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Abstract
The human hippocampus is involved in forming new memories: damage impairs memory. The dual
stream model suggests that object ‘what’ representations from ventral stream temporal cortex project
to the hippocampus via the perirhinal and then lateral entorhinal cortex; and spatial ‘where’
representations from the dorsal parietal stream via the parahippocampal gyrus and then medial
entorhinal cortex. The hippocampus can then associate these inputs to form episodic memories of ‘what’
happened ‘where’. Diffusion tractography was used to reveal the direct connections of hippocampal
system areas in humans. This provides evidence that the human hippocampus has extensive direct
cortical connections, with connections that bypass the entorhinal cortex to connect with the perirhinal
and parahippocampal cortex, with the temporal pole, with the posterior and retrosplenial cingulate
cortex, and even with early sensory cortical areas. The connections are less hierarchical and segregated
than in the dual stream model. This provides a foundation for a conceptualization for how the
hippocampal memory system connects with the cerebral cortex and operates in humans. One
implication is that pre-hippocampal cortical areas such as the parahippocampal TF and TH subregions
and perirhinal cortices may implement specialized computations that can benefit from inputs from the
dorsal and ventral streams.
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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 (Corkin 2002; Maguire et al.
2016; Clark et al. 2019). To understand how the hippocampus is involved in memory, and its disorders,
we need to know its connections to other brain areas, and especially to the cerebral cortex (Aggleton
2012; Rolls 2018, 2021b). Research in animals has led to the dual stream model, in which ventral
cortical processing streams concerned with representations of ‘what’ object or person is present reach
the hippocampus by the perirhinal and then lateral entorhinal cortex; and the dorsal cortical stream
concerned with ‘where’ representations of spatial locations is connected via the parahippocampal gyrus
and medial entorhinal cortex with the hippocampus (see Van Hoesen 1982; Suzuki and Amaral 1994;
Burwell et al. 1995; Burwell 2000; Knierim et al. 2014; Doan et al. 2019) (shown in schematic and
simplified form in Fig. 1). Then in the CA3 part of the hippocampus, where there is a single network of
neurons, the ‘what’ and ‘where’ streams can be combined to form a memory of what happened where
(Kesner and Rolls 2015; Rolls 2018, 2021b). That memory can then be recalled using a partial retrieval
cue to the neocortex by corresponding hierarchically organised and segregated backprojection pathways
from the hippocampus (Treves and Rolls 1994; Rolls 2018, 2021b).
In macaques, some hippocampal connections have been described that are not included in the
conceptual dual-stream model shown in Fig. 1. For example, in macaques the hippocampal CA1 region
has some direct connections to the cortex in the anterior part of the superior temporal sulcus (Zhong et
al. 2005) and to the orbitofrontal and anterior cingulate cortex (Cavada et al. 2000; Zhong et al. 2006;
Morecraft et al. 2012). It has further been reported in macaques that CA1 neurons have direct
connections to a number of temporal cortical areas, including the posterior parahippocampal (areas TF
and TH), perirhinal (areas 35 and 36) (Insausti and 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 and Rosene 1998), to the pregenual cingulate cortex (Insausti and Munoz 2001), and
to anteroventral TE (Zhong and Rockland 2004; Ichinohe and Rockland 2005) and the orbitofrontal
cortex (Zhong et al. 2006). Moreover, direct projections to CA1 in macaques have been reported from
areas 7a and 7b, area TF, and a region in the occipitotemporal sulcus (Rockland and Van Hoesen 1999;
Ding et al. 2000), and from superior temporal sulcus, the rostral and retrosplenial portions of the
cingulate cortex, the agranular insular cortex, and the caudal orbitofrontal cortex (Suzuki and Amaral
1990); and also from anteroventral TE (Zhong and Rockland 2004). The presubiculum has connections
to the cortex in the superior temporal sulcus, the lateral orbitofrontal cortex, and the temporal pole
(Insausti and Munoz 2001). (In rodents, CA1 projects to the retrosplenial cingulate cortex (Haugland et
al. 2019) and hypothalamus as well as the midline thalamic nuclei (Cenquizca and Swanson 2006).) In
rodents, division of the entorhinal cortex into medial and lateral components as illustrated in Fig. 1 is
usual, but in at least primates and perhaps rodents too there may be less segregation than is implied by
Fig. 1 (Insausti et al. 2017; Nilssen et al. 2019). Thus reality is more complex at least in primates than
the simple dual-stream model, as has been recognized (Kravitz et al. 2011; Kravitz et al. 2013; Knierim
et al. 2014; Milner 2017).
A key aim of the present investigation is to obtain evidence on the direct connections between
the human hippocampal system and other cortical areas, as this is fundamental to understanding how
the human hippocampus operates in health and disease (Rolls 2021b).
Key questions we asked in humans were as follows. Is the hippocampal system mainly
hierarchical, with the entorhinal cortex a gateway to and from the hippocampus, and direct connections
mainly between each of the series of stages shown in Fig. 1? Do the ‘what’ (temporal lobe) and ‘where’
(parietal lobe) pathways (Ungerleider and Haxby 1994; Ungerleider 1995) remain segregated through
the entorhinal cortex until they reach the hippocampus, as in the simple dual stream model? What are
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the connections of each of the hippocampal system-related areas in humans? What are the anatomical
connections of the hippocampal system with the very highly developed ventral and dorsal visual stream
processing areas in humans? These questions are essential for understanding the mechanisms of
operation of the hippocampal memory system in humans. The nine areas we investigated were the
hippocampus, subiculum, presubiculum, entorhinal cortex, perirhinal cortex, and parahippocampal
gyrus (area TF, and TH in terms of 3 subregions PHA1-3) (Fig. 2).
Here we describe a large-scale new investigation of human hippocampal system connections
using diffusion tractography imaging in more than 170 participants in the Human Connectome Project
between 9 hippocampal system regions and 360 cortical areas defined in the Human Connectome
Project atlas (Glasser et al. 2016a; Huang et al. 2021). The use of this atlas was important for the
research described here, because it utilises a multimodal approach to the parcellation of the cerebral
cortex, and defines a large number of anatomical areas in visual and related cortex many of which in
addition have been functionally defined (Glasser et al. 2016a). We show that the hippocampus has direct
connections with many cortical areas beyond the entorhinal (and even perirhinal and parahippocampal)
cortex, consistent with the hypothesis that in humans these areas are not the exclusive gateway with the
hippocampus. Instead, the hippocampus communicates directly with some ‘what’ (temporal cortex) and
‘where’ (parietal and posterior cingulate) cortical areas, and even early sensory cortical areas, which
may facilitate the recall of memories with sensory detail. We show that lateral parahippocampal gyrus
area TF is, with the perirhinal cortex, strongly connected with the hippocampus and with ‘what’ ventral
stream / temporal lobe cortical areas, leading to a re-evaluation of the functions of the parahippocampal
gyrus. We show that medial parahippocampal gyrus area TH is strongly linked with the hippocampus
and dorsal visual stream, parietal, and posterior cingulate cortical areas in the ‘where’ visual system.
These visual streams are so highly developed in primates compared to rodents (Rolls 2021b) that a key
aim of the investigation described here was to examine the connections of the hippocampus with both
these visual streams in humans. We also wished to investigate connections between these perirhinal
‘what’ / parahippocampal ‘where’ stages of processing found in humans, and this also led to an
evaluation for humans of the dual stream hierarchical and segregated processing streams to and from
the hippocampus. These investigations, and the strong connections with human anterior temporal lobe
areas involved in semantic memory, lead to new concepts about how the hippocampal system operates
in memory in humans.
