fig. 6 showing how human visual
‘what’ (in blue) and ‘where’ (in red) pathways connect with the
hippocampus, where convergence can occur and is evident in
these memory-related neuronal responses, thus can be
related to this key memory computation performed by the
primate including human hippocampus.

It is interesting that TF is in humans part of this ventral
‘what’ system in terms of its functional connectivity shown
in Figs. 3 and 6. The hippocampo-cortical system is very
different in rodents, with its much less developed visual
pathways, and emphasis on representations of the place
where the rodent is located (McNaughton et al, 1996;
O'Keefe, Burgess, Donnett, Jeffery, & Maguire, 1998; Hartley,
Lever, Burgess, & OKeefe, 2014). Another difference from
rodents is the high functional (and direct (Huang, Rolls, Hsu,
et al, 2021)) connectivity of the hippocampus with the
anterior temporal lobe TG (Fig. 3), for this area is implicated
in semantic representations (Bonner & Price, 2013; DeWitt &
Rauschecker, 2016; Fairhall & Caramazza, 2013a, 2013b; Rolls,
2021a), which may need to be incorporated into human
episodic memory, in addition to the hippocampal episodic
memory system contributing to semantic memory by
recalling past episodes (Rolls, 2022).

With respect to the functional connectivity of the human
hippocampal system with some early sensory cortical areas
(Fig. 3), it is suggested that part of the functional significance
of this is that for especially the early sensory cortical areas,
this may provide a direct route for the some low-level sen-
sory details to be incorporated into episodic memory, making
them vivid and potentially more useful as all the low-level
sensory details may not be represented higher in the hier-
archy (Rolls, 2021a). These connections may include afferents
to the hippocampus from some of these parietal and tem-
poral areas, and, based in research in macaques, some of
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these are direct to hippocampal CA1 (Blatt & Rosene, 1998;
Ding et al., 2000; Ichinohe & Rockland, 2005; Rockland & Van
Hoesen, 1999; Yukie, 2000; Zhong & Rockland, 2004), rather
than through the trisynaptic circuit from the dentate gyrus
and CA3 to CAl. That raises the important concept that in
humans (and to some extent in non-human primates), direct
inputs to CAl may be combined with memories recalled
using completion in the CA3 recurrent collateral attractor
system to enable detailed cortical information to be com-
bined in CA1 with what is recalled via the CA3 route to CA1l
(Rolls, 2018). Another interesting possibility not generally
considered is that connections reaching CA1 might re-enter
the hippocampal circuitry via the entorhinal cortex, and via
that route reach the dentate and CA3. It is further noted that
some of this hippocampal system connectivity may be back
to the early sensory cortical areas, and this could be impor-
tant in imagery.

4.3. Limitations and future research

Functional connectivity does not measure the direction of
interaction, as the measure is a Pearson correlation of the
BOLD signals between a pair of brain regions. It would be
interesting to extend this with effective connectivity, which
measures the strength of the effects in both directions be-
tween each pair of brain regions, and so provides a causal and
generative map. Further, given that differences have been
reported between the posterior and anterior hippocampus in
their connectivity (Ezama et al., 2021) and functions (Brunec
et al.,, 2018; Strange, Witter, Lein, & Moser, 2014), it would be
of interest to perform a future investigation of the cortical
connectivity of posterior versus anterior parts of the hippo-
campus with all the 360 cortical regions in the HCP-MMP atlas.
Further, although separating out different fields of the hip-
pocampus (e.g., dentate, CA3, CA1 and CA4) is difficult with
MRI (Bakker, Kirwan, Miller, & Stark, 2008; Bonnici et al., 2012;
Yassa et al., 2010), it would be of interest to investigate the
extent to which they may have different connectivity with all
the 360 cortical regions in the HCP-MMP atlas. It is further
noted that functional connectivity does not provide evidence
on whether a connectivity is by a direct connection between
brain regions, or by an intermediate region or by common
input. That is why part of the strength of this paper is the
comparison with the diffusion tractography, which does
provide evidence about direct connections. Part of the
importance of the functional connectivity measures described
here is that they complement the diffusion tractography
(Huang, Rolls, Hsu, et al, 2021), by showing that false
streamlines where tracts cross did not produce false results,
and by providing measures of the physiological strength of the
interactions between brain regions.

4.4, Conclusions

The research described here provides an important and new
complement to the evidence for the extensive anatomical
cortical connectivity of the human hippocampus (Huang, Rolls,
Hsu, et al., 2021), by presenting new evidence in the functional
domain (compare Fig. 3 in the present paper with Fig. 5 of

Huang, Rolls, Hsu et al. (2021)). First, the functional connectivity
confirms that the human hippocampus has connectivity with
many more cortical areas than does the entorhinal cortex,
providing further evidence that the entorhinal cortex is not the
sole gateway for human hippocampal connectivity with therest
of the brain. Second, the functional connectivity confirms the
close relation of the hippocampus with early visual cortical
areas; and with primary auditory, olfactory and somatosensory
cortical areas (Fig. 3). This connectivity is suggested to be
involved in low-level sensory details being included in episodic
memories. Third, the functional connectivity confirms that
parahippocampal gyrus TF is closely connected with ventral
stream visual cortical areas (including TE and TG areas);
whereas parahippocampal gyrus TH is closely connected with
dorsal stream visual cortical areas (including parietal area 7, LIP,
VIP, MIP and the retrosplenial cingulate cortex). Fourth, a key
difference from the anatomical connectivity is that the func-
tional connectivity of the human hippocampal system is shown
to be largely bilateral (Fig. 4), which is not revealed by the
diffusion tractography (Fig. 6 of Huang, Rolls, Hsu et al. (2021)).
Fifth, the functional connectivity described here provides
important supporting evidence that the pathways of the hip-
pocampal system identified with diffusion tractography
(Huang, Rolls, Hsu, et al., 2021) are not false positives, in that all
have functional connectivity, which would not be present if the
tractography had followed pathways incorrectly. Taken
together, these two papers provide a foundation for an under-
standing of the human hippocampus that extends far beyond
the dual stream ‘what’ and ‘where’ model with its primarily
hierarchical and segregated processing. A highlight is that we
show that important advances can be made, in this case about
the connectivity of the human memory system, based on the
large investments in studies designed to collect data on the
human connectome such as the Human Connectome Project
(Glasser, Smith, et al., 2016), and on the atlas provided with the
Human Connectome Project (Glasser, Coalson, et al., 2016).
Moreover, here we extend the HCP atlas, by providing separate
subregions for the hippocampus and for the subiculum, which
is helpful as the subiculum is a separate region to the hippo-
campus, and is important in understanding the connections of
the hippocampal system.