Although the extensive direct connections of the hippocampus in humans revealed here may
seem surprising, there is supporting evidence from tract-tracing studies in non-human primates (Amaral
et al. 1983; Suzuki and Amaral 1994; Saleem and Tanaka 1996; Yukie 2000; Zhong et al. 2006;
Aggleton 2012; Nilssen et al. 2019) as further described above. The support from the primate evidence
is especially relevant because in primates there is also a highly developed visual system with ventral
stream temporal lobe areas involved in object and face recognition, and dorsal stream parietal and
posterior cingulate cortex areas involved in spatial function (Boussaoud et al. 1990; Ungerleider and
Haxby 1994; Ungerleider 1995; Rolls 2021b), which both reach the hippocampus and are implicated in
‘what’ and ‘where’ episodic memory (Kesner and Rolls 2015; Rolls 2018; Rolls and Wirth 2018).
It is noted that diffusion tractography provides evidence on direct connections but not on the
direction of connections, and is measured by the streamlines described in this paper; that functional
connectivity based on correlations between the BOLD signals in different brain areas implies an
influence between the brain areas that need not be direct; and that effective connectivity based on delays
between the BOLD signals in different brain areas may provide evidence on the direction of the
influence of one brain area on another, but does not prove a direct connection (Cheng et al. 2016; Rolls
et al. 2018; Rolls 2021b). These methods thus complement each other, and for this reason crossreference is made to findings on functional and effective connectivity in the same HCP participants in
this paper.
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Methods
The definition of regions in the Human Connectome Project (HCP) atlas is shown in Glasser et
al. (2016a) (Glasser_2016_Table.xlsx). A list of these regions is provided in Table S1, and in Fig. S1
we show coronal slices with labels for the regions defined in the HCP atlas.
In this investigation, the nine seed regions of interest (ROIs) for diffusion tractography were
the Hippocampus (Hipp), Subiculum (Subic), Presubiculum (PreS), Entorhinal Cortex (EC), Perirhinal
Cortex (PeEc), and four parts of the parahippocampal gyrus (TF, and PHA1-3 which correspond to TH),
as shown in Fig. 1. The regions were as defined in the Human Connectome Project (HCP) atlas (Glasser
et al. 2016a) unless otherwise stated.
Of the three parahippocampal areas defined in the HCP atlas that correspond approximately to
area TH, PHA1 is medial, PHA2 is dorsolateral, and PHA3 is ventrolateral. Parahippocampal area TF
is lateral to TH (see Figs. 1 and S1). The hippocampus was redefined in this investigation, to include
more of the hippocampus than is included in the HCP hippocampal RegionID, and to produce separate
regions for the hippocampus and subiculum, using the hippocampal template defined by Winterburn et
al (2013), as described in the Supplementary Material.
Participants
A total of all the 178 individuals who had completed diffusion and structural scans were
included from the subject pool included in the publicly available Wu-Minn HCP 7T dataset. (No
participants were excluded. There are 69 males and 109 females in the 178 participants, with ages
mainly in the range 22-36 years. The participants were almost all the same in two related investigations,
of functional (Ma et al. 2021) and effective (Rolls et al. 2021) connectivity of the human hippocampal
system.) The preprocessed diffusion (dMRI) and T1-weighted (T1w) images of the 178 subjects were
obtained by ConnectomeDB (https://db.humanconnectome.org) and analysed in this investigation.
MRI Acquisition
Details of the 7T diffusion and T1-weighted image acquisition protocols are provided in the
HCP reference manual (https://humanconnectome.org/study/hcp-young-adult/document/1200subjects-data-release). The dMRI scans used a monopolar scheme with single-shot 2D spin-echo
multiband (factor = 2) EPI acquisition, with the main parameters as follows: 1.05mm isotropic voxel
(FOV: 210 x 210mm2, matrix size: 200 x 200), 132 transversal slices acquired in interleaved order
without a gap, phase encoding applied along the anterior-posterior direction, phase encoding
acceleration (GRAPPA) factor 3, 2 shells with b-values = 1000 (142), 2000 s/mm2 (Δ = 34 ms and δ =
14.3 ms), TR/TE = 7000/71ms, 65 unique diffusion gradient directions and 6 b0 images were obtained
for each phase encoding direction pair (AP and PA pairs). The total scanning time for the dMRI protocol
was about 40 min.
Brain Parcellation
To reconstruct the whole-brain structural connectome that included all the regions of interest
in this study, we combined the following two atlases: HCP’s multi-modal parcellation (HCP-MMP
v1.0), consisting of 179 regions per hemisphere (i.e. 180 minus the hippocampus which was defined
separately as described next) (Glasser et al. 2016a); and 8 subcortical regions (per hemisphere) from
the CIT168 reinforcement learning atlas (Pauli et al. 2018), including the hippocampus (which replaced
the original hippocampus in the HCP atlas), thalamus, caudate nucleus, putamen, globus pallidus
external segment, globus pallidus internal segment, amygdala, and nucleus accumbens. These two
atlases were both defined in the asymmetric MNI space of ICBM152 2009c (Fonov et al. 2011). To
distinguish the subiculum from the hippocampus, we used the subiculum mask provided in the
CoBrALab atlas (Winterburn et al. 2013). Thus, the atlas used here consisted of 376 parcels (including
the subiculum) covering the cerebral cortex and some subcortical regions. Spatial normalization

6
between MNI space and the T1w image was computed using Advanced Normalization Tools (Avants
et al. 2009) with rigid, affine, and symmetric diffeomorphic registration approaches (3 stage Syn).
Further details of this extended and reordered HCP atlas, and the HCPex atlas itself, are provided
elsewhere (Huang et al. 2021). The brain parcellation used in this study was warped to each participant’s
native space using nearest neighbor interpolation for further reconstruction of the tractography and pairwise structural connection matrix.

Diffusion MRI Preprocessing and Tractography
The preprocessing was performed as described by Glasser et al (2013), based on the updated
diffusion pipeline (v3.19.0), including basic preprocessing, distortion correction, eddy-current
correction, motion correction, gradient nonlinearity correction, and registration of the mean b0 image
to native T1w images with FLIRT BBR + bbregister and transformation of dMRI. The brain mask of
each subject is based on FreeSurfer segmentation. To reconstruct white matter tracts by using
tractography imaging, T1w images were first segmented into five tissue types, using 5TT (MRtrix3
command: 5ttgen with option: -sgm_amyg_hipp which represents the amygdala and hippocampus as
subcortical structures) including cortical gray matter, subcortical gray matter, white matter,
cerebrospinal fluid, and pathological tissue, in order to anatomically constrain the tractography
terminations in gray matter. Whole brain tractography was reconstructed for each subject in native
space. A Multi-Shell Multi-Tissue Constrained Spherical Deconvolution (MSMT-CSD) model with
lmax=8 and prior co-registered 5tt image was used on the preprocessed multi-shell DWI data to obtain
the fibre orientation distribution (FOD) function (Smith 2002; Jeurissen et al. 2014). Based on the
voxel-wise fibre orientation distribution, anatomically-constrained tractography (ACT) using the
iFOD2 (2nd order integration based on FOD) with dynamic seeding algorithm was applied to generate
the initial tractogram (1 million streamlines with maximum tract length = 250 mm and minimal tract
length = 5 mm). To quantify the number of streamlines connecting pairs of regions, the updated version
of the spherical-deconvolution informed filtering of tractograms (SIFT2) method was applied, which
provides more biologically meaningful estimates of structural connection density (Smith et al. 2015).
To enhance the validity of the reconstructed fibres, the aforementioned 5TT was utilized as prior
information during the tracking, and six mandatory rules were applied: 1) A streamline was terminated
and accepted when it entered GM. 2) A streamline was rejected if it entered CSF. 3) A streamline was
terminated and accepted if it left the FOV or user-defined brain mask. (This is necessary to permit tracts
to include the spinal column.) 4) A streamline was terminated and rejected when it reached a voxel with
a very low FOD amplitude or showed excessive curving angle in the WM (with default threshold: FOD
amplitude 0.05 and curve angle 45º). 5) A streamline was accepted when rule (4) applied within
subcortical regions. 6) A streamline was not allowed to exit subcortical GM and was truncated when it
reached a minimum FOD amplitude within voxels of the subcortical GM (Smith et al. 2012). Wholebrain tractography was used for connectome reconstruction. To show the connection pattern of a ROI
based on the voxel-to-voxel level connections, we included all voxel-to-voxel streamlines that
terminated in the ROI.
Great care was taken to minimize any problems that might produce false positives for tracts due
to following the incorrect route at fiber crossings. It has been difficult with diffusion tensor models to
resolve fibre crossings (Tournier et al. 2012). Previous studies had reported false-positive tract-tracing
in regions with ambiguous fanning and bending fibre populations (Jbabdi and Johansen-Berg 2011).
Accordingly, in the present investigation we used a different approach, Multi-Shell Multi-Tissue
Constrained Spherical Deconvolution MSMT-CSD-based, anatomically-constrained tractography
(ACT) using the iFOD2 (second-order integration over Fiber Orientation Distributions) (Gutierrez et
al. 2020) with spherical-deconvolution informed filtering of tractograms (SIFT2) (Smith et al. 2015) to
control false-positive biases in tractography (Smith et al. 2012). The SIFT2 method applied in this
study corrects biases by weighting the tractogram based on the overall distribution of the fibre
orientation distribution (FOD) function across voxels, which improves the accuracy of connectome
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reconstruction and permits the use of streamline counts as a relative biologically-meaningful marker
(Smith et al. 2013, 2015; Sinke et al. 2018). Evidence that false positives related to fibre crossings were
not in practice a limitation of the findings described here is provided in the Discussion. False-negatives
in tracking long-distance connections is still a limitation for this method current method (Donahue et
al. 2016), so we may have under-reported some long-distance connections.
To reduce potential false positive tracts generated by seeding in only a few specific regions, wholebrain tractography was performed and the connection profiles of the regions of interest were then
extracted. With the native-space atlas, we used the tck2connectome command to generate the
connection matrix for whole-brain tractography, in which a 4 mm radial search was applied to each
streamline endpoint to locate the nearest node. The number of streamline fibres between pairs of brain
regions was measured across the 376 brain regions. This enabled us to produce a 9 x 376 matrix of the
connections (per hemisphere) between each of the nine hippocampal formation ROIs and every other
region in the HCP-MMP v1.0 and subcortical regions.
To establish the termination map of streamline tracts throughout the brain for individual subjects,
we extracted the coordinates of every fibre termination identified for each of the nine ROIs, and
recorded the number of connections to obtain the voxel-wise connection patterns in native space. The
native termination maps were than warped into the MNI standard space for further representation and
statistical analyses. To demonstrate tractography maps (as shown in Fig. 3), we used the same
tractography method (ACT + iFOD2 with option -sgm_amyg_hipp) with random seeding in the
hippocampal ROI (200 seeds per voxel) to reconstruct streamlines of the ROI in a selected
representative participant.
We note that diffusion tractography as a method for following connections and measuring their
strength is supported by comparisons made in macaques between diffusion tractography and
conventional anatomical methods with tracers (van den Heuvel et al. 2015; Donahue et al. 2016).
Statistics
To investigate the connection pattern of fibre projections from nine hippocampal formation
seed ROI regions to each HCP-MMP atlas regions throughout the brain, we obtained the averaged map
of fibre endpoints across 178 participants at the voxel level to demonstrate the possible fibre
terminations from each seed ROI. Moreover, the nine seed ROIs’ connection patterns were also
demonstrated with a connection matrix showing the average number of the streamlines across the 178
participants captured by the nine ROIs to any other of the 376 cortical and subcortical regions. The
connection matrices in Figs. 5 and S11 show entries where the average across participants is 5 or more
streamlines between two regions. This produces a reasonably low sparseness of the connection matrix
of 13.5% between the 360 cortical areas in the HCP-MMP atlas, which is broadly in the range of what
has been found in previous diffusion tractography investigations (Hagmann et al. 2008; Gong et al.
2009). (The sparseness measure here is the proportion of possible connections across the whole brain
with more than 5 streamlines.) For example, for the 78 areas in the AAL atlas (Tzourio-Mazoyer et al.
2002), the sparseness was 11% (Gong et al. 2009), and as expected with 998 areas was somewhat lower
at approximately 3% (Hagmann et al. 2008). The voxel-level connections shown in Figs. 4 and S2-S9
in coronal slices provides further evidence that the threshold used for Fig. 5 is reasonable to avoid false
positives.
Results
The questions raised above were addressed with diffusion tractography imaging to analyse the
hippocampal system connections in humans, with the neuroimaging data acquired at 7T from 178
participants in the Human Connectome Project (Glasser et al. 2016a; Glasser et al. 2016b). We used the
Human Connectome Project (HCP) atlas for this research, because it has defined with great care using
multimodal data 180 cortical regions in each hemisphere that are not only anatomically defined, but
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about which there is considerable knowledge of the functions performed in its 360 different regions
(Glasser et al. 2016a). We wished to analyse the connections of many of the cortical areas related to the
human hippocampal formation, so performed the tractography for the 9 separate regions shown in Fig.
2, which we term seed regions of interest (‘seed ROIs’). Most of these regions were as defined in the
HCP atlas. Full details of the methods are provided in the Methods section.
Streamlines showing connection trajectories of the human hippocampus
First we asked what the streamlines, each of which reflects a bundle of nerve fibres visualized
with tractography, can reveal about the connections of the human hippocampal system. Fig. 3 provides
an answer using the hippocampus as the seed ROI. Streamlines can be seen connecting not only with
local cortical areas such as the entorhinal cortex, but also with distant areas including the anterior
temporal lobe, the parietal cortex, early visual cortical areas, the orbitofrontal cortex and anterior
cingulate cortex, and also the anterior thalamus via the fornix.
The streamlines in Fig. 3 are shown transparently through the whole brain, and for a single
participant. To analyse the exact brain areas between which there were connections, we next analyzed
the brain regions in which the streamlines from each of the 9 seed ROIs terminated. This was done by
showing the sites and numbers of the terminations of the streamlines on coronal slices of the brain, as
described next, and moreover doing this across the whole set of 178 participants.
Streamline terminations showing connections of the human hippocampal system
The streamline terminations of the hippocampus using this quantitative approach are shown on
coronal slices of the brain in Fig. 4. The seed region (in this case Hipp) is outlined in black. The colorbar
represents the mean number of streamlines from the whole hippocampal seed region with each voxel
throughout the brain, averaged across the 178 participants. This shows that the brain regions with which
the human hippocampus has connections include the entorhinal cortex, and also parts of the ventral
stream areas including the anterior temporal lobe, parts of the dorsal stream areas including parts of the
parietal cortex, and even early visual cortical areas. Figure S1 provides a labelled version of the HCP
atlas (Table S1) to help the reader identify brain regions in these coronal slices of the human brain.
We designed this method of presenting the structural connections assessed with tractography
between one region (the seed ROI) with the termination region in coronal slices (Figs. 4 and S2-S9)
because it is the clearest way to show the connections of each brain region, and is consistent with the
way that has been developed in classical neuroanatomy for presenting experimental tract-tracing data
using anterograde and retrograde axonal transport methods.
Similar coronal slices for each of the other 8 seed ROIs (entorhinal, perirhinal,
parahippocampal etc) are provided in Figs. S2-S9. We describe what is found for all the 9 seed ROIs
below. However, for this systematic description, we next needed, and asked how, we could put together
all of the information from this tractography into a form where the connections of all 9 hippocampal
system seed ROIs (Fig. 2) with every brain region of the HCP atlas could be put together for quantitative
assessment.
The connections of each hippocampal system region with many other cortical regions shown
quantitatively
To address how we could make the description of the connectivity quantitative, we next
measured the number of streamlines between each seed ROI and all of the 180 brain regions defined on
each side of the brain in the HCP atlas (Glasser et al. 2016a) (see Table S1 and Fig. S1), and then
averaged this number across all 178 participants. This produced a matrix of the connections, as reflected
in the number of streamlines, shown in Fig. 5 for the left hemisphere. The numbers are not normalized,
so that they reflect the absolute magnitude (number) of the connections between each pair of brain
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regions, which is likely to reflect the amount of information transmitted between the regions (Rolls
2021b).