Funding

The research was supported by the following grants. Dr W.
Cheng was supported by the National Key R&D Program of
China (2019YFA0709502). Qing Ma was supported by grants
from the National Postdoctoral Foundation of China (No.
2021M690700) and Shanghai Postdoctoral Excellence Program
(No. 2020045). Professor J. Feng: National Key R&D Program of
China (No. 2019YFA0709502); 111 Project (No. B18015);
Shanghai Municipal Science and Technology Major Project
(No. 2018SHZDZX01), ZJLab, and Shanghai Center for Brain
Science and Brain-Inspired Technology; and National Key
R&D Program of China (No. 2018YFC1312904). The funding
sources had no involvement in the collection, analysis and
interpretation of data; in the writing of the report; and in the
decision to submit the article for publication.


https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

98 CORTEX 147 (2022) 83—I01

Ethical permissions

No data were collected as part of the research described here.
The data were from the Human Connectome Project, and the
WU-Minn HCP Consortium obtained full informed consent
from all participants, and research procedures and ethical
guidelines were followed in accordance with the Institutional
Review Boards (IRB), with details at the HCP website (http://
www.humanconnectome.org/).

Data and code availability

The data are available from the Human Connectome Project
(http://www.humanconnectome.org/). Standard functions in
Matlab were used for the analysis. No part of the study pro-
cedures or analyses was preregistered prior to the research
being conducted.

Author contributions

QM performed the voxel-level functional connectivity. ETR
designed the investigation, performed the statistical quanti-
tative analyses with the modified HCP atlas, and wrote the
paper; C—CH provided the modified HCP atlas; JF and WC
provided funding and WC provided advice. All authors
approved the paper.

Open practices

The study in this article earned an Open Data — Protected
Access badge for transparent practices. Data for this study can
be found at: http://www.humanconnectome.org/.

Declaration of competing interest

The authors have no competing interests to declare.

Acknowledgements

Professor Menno P. Witter (Kavli Institute for Systems
Neuroscience and Centre for Neural Computation, Trond-
heim, Norway) is warmly thanked for helpful discussions. The
neuroimaging data were provided by the Human Connectome
Project, WU-Minn Consortium (Principal Investigators: David
Van Essen and Kamil Ugurbil; 1US4MH091657) funded by the
16 NIH Institutes and Centers that support the NIH Blueprint
for Neuroscience Research; and by the McDonnell Center for
Systems Neuroscience at Washington University.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cortex.2021.11.014.

REFERENCES

Aggleton, J. P. (2012). Multiple anatomical systems embedded
within the primate medial temporal lobe: Implications for
hippocampal function. Neuroscience and Biobehavioral Reviews,
36, 1579—1596. https://doi.org/10.1016/j.neubiorev.2011.09.005

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. https://doi.org/10.1093/cercor/bhy272

Bakker, A, Kirwan, C. B., Miller, M., & Stark, C. E. (2008). Pattern
separation in the human hippocampal CA3 and dentate gyrus.
Science, 319, 1640—1642. https://doi.org/10.1126/
science.1152882

Blatt, G. J., & Rosene, D. L. (1998). Organization of direct
hippocampal efferent projections to the cerebral cortex of the
rhesus monkey: Projections from CA1, prosubiculum, and
subiculum to the temporal lobe. Journal of Comparative
Neurology, 392, 92—114.

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. https://doi.org/10.1523/JNEUROSCI.0041-13.2013

Bonnici, H. M., Chadwick, M. J., Kumaran, D., Hassabis, D.,
Weiskopf, N., & Maguire, E. A. (2012). Multi-voxel pattern
analysis in human hippocampal subfields. Front Hum Neurosci,
6, 290. https://doi.org/10.3389/fnhum.2012.00290

Bremmer, F., Duhamel, J. R., Ben Hamed, S., & Graf, W. (2000).
Stages of self-motion processing in primate posterior parietal
cortex. Int Rev Neurobiol, 44, 173—198. https://doi.org/10.1016/
s0074-7742(08)60742-4

Brunec, I. K., Bellana, B., Ozubko, J. D., Man, V., Robin, J., Liu, Z. X.,
... Moscovitch, M. (2018). Multiple scales of representation
along the hippocampal anteroposterior axis in humans.
Current Biology: CB, 28, 2129—2135 e2126. https://doi.org/
10.1016/j.cub.2018.05.016

Burwell, R. D. (2000). The parahippocampal region: Corticocortical
connectivity. Ann N 'Y Acad Sci, 911, 25—42. https://doi.org/
10.1111/j.1749-6632.2000.tb06717.x

Burwell, R. D., Witter, M. P., & Amaral, D. G. (1995). Perirhinal and
postrhinal cortices of the rat: A review of the neuroanatomical
literature and comparison with findings from the monkey
brain. Hippocampus, 5, 390—408. https://doi.org/10.1002/
hipo.450050503

Cavada, C., Company, T., Tejedor, J., Cruz-Rizzolo, R. J., & Reinoso-
Suarez, F. (2000). The anatomical connections of the macaque
monkey orbitofrontal cortex: A review. Cerebral Cortex, 10,
220—242.