We designed the method of presenting diffusion tractography data in the form of a matrix of
streamline connection numbers in Figs. 5 and S11 in order to make explicit quantitative aspects of the
connectome, and in a way that is analogous to the ways in which functional connectivity data are
frequently presented.
The connections between each of the 9 hippocampal system seed ROIs (Fig. 2) and every brain
region in the HCP atlas based on the matrix shown in Fig. 5, and on the coronal slices shown in Figs.
4, and S2-S9 are described in the next sections. Figs. 5 and S11 show the connections parcellated by
the HCP atlas, so that the brain areas between which there are connections can be named, and the
number of streamlines can be indicated. Figs. S2-S9 present the results at the voxel level, so that the
exact brain regions between which there are connections can be shown. The results will be consistent
between these methods of presentation, and in the descriptions that follow points that are highlighted
from these two types of presentation do not imply that the underlying connections are different.
Reference to the summary diagram Fig. 6 may be helpful, though it is considered later.
Reference to Table S1 and Fig. S1 may be useful in the rest of the Results and Discussion, for they
show the exact brain regions that are referred to with connections with the human hippocampal system.
Hippocampus: the human hippocampus has many connections that bypass the entorhinal cortex, and
even reach some early sensory cortical areas
As shown in Fig. 5, the hippocampus has strong to moderate direct connections with the
perirhinal cortex (PeEc), entorhinal cortex, and subiculum. (In this case, the hippocampus was the seed
region, and streamlines were followed from it, but the diffusion tractography does not provide evidence
on the direction of the connection.) The hippocampus has moderate connections with the
parahippocampal gyrus including TF, and TH (which is labelled as PHA1-PHA3 in the HCP atlas), and
presubiculum. The hippocampus also has moderate connections with some temporal lobe cortical
regions, including TG (temporal pole) and TE (inferior temporal visual cortex); with the parietal cortex
including area 7 (medially), LIP, MIP and VIP, and PF and PG (laterally); with the posterior cingulate
cortex (e.g. in the parieto-occipital sulcus POS, and prestriate ProStriate area ProS, and retrosplenial
cingulate cortex (RSC)); with some early sensory cortical areas including V1, V2, V3 and V4, the
somatosensory cortex and the piriform (olfactory) cortex; with the ventromedial visual areas (VMV)
which together with TH form the parahippocampal place areas (PPA) that respond to parts of scenes
(Sulpizio et al. 2020); and with the orbitofrontal cortex (pOFC).
Fig. 4 emphasizes the connections of the hippocampus with parts of the human anterior
temporal lobe (including the temporal pole TG and the parahippocampal gyrus TH and TF), medial
parietal cortex (e.g. at Y=-63) and lateral parietal cortex (PG at Y=-79), posterior cingulate /
retrosplenial cortex (RSC) (e.g. at Y=-47), and occipital visual cortical areas, with the magnitude of the
connections with the different HCP regions shown in Fig. 5. Connections with an anterior ventral part
of the insula are also shown in Fig. 4. (Note that the streamlines are shown terminating just where white
matter enters the insula, because the streamlines are not usually followed far into the gray matter,
because they spread out and disperse in the gray matter.) Connections with parts of the anterior
thalamus via the fornix are also shown in Fig. 4. Light label with the supracallosal anterior cingulate
cortex and the lateral orbitofrontal cortex is also evident in Fig. 4 as well as in Fig. 3. In addition, the
hippocampus has streamlines with the amygdala and ventral striatum (Fig. 4).
Most of these hippocampal connections demonstrated that bypass the entorhinal cortex to
connect with neocortical areas directly are reasonable in humans in the sense that they are consistent
with the literature in macaques described in the Introduction. The connections evident in the diffusion
tractography with some early sensory including visual cortical areas was less expected. For this reason,
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further analyses were performed. The direct connections between the hippocampus and V1 and the
parietal cortex were also evident when V1 and the parietal cortex were seed regions, when streamlines
terminating at the posterior hippocampus were found (Fig. S10). The reliability of these hippocampal
connections with early sensory cortical areas is considered in the Discussion, including evidence from
the same cohort that the human hippocampus does have functional connectivity with these same cortical
areas.
Subiculum and Presubiculum: connections not only with the hippocampus and entorhinal cortex, but
also with parahippocampal and perirhinal cortex, posterior and retrosplenial cingulate cortex, and
parietal cortex
Fig. 2 shows the subiculum as a relatively small region close to CA1, with the presubiculum
more prominent especially posteriorly. With the subiculum (Subic) as the seed region (Fig. 5), the
strongest connections are with the entorhinal cortex, and moderate with the hippocampus. The
subiculum also has moderate connections with the TH parahippocampal cortex, presubiculum,
perirhinal, and posterior cingulate cortex. Fig. S2 emphasises that the subiculum has strong connections
especially with the entorhinal cortex; some connections with perirhinal and parahippocampal areas; the
posterior cingulate cortex; with medial parietal areas and the RSC. Fig. 6 provides evidence that the
subiculum acts as a pathway with many connections that link the hippocampus with the entorhinal
cortex. The subiculum is connected with many fewer cortical areas than the hippocampus (Fig. 5).
The presubiculum (Ding 2013) is notable for its strong connections with the hippocampus,
entorhinal cortex, parahippocampal gyrus TH and VMV areas where the parahippocampal place (scene)
area PPA is located, and early visual cortical areas (Fig. 5). It also has many connections with the
posterior cingulate cortex including the retrosplenial cortex (Fig. 5). The presubiculum also has many
connections with medial and lateral parietal cortex (Fig. 5). The presubiculum is notable among the 9
hippocampal system regions in having connections with the anterior cingulate cortex (p32pr which is
supracallosal, Fig. 5). Fig. S3 emphasizes connections with entorhinal and perirhinal cortex; with the
anterior cingulate cortex; with medial parietal areas and the posterior cingulate cortex (24) and RSC;
with insula (PoI1); and with medial early visual cortical areas (V1-V8 etc).
Entorhinal cortex: in humans not the main gateway between the hippocampus and cortical areas
With the entorhinal cortex (EC) as the seed region (Figs. 5, 6 and S4), the strongest connections
are with the hippocampus, and subiculum which in turn has strong connections with the hippocampus
(Fig. 6). There are also moderate connections with the perirhinal cortex and the presubiculum. Fig. S4
emphasises that the EC has strong connections especially with the hippocampus / subiculum, and
perirhinal cortex, and much more limited cortical connections than the hippocampus.
Perirhinal cortex: in humans, connections with the hippocampus and with parahippocampal region TF
as well as ventral visual stream ‘what’ areas
With the perirhinal cortex (PeEc) as the seed region (Figs. 5, 6 and S5), the strongest
connections are with the hippocampus, parahippocampal gyrus TF, and inferior temporal cortical visual
areas and especially the temporal pole (TG); with moderate connections with the entorhinal cortex,
subiculum, and the pyriform (olfactory) cortex; and some connections with parahippocampal TH. Fig.
S5 emphasizes that the perirhinal cortex has streamlines with the entorhinal cortex, and inferior
temporal cortical areas and the temporal pole. The cortical areas with which there are connections are
more limited than those of the hippocampus.
Parahippocampal cortex: TF laterally has connections with the hippocampus, perirhinal cortex, and
ventral stream ‘what’ areas; TH medially has connections with the hippocampus, presubiculum, and
the dorsal stream parietal and posterior cingulate ‘where’ areas.
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Figs. 5, 6 and S6 emphasize strong connections of TF (the lateral parahippocampal cortex) with
the hippocampus; perirhinal cortex; inferior temporal TE cortical areas and the fusiform face complex
(FFC), and temporal pole TG cortical areas. It has some connections with early visual cortical areas and
the pyriform (olfactory) cortex. Its numerous connections with the perirhinal cortex are noticeable (Figs.
5 and 6).
The parahippocampal TH areas (PHA1 to PHA3 in the HCP atlas) have many connections with
the hippocampus; moderate connections with the presubiculum and early visual cortical areas; and some
connections with parietal and posterior cingulate cortical areas (Figs. 5 and 6). There is some gradient
within PHA1-3, with the more lateral PHA3 and PHA2 having some connections with inferior temporal
(TE and TG) areas; and PHA1 medially has connections with posterior cingulate cortex (Figs. 5 and
S7-S9).
The Right vs Left Hippocampal System Connections revealed are largely ipsilateral, apart from the
hippocampus and presubiculum
We next asked the question about whether the connections of the human hippocampal system
is mainly unilateral, or bilateral. The full anatomical connection matrix for each of the Left and Right
Regions of Interest (the rows) with all HCP atlas areas is shown in Fig. S11. The top matrix shows the
connections with the right hemisphere, and the bottom matrix indicates the connections of the ROIs
with the left hemisphere. The number of streamlines between the HCP regions are shown without
normalization in this Figure, in order to allow assessment of the absolute magnitude of the connections
between each pair of HCP regions.
What is most evident in Fig. S11, 4, and S2-S9 is that most of the hippocampal formation
connections revealed by diffusion tractography are ipsilateral, with the hippocampus showing some
contralateral connections followed by the presubiculum with the contralateral hippocampus,
presubiculum, posterior and retrosplenial cortex, medial parietal area 7, and early visual cortical areas.
The numbers of streamlines between corresponding regions within the left and right
hemispheres were compared by using a paired t-test across the 178 participants with FDR correction,
considering only cortical regions with connections as shown in Fig. 5. This showed that there are
significantly (p<0.05 FDR) more streamlines of the presubiculum with VMV1-3, VVC, and PHA1-3
(i.e. TH) in the right than the left hemisphere. These areas comprise the parahippocampal place area
(Sulpizio et al. 2020). The hippocampus and posterior including retrosplenial cingulate cortex followed
the same pattern of strong connectivity with the parahippocampal place area in the right hemisphere.
The implication is that the presubiculum provides for more connectivity of the parahippocampal place
areas with the hippocampal system in the right than the left hemisphere. In the left hemisphere, there
were significantly more streamlines between the hippocampus and perirhinal cortex, TF, TE1a, TE2p,
TGv, and TGd. These left anterior temporal lobe areas are probably involved in semantic processing
(Bonner and Price 2013; DeWitt and Rauschecker 2013, 2016), and a further link with language is that
area TF has more streamlines with area 44, part of Broca’s area, in the left hemisphere. The implication
is that the human left hippocampus is strongly connected to brain systems involved in semantic
processing and language.
A quantitative map of the connections of the human hippocampal system: beyond the hierarchical and
segregated dual stream model
Some of the key findings are brought together in Fig. 6, which shows the number of streamline
connections found between different parts of the hippocampal system and different brain regions, in a
way that facilitates comparison with the simplified and schematic dual stream model illustrated in Fig.
1. The many differences, and their implications for understanding the operation of the human
hippocampal system, are considered in the Discussion.
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Discussion
A view from classical studies incorporated into the dual stream model (with a simplified
schematic form in Fig. 1) is that the hippocampal connections with the cerebral cortex are
predominantly via the entorhinal cortex, ‘the gateway to the hippocampus’. The medial entorhinal
cortex then connects with dorsal stream ‘where’ areas via the parahippocampal gyrus with parietal and
retrosplenial cingulate cortex areas; and the lateral entorhinal cortex connects with ventral stream ‘what’
areas via the perirhinal cortex with the inferior temporal cortical areas (see Van Hoesen 1982; Suzuki
and Amaral 1994; Burwell et al. 1995; Burwell 2000; Knierim et al. 2014; Doan et al. 2019). The
connections of the hippocampus in humans revealed from the present diffusion tractography study are
with more widespread cortical areas than primarily the entorhinal cortex, and indicate a much less
purely hierarchical (stage to stage), and segregated ‘what’ vs ‘where’, organization than in the schematic
dual stream model of Fig. 1. We consider next these connections in humans which are summarized in
Fig. 6, and their potential implications, taking the different areas in turn. We note at the outset that there
is support for most of the connections in humans shown in Fig. 6 from studies in non-human primates,
and refer to the research on non-human primates referred to in the Introduction. We consider the
hippocampal system connections with early sensory cortical areas that appear with the diffusion
tractography later below, but note for now that in any case a functional connectivity investigation (Ma
et al. 2021) in the same HCP participants shows connectivity of the hippocampus with some of these
early sensory cortical areas including V1-V3 and somatosensory/motor areas (Fig. 2 of Ma et al. 2021),
so that functionally this connectivity is present in the human brain.
Hippocampus: extensive cortical connections, even with some early sensory cortical areas
The cortical connections of the hippocampus in humans are far more widespread than with
mainly the entorhinal cortex, as shown in Figs. 5, 4 and 6. The hippocampus has direct connections also
with the perirhinal cortex, subiculum, presubiculum, and parahippocampal gyrus including both TF,
and TH which with the ventromedial visual areas (VMV) form the parahippocampal place areas (PPA)
that respond to parts of scenes (Sulpizio et al. 2020). The hippocampus also has moderate direct
connections with some temporal lobe cortical regions, including the temporal pole TGd and TGv; with
the parietal cortex; the posterior including retrosplenial cingulate cortex; and with some early visual
cortical areas including V1, V2, V3 and V4.
Taken together, the new evidence from humans, and the findings described in the Introduction
in macaques, suggest that we should think beyond the hippocampus as mainly receiving input from the
entorhinal cortex, passing this for pattern separation in the dentate gyrus / mossy fibre system, then for
pattern completion in CA3 to retrieve a whole memory, and then via CA1 to entorhinal cortex to
implement memory retrieval back to the neocortex (Treves and Rolls 1992, 1994; Rolls 2013; Bennett
and Stark 2015; Rolls 2016b, 2018, 2021b). The evidence suggests that a number of cortical areas,
including parts of the temporal, parietal, posterior cingulate, insular, and orbitofrontal cortex have direct
connections with the hippocampus, including CA1. What might be their function? It is suggested in a
re-conceptualization based on the new findings described here that direct cortical connections to CA1
neurons (with the directionality evident from the macaque literature described in the Introduction
(Suzuki and Amaral 1990; Rockland and Van Hoesen 1999; Ding et al. 2000; Zhong and Rockland
2004)) could be associated with the other inputs to CA1 neurons from CA3; and that with the projections
from CA1 back to the neocortical sites just referred to, this could help to recall those types of
information back to the neocortex (Rolls 2021b). On this proposal, the trisynaptic circuit through the
hippocampus that includes CA3 would still be important in setting up and retrieving episodic memories,
but extra information could be associated with those memories in CA1 (Rolls 2021b).
But what is more surprising is that the diffusion tractography indicated that the human
hippocampus has direct connections with early visual cortical areas including V1-V4, and lighter
connections with somatosensory / motor cortical areas, and the piriform olfactory cortex (Pir). The
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connections between early visual cortical areas were validated by using V1 as a seed region for
tractography, and identifying streamlines terminating in the hippocampus (Fig. S10). These connections
are considered further in the section below entitled ‘Evaluation of the tractography’.
What might these direct connections of the hippocampus with a considerable number of cortical
areas in humans signify? Or to put it in computational terms (Rolls 2021b), what computation may these
connections be useful for? A clue comes from the following, in a further re-conceptualization. The
connections from some hippocampus-related areas in the macaque such as perirhinal cortex area 36 and
TF are primarily directed to the superficial layers of earlier neocortical areas such as the temporal lobe,
suggesting that they are backprojections (Lavenex et al. 2002) in the hierarchy shown in Fig. 6.