Clark, I. A, Hotchin, V., Monk, A., Pizzamiglio, G., Liefgreen, A., &
Maguire, E. A. (2019). Identifying the cognitive processes
underpinning hippocampal-dependent tasks. Journal of
Experimental Psychology. General, 148, 1861—1881. https://
doi.org/10.1037/xge0000582

Corkin, S. (2002). What's new with the amnesic patient H.M.
Nature Reviews. Neuroscience, 3, 153—160. https://doi.org/
10.1038/nrn726

Cullen, K. E. (2019). Vestibular processing during natural self-
motion: Implications for perception and action. Nature
Reviews. Neuroscience, 20, 346—363. https://doi.org/10.1038/
s41583-019-0153-1

Dean, H. L., & Platt, M. L. (2006). Allocentric spatial referencing of
neuronal activity in macaque posterior cingulate cortex. The
Journal of Neuroscience, 26, 1117—1127. https://doi.org/10.1523/
JNEUROSCI.2497-05.2006

Deco, G., & Rolls, E. T. (2005). Attention, short-term memory, and
action selection: A unifying theory. Progress in Neurobiology, 76,
236—256.


http://www.humanconnectome.org/
http://www.humanconnectome.org/
http://www.humanconnectome.org/
http://www.humanconnectome.org/
https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.neubiorev.2011.09.005
https://doi.org/10.1093/cercor/bhy272
https://doi.org/10.1126/science.1152882
https://doi.org/10.1126/science.1152882
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref4
https://doi.org/10.1523/JNEUROSCI.0041-13.2013
https://doi.org/10.3389/fnhum.2012.00290
https://doi.org/10.1016/s0074-7742(08)60742-4
https://doi.org/10.1016/s0074-7742(08)60742-4
https://doi.org/10.1016/j.cub.2018.05.016
https://doi.org/10.1016/j.cub.2018.05.016
https://doi.org/10.1111/j.1749-6632.2000.tb06717.x
https://doi.org/10.1111/j.1749-6632.2000.tb06717.x
https://doi.org/10.1002/hipo.450050503
https://doi.org/10.1002/hipo.450050503
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref11
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref11
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref11
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref11
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref11
https://doi.org/10.1037/xge0000582
https://doi.org/10.1037/xge0000582
https://doi.org/10.1038/nrn726
https://doi.org/10.1038/nrn726
https://doi.org/10.1038/s41583-019-0153-1
https://doi.org/10.1038/s41583-019-0153-1
https://doi.org/10.1523/JNEUROSCI.2497-05.2006
https://doi.org/10.1523/JNEUROSCI.2497-05.2006
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref16
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref16
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref16
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref16
https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

CORTEX 147 (2022) 83—101 99

DeWitt, I., & Rauschecker, J. P. (2016). Convergent evidence for the
causal involvement of anterior superior temporal gyrus in
auditory single-word comprehension. Cortex, 77, 164—166.
https://doi.org/10.1016/j.cortex.2015.08.016

Ding, S. L., Van Hoesen, G., & Rockland, K. S. (2000). Inferior
parietal lobule projections to the presubiculum and
neighboring ventromedial temporal cortical areas. ] Comp
Neurol, 425, 510—530. https://doi.org/10.1002/1096-
9861(20001002)425::4<510:aid-cne4>3.0.co;2-r

Doan, T. P., Lagartos-Donate, M. J., Nilssen, E. S., Ohara, S., &
Witter, M. P. (2019). Convergent projections from perirhinal
and postrhinal cortices suggest a multisensory nature of
lateral, but not medial, entorhinal cortex. Cell Reports, 29,
617—627 e617. https://doi.org/10.1016/j.celrep.2019.09.005

Epstein, R. A., & Baker, C. I. (2019). Scene perception in the human
brain. Annu Rev Vis Sci, 5, 373—397. https://doi.org/10.1146/
annurev-vision-091718-014809

Ezama, L., Hernandez-Cabrera, J. A., Seoane, S., Pereda, E., &
Janssen, N. (2021). Functional connectivity of the
hippocampus and its subfields in resting-state networks. The
European Journal of Neuroscience, 53, 3378—3393. https://doi.org/
10.1111/ejn.15213

Fairhall, S. L., & Caramazza, A. (2013a). Brain regions that
represent amodal conceptual knowledge. The Journal of
Neuroscience, 33, 10552—10558. https://doi.org/10.1523/
JNEUROSCI.0051-13.2013

Fairhall, S. L., & Caramazza, A. (2013b). Category-selective neural
substrates for person- and place-related concepts. Cortex, 49,
2748—2757. https://doi.org/10.1016/j.cortex.2013.05.010

Feng, R, Rolls, E. T., Cheng, W., & Feng, J. (2020). Hypertension is
associated with reduced hippocampal connectivity and
impaired memory. EBioMedicine, 61, 103082.

Fonov, V., Evans, A. C., Botteron, K., Almli, C. R., McKinstry, R. C.,
Collins, D. L., & Brain Development Cooperative, G.. (2011).
Unbiased average age-appropriate atlases for pediatric
studies. Neuroimage, 54, 313—327. https://doi.org/10.1016/
j.neuroimage.2010.07.033

Funahashi, S., Bruce, C. J., & Goldman-Rakic, P. S. (1989).
Mnemonic coding of visual space in monkey dorsolateral
prefrontal cortex. Journal of Neurophysiology, 61, 331—349.

Garcia, A. D., & Buffalo, E. A. (2020). Anatomy and function of the
primate entorhinal cortex. Annu Rev Vis Sci, 6, 411—432. https://
doi.org/10.1146/annurev-vision-030320-041115

Georges-Frangois, 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 Auditory attentional selection. Neuroscience, 441,
209-216. https://doi.org/10.1016/j.neuroscience.2020.05.057

Glasser, M. F., Coalson, T. S., Robinson, E. C., Hacker, C. D.,
Harwell, J., Yacoub, E., ... Van Essen, D. C. (2016a). A multi-
modal parcellation of human cerebral cortex. Nature, 536,
171-178. https://doi.org/10.1038/nature18933

Glasser, M. F., Smith, S. M., Marcus, D. S., Andersson, J. L.,
Auerbach, E. J., Behrens, T. E., ... Van Essen, D. C. (2016b). The
Human Connectome Project's neuroimaging approach. Nature
Neuroscience, 19, 1175—1187. https://doi.org/10.1038/nn.4361

Glasser, M. F., Sotiropoulos, S. N., Wilson, J. A., Coalson, T. S.,
Fischl, B., Andersson, J. L., ... Consortium, W. U.-M. H. (2013).
The minimal preprocessing pipelines for the Human
Connectome Project. Neuroimage, 80, 105—124. https://doi.org/
10.1016/j.neuroimage.2013.04.127

Goldman-Rakic, P. S. (1996). The prefrontal landscape:
Implications of functional architecture for understanding
human mentation and the central executive. Philosophical
Transactions of the Royal Society B, 351, 1445—1453.

Gong, W., Wan, L., Lu, W., Ma, L., Cheng, F., Cheng, W., ... Feng, J.
(2018). Statistical testing and power analysis for brain-wide
association study. Medical Image Analysis, 47, 15—30. https://
doi.org/10.1016/j.media.2018.03.014

Griffanti, L., Salimi-Khorshidi, G., Beckmann, C. F., Auerbach, E. ],
Douaud, G., Sexton, C. E,, ... Smith, S. M. (2014). ICA-based
artefact removal and accelerated fMRI acquisition for
improved resting state network imaging. Neuroimage, 95,
232-247. https://doi.org/10.1016/j.neuroimage.2014.03.034

Hartley, T., Lever, C., Burgess, N., & O'Keefe, J. (2014). Space in the
brain: How the hippocampal formation supports spatial
cognition. Philos Trans R Soc Lond B Biol Sci, 369, 20120510.
https://doi.org/10.1098/rstb.2012.0510

Huang, C.-C., Rolls, E. T., Feng, J., & Lin, C.-P. (2021). An extended
human connectome project anatomical atlas. Brain Structure
and Function. https://doi.org/10.1007/s00429-00021-02421-
00426

Huang, C.-C., Rolls, E. T., Hsu, C.-C. H., Feng, J., & Lin, C.-P. (2021b).
Extensive cortical connectivity of the human hippocampal
memory system: Beyond the "what" and "where" dual-stream
model. Cerebral Cortex, 31, 4652—4669. https://doi.org/10.1093/
cercor/bhab113

Ichinohe, N., & Rockland, K. S. (2005). Zinc-enriched amygdalo-
and hippocampo-cortical connections to the inferotemporal
cortices in macaque monkey. Neuroscience Research, 53, 57—68.
https://doi.org/10.1016/j.neures.2005.06.002

Insausti, R., & Munoz, M. (2001). Cortical projections of the non-
entorhinal hippocampal formation in the cynomolgus
monkey (Macaca fascicularis). The European Journal of
Neuroscience, 14, 435—451. https://doi.org/10.1046/j.0953-
816x.2001.01662.x

Kesner, R. P, & Rolls, E. T. (2015). A computational theory of
hippocampal function, and tests of the theory: New
developments. Neuroscience and Biobehavioral Reviews, 48,
92—147. https://doi.org/10.1016/j.neubiorev.2014.11.009

Knierim, J. J., Neunuebel, J. P., & Deshmukh, S. S. (2014).
Functional correlates of the lateral and medial entorhinal
cortex: Objects, path integration and local-global reference
frames. Philos Trans R Soc Lond B Biol Sci, 369, 20130369. https://
doi.org/10.1098/rstb.2013.0369

Kornblith, S., Cheng, X., Ohayon, S., & Tsao, D. Y. (2013). A
network for scene processing in the macaque temporal lobe.
Neuron, 79, 766—781. https://doi.org/10.1016/
j.neuron.2013.06.015

Kropff, E., Carmichael, J. E., Moser, M. B., & Moser, E. I. (2015).
Speed cells in the medial entorhinal cortex. Nature, 523,
419—424. https://doi.org/10.1038/nature14622

Lavenex, P., & Amaral, D. G. (2000). Hippocampal-neocortical
interaction: A hierarchy of associativity. Hippocampus, 10,
420-430. https://doi.org/10.1002/1098-1063(2000)
10::4<420:AID-HIPO8>3.0.CO;2-5

Lavenex, P., Suzuki, W. A., & Amaral, D. G. (2002). Perirhinal and
parahippocampal cortices of the macaque monkey:
Projections to the neocortex. ] Comp Neurol, 447, 394—420.
https://doi.org/10.1002/cne.10243

Maguire, E. A., Intraub, H., & Mullally, S. L. (2016). Scenes, spaces,
and memory traces: What does the hippocampus do?
Neuroscientist, 22, 432—439. https://doi.org/10.1177/
1073858415600389

McNaughton, B. L., Barnes, C. A., Gerrard, J. L., Gothard, K.,
Jung, M. W., Knierim, J. J., ... Weaver, K. L. (1996). Deciphering
the hippocampal polyglot: The hippocampus as a path
integration system. Journal of Experimental Biology, 199,
173—-185.