Consistent with this, the effective connectivity in humans is weaker in this direction from perirhinal and
TF to temporal cortical areas, providing evidence that they are backprojections (Rolls et al. 2021). In
addition, it is known that the amygdala has extensive backprojections to early visual cortical areas
(including V1) that end in the superficial layers (Amaral and Price 1984). This leads to the new
hypothesis that these backprojections from the perirhinal cortex and parahippocampal gyrus, and it
appears from the hippocampus in humans, help to retrieve visual and other sensory details being recalled
by the hippocampus. Memory recall is a key function proposed for backprojections to layer 1 of the
neocortex (Rolls 1989; Treves and Rolls 1994; Rolls 2016a, 2021b). The hippocampal connections with
early sensory processing areas for different sensory modalities, including vision, olfaction,
somatosensation, and spatial representations in TH which includes the parahippocampal spatial scene
area (PPA) (Sulpizio et al. 2020), may be useful for storing and later recalling sensory details of
memories. In terms of computational theory, the hippocampal backprojections, which some of these are
likely to be, would become associated by pattern association learning with the low-level details
represented by the neural activity present during the episode of ‘what’ was present in the environment
when the episodic memory was being formed (Rolls 1989; Treves and Rolls 1994; Rolls 2016a, 2021b).
That would allow recalled hippocampal activity (involving completion in CA3 from a partial retrieval
cue) to recall via the backprojections some of the low-level details of the whole episodic scene that
subjectively seem to be part of episodic memories. Another possibility is that some of the connections
between early sensory cortical areas and much higher cortical systems such as the hippocampus /
hippocampo-cortical system are directed towards these higher systems. The proposal for any such
connections is that they could provide access to low-level details of sensory processing for high level
systems for not only memory but also for the raw sensory details of conscious experience (Rolls 2020,
2021c). The low-level raw sensory details may not be well represented explicitly (i.e. easily decodable
from the firing rates) at the higher stages of sensory hierarchies (Rolls 2021b).
Entorhinal cortex: an important but not the sole gateway for the hippocampus in humans
The entorhinal cortex has very many streamlines with the subiculum, many with the
hippocampus, and a moderate number with the perirhinal cortex and presubiculum. However, a major
feature evident in Fig. 6 is that it is not the sole gateway with the hippocampus, with direct connections
of the hippocampus that bypass it to make connections directly with the perirhinal, parahippocampal
TF, and temporal cortex for the ventral stream, and with the presubiculum, parahippocampal TH,
parietal, and posterior cingulate cortex for the dorsal stream. It is also shown in Fig. 6 that in addition
to direct connections with the hippocampus, the entorhinal cortex has connections via the subiculum
with the hippocampus.
Perirhinal cortex: direct connections with the hippocampus in humans, as well as ventral stream ‘what’
areas
The perirhinal cortex has strong direct connections with the hippocampus, which at least in
terms of the number of streamlines are more numerous than the connections via the entorhinal cortex
(Fig. 6). The perirhinal cortex also, as expected, has many streamlines with ventral stream visual cortical
areas including the inferior temporal visual cortex (TE) and the temporal pole (TG) (Figs. 5 and 6).
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These findings are in fact supported by reports in macaques (Lavenex et al. 2002; Blatt et al. 2003).
Interestingly, the perirhinal cortex has strong connections with area TF in the parahippocampal gyrus,
providing an indication that TF has close relations with ventral stream cortical areas. Interestingly, the
perirhinal cortex also has some connections with parahippocampal TH, providing some connections
with dorsal stream processing.
Parahippocampal gyrus: in humans, the lateral part, TF, has connections with the ventral visual stream
‘what’ areas; and the medial part, TH, is related to the spatial scene and parietal ‘where’ system.
Of the parahippocampal areas, TF (which is lateral and isocortical) has relatively strong
connections with temporal lobe ventral stream visual cortical areas, and weaker connections with
parietal areas (Figs. 5 and S6). As a region strongly linked to the ventral visual stream, and which is
just anterior to the fusiform face area (FFA, see Fig. S1), TF is probably linked in with face and object
systems, and TF with its strong connections with the hippocampus probably interfaces between the
hippocampus and ventral visual stream.
The emphasis of parahippocampal connections for TF has been different so far in macaques, in
which TF has relatively strong connections with the posterior parietal cortex (Lavenex et al. 2002; Blatt
et al. 2003), whereas in humans TF has strong connections with ventral stream visual cortical areas
(Figs. 5 and 6), providing a further reconceptualization for humans. A reassessment is underway in the
rat, in that the rat equivalent of the parahippocampal gyrus has now been shown to have connections
with the ‘what’, lateral, part of the entorhinal cortex (Doan et al. 2019). That helps to provide support
for the new finding identified here and reconceptualization in humans, that TF, the more lateral part of
the parahippocampal gyrus with an isocortical structure, does have connections with the ‘what’ ventral
visual system in the temporal lobe TE areas (Fig. 6).
In contrast, TH (which is medial as shown in Fig. 2 and Fig. S1) has a proisocortical structure
(Blatt et al. 2003), and has relatively stronger connections with the areas such as the VMV areas
(ventromedial visual 1-3) which together with TH are the parietal place areas (PPA) which respond to
spatial scenes (Sulpizio et al. 2020). TH probably thus provides a route for scene information to connect
with the hippocampus, in which there are spatial view cells that respond to parts of scenes (Kesner and
Rolls 2015; Rolls and Wirth 2018; Rolls 2021a). TH is closely linked to parietal cortical areas as shown
by functional connectivity (Ma et al. 2021) and effective connectivity (Rolls et al. 2021), and is thereby
implicated in dorsal stream processing. There is probably a similar arrangement in macaques of scene
areas in the medial parahippocampal gyrus (Nasr et al. 2011; Kornblith et al. 2013). The direct
connections of the parahippocampal cortex areas with the hippocampus reported here for humans is
supported by the anatomical connections described in macaques (Yukie 2000).
The human hippocampal system has connections far beyond the entorhinal cortex, and is less
hierarchical and segregated than in the dual stream model; this has implications for how memory works
in humans.
Some of the key findings brought together in Fig. 6 are now considered. The striking point
made is that the classical ventral and dorsal stream areas (Ungerleider and Mishkin 1982; Ungerleider
and Haxby 1994; Ungerleider 1995; Rolls 2021b) are less segregated as they connect with the
hippocampal system than the classical dual stream view illustrated in Fig. 1. In a classical view, the
ventral visual stream connects with the hippocampus via the perirhinal and lateral entorhinal cortex,
and the dorsal visual system connects with the hippocampus via the parahippocampal gyrus and medial
entorhinal cortex (see Van Hoesen and Pandya 1975; Van Hoesen 1982; Amaral et al. 1983; Burwell
et al. 1995; Saleem and Tanaka 1996; Burwell 2000; Knierim et al. 2014; Nilssen et al. 2019) (with a
simplified form to make the concept clear in Fig. 1). What is shown in Fig. 5 and summarized in Fig. 6
is first that the hippocampus has connections far beyond the entorhinal cortex. There are strong
connections (as indicated by the number of streamlines between regions shown in Figs. 5 and 6) that
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bypass the entorhinal cortex, and reach the perirhinal cortex and parahippocampal cortex directly.
Second, it is also striking that the hippocampus has some direct connections with some temporal lobe
areas in the ventral visual stream, and parietal areas and posterior cingulate cortex areas in the dorsal
processing stream. Although surprising, there is evidence to substantiate this finding at least for the
temporal lobes, from studies in macaques (Yukie 2000; Zhong et al. 2005) (see Introduction for more
details). The remarkable connections between the hippocampus and early sensory cortical areas
including the pyriform cortex and antero-ventral insula (PoI1) (Fig. 5 and 6) are also very interesting,
and a function in the recall of low-level sensory details of memories has been proposed above for these
connections. In the mouse there is some evidence for hippocampal influences on neuronal responses in
V1 (Fournier et al. 2020). Here we go beyond that, and provide diffusion tractography evidence for
direct connections of the human hippocampus with V1 as well as with other early visual cortical areas,
and with early cortical areas for olfaction, and touch.