Meister, M. L. R., & Buffalo, E. A. (2018). Neurons in primate
entorhinal cortex represent gaze position in multiple spatial
reference frames. The Journal of Neuroscience, 38, 2430—2441.
https://doi.org/10.1523/JNEUROSCI.2432-17.2018


https://doi.org/10.1016/j.cortex.2015.08.016
https://doi.org/10.1002/1096-9861(20001002)425::4<510:aid-cne4>3.0.co;2-r
https://doi.org/10.1002/1096-9861(20001002)425::4<510:aid-cne4>3.0.co;2-r
https://doi.org/10.1016/j.celrep.2019.09.005
https://doi.org/10.1146/annurev-vision-091718-014809
https://doi.org/10.1146/annurev-vision-091718-014809
https://doi.org/10.1111/ejn.15213
https://doi.org/10.1111/ejn.15213
https://doi.org/10.1523/JNEUROSCI.0051-13.2013
https://doi.org/10.1523/JNEUROSCI.0051-13.2013
https://doi.org/10.1016/j.cortex.2013.05.010
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref24
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref24
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref24
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1016/j.neuroimage.2010.07.033
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref26
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref26
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref26
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref26
https://doi.org/10.1146/annurev-vision-030320-041115
https://doi.org/10.1146/annurev-vision-030320-041115
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref28
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref28
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref28
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref28
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref28
https://doi.org/10.1016/j.neuroscience.2020.05.057
https://doi.org/10.1038/nature18933
https://doi.org/10.1038/nn.4361
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1016/j.neuroimage.2013.04.127
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref33
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref33
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref33
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref33
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref33
https://doi.org/10.1016/j.media.2018.03.014
https://doi.org/10.1016/j.media.2018.03.014
https://doi.org/10.1016/j.neuroimage.2014.03.034
https://doi.org/10.1098/rstb.2012.0510
https://doi.org/10.1007/s00429-00021-02421-00426
https://doi.org/10.1007/s00429-00021-02421-00426
https://doi.org/10.1093/cercor/bhab113
https://doi.org/10.1093/cercor/bhab113
https://doi.org/10.1016/j.neures.2005.06.002
https://doi.org/10.1046/j.0953-816x.2001.01662.x
https://doi.org/10.1046/j.0953-816x.2001.01662.x
https://doi.org/10.1016/j.neubiorev.2014.11.009
https://doi.org/10.1098/rstb.2013.0369
https://doi.org/10.1098/rstb.2013.0369
https://doi.org/10.1016/j.neuron.2013.06.015
https://doi.org/10.1016/j.neuron.2013.06.015
https://doi.org/10.1038/nature14622
https://doi.org/10.1002/1098-1063(2000)10::4<420:AID-HIPO8>3.0.CO;2-5
https://doi.org/10.1002/1098-1063(2000)10::4<420:AID-HIPO8>3.0.CO;2-5
https://doi.org/10.1002/cne.10243
https://doi.org/10.1177/1073858415600389
https://doi.org/10.1177/1073858415600389
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref48
https://doi.org/10.1523/JNEUROSCI.2432-17.2018
https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

100 CORTEX 147 (2022) 83—I0T

Morecraft, R. J., Stilwell-Morecraft, K. S., Cipolloni, P. B., Ge, J.,
McNeal, D. W., & Pandya, D. N. (2012). Cytoarchitecture and
cortical connections of the anterior cingulate and adjacent
somatomotor fields in the rhesus monkey. Brain Research
Bulletin, 87, 457—497. https://doi.org/10.1016/
j.brainresbull.2011.12.005

Moser, M. B., Rowland, D. C., & Moser, E. 1. (2015). Place cells, grid
cells, and memory. Cold Spring Harbor Perspectives in Biology, 7,
Article a021808. https://doi.org/10.1101/cshperspect.a021808

Nasr, S., Liu, N., Devaney, K. J., Yue, X., Rajimehr, R.,
Ungerleider, L. G, et al. (2011). Scene-selective cortical regions
in human and nonhuman primates. The Journal of Neuroscience,
31, 13771-13785. https://doi.org/10.1523/JNEUROSCI.2792-
11.2011

Nilssen, E. S., Doan, T. P., Nigro, M. J., Ohara, S., & Witter, M. P.
(2019). Neurons and networks in the entorhinal cortex: A
reappraisal of the lateral and medial entorhinal subdivisions
mediating parallel cortical pathways. Hippocampus, 29,
1238—1254. https://doi.org/10.1002/hipo.23145

O'Keefe, J., Burgess, N., Donnett, J. G., Jeffery, K. J., & Maguire, E. A.
(1998). Place cells, navigational accuracy, and the human
hippocampus. Philosophical Transactions of the Royal Society B,
353, 1333—-1340.

O'Mara, S. M., Rolls, E. T., Berthoz, A., & Kesner, R. P. (1994).
Neurons responding to whole-body motion in the primate
hippocampus. Journal of Neuroscience, 14, 6511—6523.

Pandya, D. N., Seltzer, B., Petrides, M., & Cipolloni, P. B. (2015).
Cerebral cortex: Architecture, connections, and the dual origin
concept. New York: Oxford University Press.

Passingham, R. E. P., & Wise, S. P. (2012). The neurobiology of the
prefrontal cortex. Oxford: Oxford University Press.