It is also striking in Fig. 6 that there are moderate connections between the ‘what’ and ‘where’
steams with the hippocampus that are present before the hippocampus is reached, so that segregation of
these streams does not appear to be complete before the hippocampus is reached. For example, there
are cross-connections of ventral stream perirhinal cortex, TF and Temporal TE/TG, with dorsal stream
TH.
Although there are thus some cross-connections between the perirhinal and parahippocampal
connections with the hippocampus, the quantitative evidence in Fig. 5 and reflected in the width of the
connecting lines in Fig. 6 does indicate that there is some segregation of the ventral / perirhinal and
dorsal / parietal processing streams and the hippocampus in humans. That does leave the hippocampus
with a key function to perform, to make sparse relatively uncorrelated representations suitable for
associative memory from the ventral and dorsal stream inputs, and then to allow them to be associated
together in a single network, the CA3 autoassociation or attractor network, in the hippocampus. The
human hippocampus can therefore make a key contribution to episodic memory (Rolls 1989; Treves
and Rolls 1994; Kesner and Rolls 2015; Rolls 2018, 2021b). Consistent with this, when there is a
reduction of functional connectivity of in particular the hippocampus with other brain areas in
hypertension, then impairments of episodic memory are found (Feng et al. 2020). The discoveries
described here enrich our understanding of the hippocampal system, by showing that the human
hippocampus has many direct connections with temporal, parietal, and early sensory cortical areas; and
that the segregation of connections between the temporal and parietal systems with the hippocampus is
less distinct, at least in humans, than was previously known in humans. The computational implications
are that while the hippocampal trisynaptic circuit from the dentate to CA3 to CA1 may be especially
important in enabling arbitrary associations between what (ventral stream) and where/action (dorsal
stream) representations that occur at a particular time for episodic memory (Rolls 1989; Treves and
Rolls 1994; Kesner and Rolls 2015; Rolls 2018, 2021b), there is the opportunity for cross-connections
between the two streams before the hippocampus to build useful multimodal representations based in
medial temporal lobe areas such as the parahippocampal and perirhinal cortices because of the
convergence between the two streams in these areas.
Another key point evident in Fig. 6 (and Fig. 5) is that the entorhinal cortex is in humans far
from a main gateway into and out of the hippocampus. The entorhinal cortex is bypassed by direct
connections of the hippocampus with perirhinal and parahippocampal gyrus; but also, even with the
temporal and parietal cortex; and even with sensory cortical areas in all modalities. An implication and
reconceptualization, it is proposed, is that because the entorhinal cortex, and for that matter the
parahippocampal and perirhinal cortex, do not need to be devoted mainly to relaying inputs to and from
the hippocampus, some specialized computations could be performed in many of the components of the
human hippocampal system in humans. For example, the parahippocampal gyrus (as well as the
hippocampus) contains spatial view cells implicated in memory for where objects are in scenes (Rolls
et al. 1997; Robertson et al. 1998; Rolls et al. 1998; Georges-François et al. 1999; Rolls et al. 2005b;
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Rolls and Xiang 2006; Kesner and Rolls 2015; Rolls and Wirth 2018) and in navigation (Rolls and
Wirth 2018; Rolls 2021a), and a corresponding parahippocampal place/scene area (PPA) is found in
TH in humans (Epstein and Kanwisher 1998; Epstein and Baker 2019; Sulpizio et al. 2020) and
macaques (Nasr et al. 2011; Kornblith et al. 2013). Another possible specialization is that the entorhinal
cortex may be especially involved with the hippocampus in the generation of time cells in the
hippocampus (Tsao et al. 2018; Rolls and Mills 2019). Another example is that the perirhinal cortex
may include specialization for long-term familiarity memory (Hölscher et al. 2003; Rolls et al. 2005a).
The direct connections of the hippocampus with the anterior temporal lobe including the
temporal pole are striking, and of interest in relation to how memory is organised, for the anterior
temporal lobes are implicated in semantic memory (Bonner and Price 2013; DeWitt and Rauschecker
2013; Rolls 2021b). In macaques, the temporal pole area TG is a multimodal region that could provide
a foundation for semantic memory given the great development of this system in humans (Pandya et al.
2015). Moreover, in humans the anterior temporal lobe has connections with Broca’s area (BA45 and
44) via the uncinate fasciculus, consistent with the hypothesis that the anterior temporal lobe in humans
is involved in semantic memory that is relevant to language processing (Petrides 2014; Du et al. 2020;
Rolls 2021b). This provides a foundation for new concepts about how the human hippocampus is
involved in forming new semantic (as well as episodic) memories, and to how semantic information
may be incorporated into episodic memory. This is potentially of great interest, for hippocampal damage
impairs the learning of new semantic as well as episodic memory (Corkin 2002; Maguire et al. 2016;
Clark et al. 2019). Further, as shown in the Results, the left hippocampus has significantly more
streamlines with anterior temporal lobe areas involved in semantic processing; and the right
hippocampus has significantly more connections with the presubiculum and parahippocampal place
areas, providing fascinating evidence on the connectional asymmetry of the left and right human
hippocampal systems.
Another point of interest is that the posterior cingulate and retrosplenial cingulate cortex (RSC)
areas have direction connections with the hippocampus, and with several parts of the dorsal visual
pathway to the hippocampus shown in Fig. 6. This brings the hippocampal system into close
communication with the parietal / posterior cingulate cortex system which is involved not just in ‘where’
representations but also in actions, and this it is proposed is important in how navigational systems
operate in humans and other primates, for it enables actions to be incorporated into navigational
strategies, not just spatial locations (Rolls 2019a, 2021a, 2021b). But in addition to actions, the posterior
cingulate cortex / retrosplenial cingulate cortex areas do have spatial scene representations (Epstein and
Baker 2019; Sulpizio et al. 2020), and these are probably part of the route to the hippocampus, for
spatial scene representations do reach the hippocampus where spatial view cells are found and where
they may be used for episodic memory and navigation (Kesner and Rolls 2015; Rolls and Wirth 2018;
Rolls 2021a, 2021b).
Evaluation of the tractography
Diffusion tractography neuroimaging can have limitations, but we used modern methods to
minimize any possible problems with false positives that might arise with fiber crossings, as set out in
detail in the Methods. Further arguments that fibre-crossing problems are not a major limitation with
the findings reported here are as follows. First, the nine hippocampal system regions investigated here
all have significantly different connections to each other, yet are close together in the medial temporal
lobe with no clear possible differences in fibre crossings that might account for the different connections
of the nine different regions. Second the functional connectivity based on the BOLD signal and
completely different methodologically, and performed on the same HCP participants as in the present
study, provides important supporting evidence that the pathways of the hippocampal system identified
here with diffusion tractography are not false positives, in that the tractography connections are reflected
by the functional connectivity, which would not occur if the tractography had followed pathways
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incorrectly (Ma et al. 2021). Third, in new observations we are making with a further methodologically
completely different method for identifying connectivity between brain regions, effective connectivity
measured with a Hopf algorithm that uses the fMRI BOLD signal (Deco et al. 2019), we are finding in
the same HCP participants reported on here that most of the brain regions identified here as having
streamlines with the hippocampal system regions have effective connectivity with the same regions, but
not with most other cortical areas (Rolls et al. 2021). The functional connectivity and effective
connectivity measures thus show that there is an influence between the brain regions shown here as
having direct connections; and that provides evidence that the results presented here are not due to fibre
crossings, for in that case no functional or effective connectivity would be measured between the brain
regions identified here as having direct connections. Fourth, most of the connections described here are
likely to be valid is that they are consistent which the connections described in macaques as set out in
the Introduction. (Of course many of the cortical areas described here are very different in rodents, in
which there may be for example no posterior cingulate cortex (Vogt 2009), no granular orbitofrontal
cortex (Rolls 2019b, 2021b), and poorly developed visual cortical areas compared to those defined in
the human HCP-MMP atlas (Rolls 2021b) and illustrated in Fig. S1 and Fig. 5. For that reason we refer
to comparisons of the connections in the human hippocampal system with those in macaques.)