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., &
Petersen, S. E. (2012). Spurious but systematic correlations in
functional connectivity MRI networks arise from subject
motion. Neuroimage, 59, 2142—2154. https://doi.org/10.1016/
j.neuroimage.2011.10.018

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A,,
Church, J. A,, ... Petersen, S. E. (2011). Functional network
organization of the human brain. Neuron, 72, 665—678. https://
doi.org/10.1016/j.neuron.2011.09.006

Robertson, R. G., Rolls, E. T., & Georges-Francois, P. (1998). Spatial
view cells in the primate hippocampus: Effects of removal of
view details. Journal of Neurophysiology, 79, 1145—1156.

Robertson, R. G., Rolls, E. T., Georges-Francois, P., & Panzeri, S.
(1999). Head direction cells in the primate pre-subiculum.
Hippocampus, 9, 206—219.

Rockland, K. S., & Van Hoesen, G. W. (1999). Some temporal and
parietal cortical connections converge in CA1 of the primate
hippocampus. Cerebral Cortex, 9, 232—237. https://doi.org/
10.1093/cercor/9.3.232

Rolls, E. T. (2010). A computational theory of episodic memory
formation in the hippocampus. Behavioural Brain Research, 215,
180—196. https://doi.org/10.1016/j.bbr.2010.03.027

Rolls, E. T. (2012). Invariant visual object and face recognition:
Neural and computational bases, and a model, VisNet.
Frontiers in Computational Neuroscience, 6(35), 1—70. https://
doi.org/10.3389/fncom.2012.00035

Rolls, E. T. (2013a). The mechanisms for pattern completion and
pattern separation in the hippocampus. Front Syst Neurosci, 7,
74. https://doi.org/10.3389/fnsys.2013.00074

Rolls, E. T. (2013b). A quantitative theory of the functions of the
hippocampal CA3 network in memory. Front Cell Neurosci, 7,
98. https://doi.org/10.3389/fncel.2013.00098

Rolls, E. T. (2016). Pattern separation, completion, and
categorisation in the hippocampus and neocortex.
Neurobiology of Learning and Memory, 129, 4—28.

Rolls, E. T. (2018). The storage and recall of memories in the
hippocampo-cortical system. Cell and Tissue Research, 373,
577—604. https://doi.org/10.1007/s00441-017-2744-3

Rolls, E. T. (2019). The cingulate cortex and limbic systems for
emotion, action, and memory. Brain Structure & Function, 224,
3001—-3018. https://doi.org/10.1007/s00429-019-01945-2

Rolls, E. T. (2020). Spatial coordinate transforms linking the
allocentric hippocampal and egocentric parietal primate brain
systems for memory, action in space, and navigation.
Hippocampus, 30, 332—353. https://doi.org/10.1002/hipo.23171

Rolls, E. T. (2021). Brain computations: What and how. Oxford:
Oxford University Press.

Rolls, E. T. (2022). The hippocampus, ventromedial-prefrontal
cortex, and episodic and semantic memory. Trends in Cognitive
Sciences. In review.

Rolls, E. T. (2021b). Learning invariant object and spatial view
representations in the brain using slow unsupervised
learning. Frontiers in Computational Neuroscience, 15, 686239.
https://doi.org/10.3389/fncom.2021.686239

Rolls, E. T. (2021C). Neurons including hippocampal spatial view
cells, and navigation in primates including humans.
Hippocampus, 31, 593—611. https://doi.org/10.1002/hipo.23324

Rolls, E. T., Aggelopoulos, N. C., & Zheng, F. (2003). The receptive
fields of inferior temporal cortex neurons in natural scenes.
Journal of Neuroscience, 23, 339—348.

Rolls, E. T., Cheng, W., & Feng, J. (2020). The orbitofrontal cortex:
Reward, emotion, and depression. Brain Communications, 2,
fcaa196. https://doi.org/10.1093/braincomms/fcaal96

Rolls, E. T., & Mills, P. (2019). The generation of time in the
hippocampal memory system. Cell Reports, 28, 1649—1658
e1646. https://doi.org/10.1016/j.celrep.2019.07.042

Rolls, E. T., Robertson, R. G., & Georges-Francois, P. (1997). Spatial
view cells in the primate hippocampus. European Journal of
Neuroscience, 9, 1789—1794.

Rolls, E. T., & Treves, A. (2011). The neuronal encoding of
information in the brain. Progress in Neurobiology, 95, 448—490.
https://doi.org/10.1016/j.pneurobio.2011.08.002

Rolls, E. T., Treves, A., Robertson, R. G., Georges-Francois, P., &
Panzeri, S. (1998). Information about spatial view in an
ensemble of primate hippocampal cells. Journal of
Neurophysiology, 79, 1797—1813.

Rolls, E. T., & Wirth, S. (2018). Spatial representations in the
primate hippocampus, and their functions in memory and
navigation. Progress in Neurobiology, 171, 90—113. https://
doi.org/10.1016/j.pneurobio.2018.09.004

Rolls, E. T., & Xiang, J.-Z. (2006). Spatial view cells in the primate
hippocampus, and memory recall. Reviews in the Neurosciences,
17, 175-200.