A technical issue is that it is possible to follow streamlines starting with a seed region such as
the hippocampus, but it is harder to follow streamlines from other seed regions into the depths of the
gray matter of the hippocampus, for the orientation of the fibres in gray matter becomes less consistent,
and the streamlines are then difficult to follow. What does often occur in a case such as this is that the
streamlines reach close to the hippocampus, and are then counted as terminations, as they cannot be
followed deep into the gray matter. A strength of the approach taken here is that the connections shown
in Figs. 3 and 4 can be assessed quantitatively as shown in Figs. 5 and S11, at least in so far as they are
reflected by the number of streamlines between regions or groups of regions. Such quantitative
measures are not usual in investigations of the corresponding systems in macaques, and are an important
step forward in the research described here. It will be interesting in future studies to compare these
anatomical connection strengths with those found using functional connectivity in the same dataset.
A strength of the tractography described here is that it provides an estimate, the number of
streamlines, that is likely to reflect (though not measure) the number of connections between two brain
areas (Smith et al. 2013, 2015). That is helpful, because measures such as functional connectivity or
effective connectivity may reflect how much the signal in one brain area is related to that in another
brain area, but does not necessarily reflect the number of connections that there may be, nor the size of
each brain area, both of which are helpful in understanding brain computations (Rolls 2021b). We note
that the number of streamlines may not be linearly related to the number of axons that are being traced,
for the number of streamlines depends on factors such as the axon diameter, and probably with the
distance followed.
Conclusions
In summary, this is the first quantitative assessment we know of the direct cortical connections
of the human hippocampal system. Indeed, the type of quantitative analysis presented here has not been
performed in most tract-tracing neuroanatomical studies in animals, and is likely to be useful in future
given that the number of connections between brain areas is likely to be important in how much
information can be transmitted (Rolls and Treves 2011; Rolls 2021b). The connections of the human
hippocampus that are revealed are with more cortical areas than was previously assumed, and lead to
new concepts about specializations in different parts of the cortical system that connect with the
hippocampus. A highlight of the findings is that they are in the framework provided by the HCP-MMP
atlas, which with its 180 cortical areas in each hemisphere, many functionally identified, allows
interpretation of some of the functionality of the different connections described here. Moreover, the
interesting connections described here do not appear to be related to problems with the diffusion
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tractography methodology, in that the functional connectivity (Ma et al. 2021) and effective
connectivity (Rolls et al. 2021) of the human hippocampal system in the same HCP participants is
similar, providing evidence that the pathways described here have been correctly followed. The unique
feature of course about the diffusion tractography is that it shows which of the connections are direct.
Another highlight is that these results extend considerably what is known from rodents, because humans
have highly developed cortical areas including the posterior cingulate cortex and dorsal parietal and
ventral visual stream areas so important in human hippocampal function, and also connections with
systems in the anterior temporal lobe implicated in semantics in humans (Rolls 2021b). Another
highlight is that we show that important advances can be made, in this case about the connections 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.
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Fig. 1. A simplified, schematic, conceptual diagram of the dual stream model of hippocampal
connectivity. Neuroanatomical tract-tracing in animals suggests that spatial, ‘where’, representations
from the dorsal stream parietal cortex project via the parahippocampal gyrus and then medial entorhinal
cortex to the hippocampus; and that ‘what’ object representations from the ventral stream temporal
cortex project via the perirhinal cortex and lateral entorhinal cortex to the hippocampus (Van Hoesen
and Pandya 1975; Van Hoesen 1982; Amaral et al. 1983; Burwell et al. 1995; Saleem and Tanaka 1996;
Burwell 2000; Aggleton 2012; Knierim et al. 2014; Nilssen et al. 2019). It is suggested that the CA3
neurons of the hippocampus with their highly developed associative recurrent collateral connections
can then associate the inputs to form object-location episodic memories of what happened where on a
particular occasion (Kesner and Rolls 2015; Rolls 2018). In macaques, the connections are known to
be more extensive than shown here, as described in the Introduction. (Hippconns5.eps)
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Fig. 2. The hippocampal, parahippocampal and related regions of interest as defined in the HCP atlas
(Glasser et al. 2016a) that were used as seed regions of interest (ROIs) for the diffusion tractography.
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. (Figure_2.tif)
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Fig. 3. Example of the streamlines showing the hippocampal connections using diffusion tractography
imaging for a single participant from the Human Connectome Project dataset. The tractography is from
a transparent view through the brain, with parasagittal and axial slices of the human brain overlaid to
show the trajectory of the pathways in the context of the brain. Voxels in the left hippocampus were
seeded for the case illustrated. Streamlines from the hippocampus reach local areas such as the
entorhinal and perirhinal cortex, and the parahippocampal gyrus (violet). But in addition streamlines
reach more distant areas, including early visual cortical areas bilaterally via the (dorsal) hippocampal
commissure (purple, pink); and the parietal cortex (yellow), the orbitofrontal cortex (magenta), the
anterior cingulate cortex via the cingulum just above the corpus callosum (light green), and the anterior
thalamus and mammillary bodies via the fornix (light blue). The hippocampus is shown in white with
slight opacity, and appears small posteriorly just because it rotates laterally. (S - superior/inferior; L –
left/right; A – anterior/posterior). (Fig3_Apr2021.tif)
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Fig. 4. Examples of streamline terminations, shown in this case for the left hippocampus. The seed
region of interest (ROI), the left Hippocampus, is indicated with black, and is also indicated for clarity
in the right hemisphere. The mean numbers of streamlines averaged across the 178 participants between
the seed ROI, the left hippocampus, and each voxel in all other brain areas, are shown. The threshold
was selected at 0.003 streamlines per 1 mm3 voxel with the hippocampus in order to reveal the weaker
as well as the stronger connections, and to be approximately consistent with what is shown in Fig. 3.
The y value is in MNI coordinates. (Figure-4.tif)
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Fig. 5. Streamline terminations of hippocampal formation regions with tractography, for the left (L)
hemisphere. The rows show the seed Region of Interest, and the columns the regions in the HCP atlas,
ordered and with the abbreviations shown in Table S1. The brain regions are labelled on coronal slices
of the brain in Fig. S1. The numbers of streamlines are shown without normalization in this Figure, in
order to allow assessment of the absolute magnitude of the numbers of streamlines. An average number
of streamlines of less than 5 between any two regions is shown as blank in the connection matrix. Hipp
- hippocampus; Subic – subiculum; PreS – Presubiculum; EC - entorhinal cortex; PeEc - perirhinal
cortex; TF – parahippocampal gyrus region TF; PHA1-3 - parahippocampal gyrus TH subregions 1-3.
(Fig5.tif)
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Fig. 6. Summary of connections within the human hippocampal system, as shown by diffusion
tractography. The numbers of streamlines between areas are indicated by the width of the arrows and
the numbers, using the data shown in Fig. 5. Blue indicates ventral cortical stream areas and connections
that are primarily between them; and red indicates dorsal cortical stream areas and connections that are
primarily between them. Of the parahippocampal areas, TF has higher connections with ventral stream
(temporal lobe) areas, and the TH areas PHA1-3 have higher connections with parietal cortex areas, as
shown in the diagram. Where several regions are involved, for example the early visual cortical areas,
the number represents the maximal value of the number of streamlines to any region. Connections with
fewer than 20 streamlines are not shown in this figure. In this diagram, early visual cortical areas refers
to V1 to V4t in the HCP atlas; the parietal areas refer to PSL to PGs; and the temporal areas refer to
TE1a to TGv, using the nomenclature and order in Table S1. (HipDTIConns5c.eps)
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