Rolls, E. T., Xiang, J.-Z., & Franco, L. (2005). Object, space and
object-space representations in the primate hippocampus.
Journal of Neurophysiology, 94, 833—844. https://doi.org/10.1152/
jn.01063.2004

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 hierarchical fusion of classifiers. Neuroimage, 90,
449-468. https://doi.org/10.1016/j.neuroimage.2013.11.046

Satterthwaite, T. D., Elliott, M. A., Gerraty, R. T., Ruparel, K.,
Loughead, J., Calkins, M. 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. https://
doi.org/10.1016/j.neuroimage.2012.08.052

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


https://doi.org/10.1016/j.brainresbull.2011.12.005
https://doi.org/10.1016/j.brainresbull.2011.12.005
https://doi.org/10.1101/cshperspect.a021808
https://doi.org/10.1523/JNEUROSCI.2792-11.2011
https://doi.org/10.1523/JNEUROSCI.2792-11.2011
https://doi.org/10.1002/hipo.23145
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref54
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref54
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref54
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref54
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref54
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref55
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref55
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref55
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref55
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref56
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref56
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref56
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref57
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref57
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuron.2011.09.006
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref60
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref60
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref60
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref60
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref61
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref61
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref61
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref61
https://doi.org/10.1093/cercor/9.3.232
https://doi.org/10.1093/cercor/9.3.232
https://doi.org/10.1016/j.bbr.2010.03.027
https://doi.org/10.3389/fncom.2012.00035
https://doi.org/10.3389/fncom.2012.00035
https://doi.org/10.3389/fnsys.2013.00074
https://doi.org/10.3389/fncel.2013.00098
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref67
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref67
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref67
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref67
https://doi.org/10.1007/s00441-017-2744-3
https://doi.org/10.1007/s00429-019-01945-2
https://doi.org/10.1002/hipo.23171
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref71
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref71
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref72
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref72
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref72
https://doi.org/10.3389/fncom.2021.686239
https://doi.org/10.1002/hipo.23324
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref75
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref75
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref75
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref75
https://doi.org/10.1093/braincomms/fcaa196
https://doi.org/10.1016/j.celrep.2019.07.042
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref78
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref78
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref78
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref78
https://doi.org/10.1016/j.pneurobio.2011.08.002
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref80
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref80
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref80
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref80
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref80
https://doi.org/10.1016/j.pneurobio.2018.09.004
https://doi.org/10.1016/j.pneurobio.2018.09.004
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref82
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref82
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref82
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref82
https://doi.org/10.1152/jn.01063.2004
https://doi.org/10.1152/jn.01063.2004
https://doi.org/10.1016/j.neuroimage.2013.11.046
https://doi.org/10.1016/j.neuroimage.2012.08.052
https://doi.org/10.1016/j.neuroimage.2012.08.052
https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

CORTEX 147 (2022) 83—101 101

regions during goal-directed navigation. Neuroimage, 118,
386—396. https://doi.org/10.1016/j.neuroimage.2015.06.009

Smith, S. M., Beckmann, C. F., Andersson, J., Auerbach, E. J.,
Bijsterbosch, J., Douaud, G., ... Consortium, W. U.-M. H. (2013).
Resting-state fMRI in the human connectome Project.
Neuroimage, 80, 144—168. https://doi.org/10.1016/
j.neuroimage.2013.05.039

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. https://
doi.org/10.1038/29777

Strange, B. A., Witter, M. P, Lein, E. S., & Moser, E. 1. (2014).
Functional organization of the hippocampal longitudinal axis.
Nature Reviews. Neuroscience, 15, 655—669. https://doi.org/
10.1038/nrn3785

Sulpizio, V., Galati, G., Fattori, P., Galletti, C., & Pitzalis, S. (2020). A
common neural substrate for processing scenes and
egomotion-compatible visual motion. Brain Structure & Function,
225, 2091—-2110. https://doi.org/10.1007/s00429-020-02112-8

Suzuki, W. A., & Amaral, D. G. (1990). Cortical inputs to the CA1l
field of the monkey hippocampus originate from the
perirhinal and parahippocampal cortex but not from area TE.
Neuroscience Letters, 115, 43—48. https://doi.org/10.1016/0304-
3940(90)90515-b

Suzuki, W. A., & Amaral, D. G. (1994). Perirhinal and
parahippocampal cortices of the macaque monkey - cortical
afferents. Journal Of Comparative Neurology, 350, 497—533.

Tovee, M. J., Rolls, E. T., & Azzopardi, P. (1994). Translation
invariance in the responses to faces of single neurons in the
temporal visual cortical areas of the alert macaque. Journal of
Neurophysiology, 72, 1049—1060.

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. ]., Moser, M. B., et al.
(2018). Integrating time from experience in the lateral
entorhinal cortex. Nature, 561, 57—62. https://doi.org/10.1038/
s41586-018-0459-6

Tsitsiklis, M., Miller, J., Qasim, S. E., Inman, C. S., Gross, R. E.,
Willie, J. T., ... Jacobs, J. (2020). Single-neuron representations
of spatial targets in humans. Current Biology: CB, 30, 245—253
e244. https://doi.org/10.1016/j.cub.2019.11.048

Ungerleider, L. G. (1995). Functional brain imaging studies of
cortical mechanisms for memory. Science, 270, 769—775.
https://doi.org/10.1126/science.270.5237.769

Van Essen, D. C., Smith, S. M., Barch, D. M., Behrens, T. E.,
Yacoub, E., Ugurbil, K., et al. (2013). The Wu-Minn human

connectome Project: An overview. Neuroimage, 80, 62—79.
https://doi.org/10.1016/j.neuroimage.2013.05.041

Van Hoesen, G. W. (1982). The parahippocampal gyrus. New
observations regarding its cortical connections in the monkey.
Trends in Neuroscience, 5, 345—350.

Winterburn, J. L., Pruessner, J. C., Chavez, S., Schira, M. M.,
Lobaugh, N. J.,, Voineskos, A. N., et al. (2013). A novel in vivo
atlas of human hippocampal subfields using high-resolution 3
T magnetic resonance imaging. Neuroimage, 74, 254—265.
https://doi.org/10.1016/j.neuroimage.2013.02.003

Wirth, S., Baraduc, P., Plante, A,, Pinede, S., & Duhamel, J. R.
(2017). Gaze-informed, task-situated representation of space
in primate hippocampus during virtual navigation. Plos
Biology, 15, Article e2001045. https://doi.org/10.1371/
journal.pbio.2001045

Witter, M. P., & Amaral, D. G. (2021). The entorhinal cortex of the
monkey: VI. Organization of projections from the
hippocampus, subiculum, presubiculum, and parasubiculum.
J Comp Neurol, 529, 828—852. https://doi.org/10.1002/cne.24983

Wurtz, R. H., & Duffy, C. J. (1992). Neuronal correlates of optic flow
stimulation. Ann N Y Acad Sci, 656, 205—219. https://doi.org/
10.1111/j.1749-6632.1992.tb25210.x

Yassa, M. A, Stark, S. M., Bakker, A., Albert, M. S., Gallagher, M., &
Stark, C. E. (2010). High-resolution structural and functional
MRI of hippocampal CA3 and dentate gyrus in patients with
amnestic Mild Cognitive Impairment. Neuroimage, 51,
1242—1252. https://doi.org/10.1016/j.neuroimage.2010.03.040

Yukie, M. (2000). Connections between the medial temporal
cortex and the CA1 subfield of the hippocampal formation in
the Japanese monkey (Macaca fuscata). ] Comp Neurol, 423,
282-298. https://doi.org/10.1002/1096-9861(20000724)
423::2<282:aid-cne7>3.0.co;2-z

Zhong, Y. M., & Rockland, K. S. (2004). Connections between the
anterior inferotemporal cortex (area TE) and CA1 of the
hippocampus in monkey. Experimental Brain Research, 155,
311-319. https://doi.org/10.1007/s00221-003-1728-6

Zhong, Y. M., Yukie, M., & Rockland, K. S. (2005). Direct
projections from CA1 to the superior temporal sulcus in the
monkey, revealed by single axon analysis. Brain Research, 1035,
211-214. https://doi.org/10.1016/j.brainres.2004.12.010

Zhong, Y. M., Yukie, M., & Rockland, K. S. (2006). Distinctive
morphology of hippocampal CA1 terminations in orbital and
medial frontal cortex in macaque monkeys. Experimental Brain
Research, 169, 549—553. https://doi.org/10.1007/s00221-005-
0187-7


https://doi.org/10.1016/j.neuroimage.2015.06.009
https://doi.org/10.1016/j.neuroimage.2013.05.039
https://doi.org/10.1016/j.neuroimage.2013.05.039
https://doi.org/10.1038/29777
https://doi.org/10.1038/29777
https://doi.org/10.1038/nrn3785
https://doi.org/10.1038/nrn3785
https://doi.org/10.1007/s00429-020-02112-8
https://doi.org/10.1016/0304-3940(90)90515-b
https://doi.org/10.1016/0304-3940(90)90515-b
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref92
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref92
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref92
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref92
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref93
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref93
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref93
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref93
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref93
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref94
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref94
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref94
https://doi.org/10.1038/s41586-018-0459-6
https://doi.org/10.1038/s41586-018-0459-6
https://doi.org/10.1016/j.cub.2019.11.048
https://doi.org/10.1126/science.270.5237.769
https://doi.org/10.1016/j.neuroimage.2013.05.041
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref99
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref99
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref99
http://refhub.elsevier.com/S0010-9452(21)00373-7/sref99
https://doi.org/10.1016/j.neuroimage.2013.02.003
https://doi.org/10.1371/journal.pbio.2001045
https://doi.org/10.1371/journal.pbio.2001045
https://doi.org/10.1002/cne.24983
https://doi.org/10.1111/j.1749-6632.1992.tb25210.x
https://doi.org/10.1111/j.1749-6632.1992.tb25210.x
https://doi.org/10.1016/j.neuroimage.2010.03.040
https://doi.org/10.1002/1096-9861(20000724)423::2<282:aid-cne7>3.0.co;2-z
https://doi.org/10.1002/1096-9861(20000724)423::2<282:aid-cne7>3.0.co;2-z
https://doi.org/10.1007/s00221-003-1728-6
https://doi.org/10.1016/j.brainres.2004.12.010
https://doi.org/10.1007/s00221-005-0187-7
https://doi.org/10.1007/s00221-005-0187-7
https://doi.org/10.1016/j.cortex.2021.11.014
https://doi.org/10.1016/j.cortex.2021.11.014

	Extensive cortical functional connectivity of the human hippocampal memory system
	1. Introduction
	2. Methods
	2.1. Participants and data acquisition
	2.2. Data preprocessing and measurement of functional connectivity
	2.3. Brain atlas and hippocampal system region of interest selection
	2.4. Functional connectome
	2.5. Statistics

	3. Results
	3.1. Hippocampal ROI-with-voxel functional connectivity of the human hippocampal system
	3.2. Hippocampal ROI-with-HCP-cortical region functional connectivity of the human hippocampal system
	3.3. Hippocampus
	3.4. Subiculum
	3.5. Presubiculum
	3.6. Entorhinal cortex (EC)
	3.7. Perirhinal cortex
	3.8. Parahippocampal cortex TF
	3.9. Parahippocampal cortex TH (areas PHA1-3)
	3.10. Right versus left hippocampal system connectivity
	3.11. Comparison between the functional connectivities of the nine different hippocampal system ROIs

	4. Discussion
	4.1. Comparison of functional connectivity of the human hippocampal system with connections measured with diffusion tractography
	4.2. Functional implications of the connectivity of the human hippocampal memory system
	4.3. Limitations and future research
	4.4. Conclusions

	Funding
	Ethical permissions
	Data and code availability
	Author contributions
	Open practices
	Declaration of competing interest
	aclink5
	Appendix A. Supplementary data
	References


